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Aircraft gas turbine engines produce Particulate Matter (PM) emissions that have been Accepted 18 July 2024
linked to human health and climate issues, leading to the introduction of regulatory sam-
pling and measurement standards for nonvolatile PM (nvPM) by the International Civil
Aviation Organization (ICAO). Due to the significant nvPM losses within the prescribed sam-
pling systems, loss corrections are used. Currently, based on sampling assumptions, electro-
static losses are not included in the standardized loss tool, as it is estimated to account for
less than 3% of the total nvPM loss.
This study experimentally investigated electrostatic loss of unipolar, bipolar, and naturally
charged salt, silver, and carbon black particles at sizes (4-150nm) and through sampling
tubes representative of aircraft nvPM sampling. A unipolar and bipolar charger, along with a
tandem SMPS-CPC measurement methodology, were employed to explore the impacts of
tube material, Reynolds Number, tube diameter, residence time, and particle charge state
on electrostatic loss.
Minimal electrostatic loss was measured for conductive stainless steel and extensively
bedded-in (above 300h) carbon-loaded PTFE. However, an additional loss of up to 50% was
observed within new cPTFE (with approximately 30 min of bedding-in), attributed to precipi-
tation in an electric field. Furthermore, it was found that electrostatic dispersion could cause
significant additional losses at high concentrations of unipolar or bipolar asymmetrically
charged particles. Therefore, further research is required to determine the charge state of
aircraft nvPM across different aircraft engine conditions to determine if unquantified electro-
static loss could occur within the probe section of the sampling system.
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1. Introduction

Aircraft gas turbine combustion engines produce
emissions comprising a complex mix of gases, vola-
tiles, and nonvolatile Particulate Matter (nvPM)
(Timko et al. 2010; Kittelson 1998; Olfert et al. 2017).
Aircraft nvPM consists of solid carbonaceous primary
particles usually between 10-20 nm in diameter (Boies
et al. 2015; Liati et al. 2014), held together in fractal-
like aggregate chains mostly below 100 nm in electrical
mobility diameter (Durdina et al. 2024; Delhaye et al.
2017; Durdina et al. 2014; Lobo, Hagen, et al. 2015).
Due to the small size of the particles, nvPM has been
shown to penetrate the deep lung (Steiner et al. 2016;
Oberdorster, Oberdorster, and Oberdorster 2005),
where it can then enter the bloodstream and travel
through the body to the brain (Weichenthal et al.
2020), resulting in potential neurotoxic effects
(Howard et al. 2018; Naughton and Terry 2018). In
addition to its health implications, aircraft nvPM sig-
nificantly impacts the environment. It is considered a
major source of anthropogenic nvPM in the upper
atmosphere (Vennam et al. 2017), where it acts as Ice
Nucleating Particles (INP), influencing the formation
of contrails (Schumann and Strom 2001; Karcher
2018; Wuebbles, Gupta, and Ko 2007).

In response to these environmental and health con-
cerns, the ICAO (International Civil Aviation
Organization) has recently adopted reporting stand-
ards to regulate global nvPM emitted by aircraft
engines with a thrust greater than 26.7kN (ICAO
2017). The standard can be found in the ICAO Annex
16, Volume II, which also specifies the requirements
for the sampling and measurement of nvPM mass and
number based on work found in Aerospace
Recommended Practices ARP6320 (SAE International
2018) and ARP6481 (SAE International 2019). Due to
the harsh sampling environment at the engine exit,
long flexible sampling tubing, usually consisting of
carbon-loaded PTFE (cPTFE), (around 35m) is
required to transport the exhaust sample before the
measurement instrumentation (SAE International
2021). The long sampling system, combined with the
small sizes of emitted nvPM, results in large nvPM
loss, of up to 50% in terms of mass and 90% in terms
of number (Crayford et al. 2011; SAE International
2019; Durdina et al. 2014; Brem et al. 2015; Durand,
Crayford, and Johnson 2020; Kittelson et al. 2022).

To allow for the systematic and repeatable report-
ing of aviation nvPM emissions, for emissions inven-
tories and to improve combustion technologies, nvPM
concentrations emitted at the engine exit, rather than
measured at the end of the sampling system, should

be obtained. It is therefore critical to accurately estimate
nvPM losses through the sampling and measurement
system. Due to particle size measurement not being
currently prescribed, regulated nvPM number and mass
emissions are only corrected for size-independent ther-
mophoretic losses in the collection section (SAE
International 2022; Kittelson et al. 2022; Durand et al.
2023). Size-dependent losses are only reported for
inventory purposes, and are calculated using the United
Technology Research Center (UTRC) particle transport
model, published in Aerospace Information Report
6241 (SAE International 2020). The UTRC model esti-
mates the overall nvPM penetration efficiency assuming
that the nvPM flow acts as an aerosol, where it under-
goes several loss mechanisms defined by known empir-
ical correlations derived from the literature (Baron,
Kulkarni, and Willeke 2011; Hinds 2022). The sampling
system is broken down into individual sections, and by
coupling the flow characteristics and particle properties
in each section, an aerosol transport efficiency for each
section is estimated. The aerosol transport efficiency for
each section is then summed together to gain a total
aerosol transport efficiency for the whole system. There
are five main aerosol loss mechanisms considered in
the UTRC model: diffusional, thermophoretic, inertial
impaction, loss through bends, and electrostatic. The
aerosol transport efficiencies for specific system ele-
ments, such as the Condensation Particle Counter
(CPC) and Volatile Particle Remover (VPR), are esti-
mated through aerosol loss correlations only relevant to
those elements (SAE International 2017).

In the UTRC model, due to the long sampling tub-
ing and elevated temperature at the engine exit, the
majority of the estimated aerosol losses are attributed
to the diffusion and thermophoretic loss mechanisms.
Other loss mechanisms are thought to be almost neg-
ligible, accounting for below 5% of the total nvPM
losses (Durand, Crayford, and Johnson 2020). Thus
certain loss mechanisms, such as electrostatic loss, are
not included in the particle transport efficiency calcu-
lation for regulatory nvPM reporting (SAE
International 2019). The electrostatic loss mechanism
is considered to have a negligible contribution to
nvPM losses because the sample line material is
required to meet the anti-static specification in ISO
8031 (ICAO 2017). Additionally, the UTRC model
assumes that aircraft engine nvPM only carries one
elementary charge and that all sampling tubing is fully
conductive (SAE International 2017). Although yet to
be rigorously measured, aviation nvPM, similar
to other combustion-generated particles (Burtscher
1992), is predicted to be significantly charged, with a



bipolar charge distribution of up to eleven elementary
charges per particle, and in some engine conditions, a
non-equilibrium bipolar charge distribution may
occur (Starik 2008; Sorokin, Vancassel, and Mirabel
2003; Vatazhin, Starik, and Kholshchevnikova 2004).

Numerous studies have been conducted to reduce
uncertainties associated with regulatory nvPM meas-
urements by improving the sampling methodologies
and overall system design (Crayford et al. 2014; Lobo,
Hagen, et al. 2015; Lobo et al. 2020; Petzold et al.
2011; Kittelson et al. 2022; Durand et al. 2023). In
terms of the loss correction models, some studies have
investigated individual loss mechanisms to determine
and validate estimated contributions of each mechan-
ism on the total nvPM loss through sampling systems
(Durand, Crayford, and Johnson 2020; Marsh et al.
2011; Crayford et al. 2011). These studies mainly
focused on the thermophoretic, diffusional, and bend
losses. Although the electrostatic loss is assumed neg-
ligible, Marsh et al. (2011) observed a reduction in
total nvPM through ¢PTFE tubes compared to stain-
less steel tubes when sampling nvPM from a combus-
tion rig. This reduction was minimized after ‘bedding
in’ the cPTFE line for an hour. Other authors have
measured electrostatic loss through arbitrary single
tubing elements of different material (Alonso and
Alguacil 2007; Liu et al. 1985; Giechaskiel et al. 2012;
Tsai 2015) and environmental sampling systems
(Zoller et al. 2020). However, to the author’s know-
ledge, a particle size resolved study, investigating the
impacts of sampling parameters on electrostatic loss
on nvPM representative sampling tubing, has yet to
be completed.

This study investigated the electrostatic loss mech-
anism in tubing and conditions representative of air-
craft nvPM sampling using unipolar, bipolar, and
naturally charged proxy aerosols (silver, salt, and car-
bon black) over a range of particle sizes from 4 to
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150 nm. Although the charge state of aviation nvPM
is predicted to have a bipolar charge distribution, this
study covered a broad range of charge states, facilitat-
ing an in-depth investigation of electrostatic loss.
Penetrations were measured using a tandem Scanning
Mobility Particle Sizer (SMPS)-CPC methodology
where upstream and downstream particle concentra-
tions were compared to determine the number of par-
ticles representative nvPM sampling
tubing. The dependence of sample tubing material,
flow rate, diameter, residence time, charge state, and
tube length on electrostatic loss was investigated.

lost within

2. Experimental methods

The experimental setup consisted of a particle gener-
ation section, a particle conditioning section, and a
test section. In the test section, the particle penetra-
tion through each tubing was tested as described
below. A schematic representation of the experimental
setup is given in Figure 1. The experiment was con-
ducted across three test campaigns over a year to
improve reliability from repeat measurements.

2.1. Particle generation

Silver, salt, and carbon black particles were selected to
cover a size range representative of aircraft nvPM. Salt
(ammonium sulphate) and carbon black (Payton-950
from Nanoshel), suspended in de-ionised water, were
Topas ATM-228
(referred to as a nebulizer). The output aerosol con-
centration was kept consistent by maintaining a noz-

aerosolized using a atomizer

zle pressure of 600 h.Pa. Downstream of the nebulizer,
a diffusion drier was used to reduce the humidity of
the aerosol stream, mitigating any interference caused
by water condensing onto the particle surface or
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Figure 1. Schematic representation of the experimental setup for the particle penetration measurement. The grey box shows the
experimental setup for characterizing the charge state of the charged particles produced by the UDAC.
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impacting the charging process (Cheng et al. 2002;
Zheng et al. 2019; Stewart, Griffiths, and Cox 2004).

Silver particles were generated using the recently
developed Silver Particle Generator (SPG) from
Catalytic Instruments. The SPG uses a furnace to melt
silver, which partitions into the gas phase, and by
diluting, silver particles are formed (Hammer et al.
2022). The benefits of using the SPG include produc-
ing a highly stable, large number concentration of
sub-20 nm particles, allowing a reliable investigation
of particle penetration for particles below 20 nm. The
particle size distribution and geometric mean diameter
(GMD) can be adjusted by changing the furnace tem-
perature (1000-1100°C), dilution to main flowrate
ratio, and dilution gas (Catalytic Instruments 2021).

For this study, the SPG was operated using four
settings:

1. Mode.l: furnace temperature of 1025°C, dilution
ratio of 2:0.5, and nitrogen dilution gas (GMD
~3.5nm);

2. Mode.2: furnace temperature of 1100°C, dilution
ratio of 2:3, and nitrogen dilution gas (GMD
~7.5 nm);

3. Mode.2.2: furnace temperature of 1100°C, dilu-
tion ratio of 20:3, and nitrogen dilution gas
(GMD ~16 nm);

4. Diluted by air: furnace temperature of 1100°C,
dilution ratio of 2:3, and diluted with HEPA-fil-
tered compressed air (GMD ~12.5 nm).

Figure 2 presents the five different particle size dis-
tributions used to investigate electrostatic loss (silver
mode.1, silver mode.2, silver with air, salt, and carbon
black), along with two example aircraft engine nvPM
size distributions highlighting the size range of inter-
est. From the five particle size distributions, three to
seven individual particle sizes were selected for the
experimental work, resulting in a total of twenty-two
sizes ranging from 4 to 150nm (black markers in
Figure 2). Additionally, the full particle size distribu-
tions of silver mode.2.2 and salt were used to investi-
gate electrostatic dispersion effects.

2.2. Particle conditioning

The freshly generated particles were first conditioned
using a TSI 3088 Advanced Aerosol Soft X-Ray
Neutralizer, which applied a bipolar charge distribu-
tion onto them (TSI 2022). This process minimized
any excessive charges produced during the aerosol
generation processes (Joe et al. 2018). An Electrostatic
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| m—silver with Air
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== = Small PSD Example nvPM
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Figure 2. Relative particle size distributions, measured by an
SMPS, of proxy particles (solid lines) and example aircraft
engine nvPM (dashed line). The example engine nvPM size dis-
tributions were measured from a Gnome engine (dark green)
and an ALF507 engine (light green). Black markers represent
the discrete particle sizes selected. The marker symbols repre-
sent the aerosol material used: triangle refers to silver mode.1,
circle refers to silver mode.2, cross refers to silver diluted by
air, side triangle refers to salt, and square refers to carbon
black. Note, the marker symbol representations remains con-
sistent throughout the paper.

Precipitator (ESP) was also considered instead of a
neutralizer to completely remove any charged par-
ticles; however, the resulting drop in particle number
concentration was considered too significant to pro-
duce reliable measurements. Then, a Cambustion
MK.2 Unipolar Diffusion Aerosol Charger (UDAC)
was used to charge the neutralized aerosol particles to
a unipolar charge state. The UDAC generates a large
number of ions in the air surrounding the aerosol
stream from a corona discharge created by a voltage
passing through a thin wire (Cambustion 2020). The
voltage was adjusted by changing the current, referred
to as ion current (I.), through the wire, which gener-
ated a concentration of ions per second, referred to as
ion time product (N;t), into the surrounding air. The
UDAC was operated at eight settings, from —300fA
to +300fA ion current (see black boxes for specific
charge states used in Figure 3). Two further charge
states were used throughout the experiment: with the
UDAC charger turned off, and either the X-ray neu-
tralizer turned on (referred to as neutralized or I. =
0) or turned off (referred to as naturally charged).
The neutralized charge state can be assumed to be an
equilibrium bipolar symmetrical (Boltzmann) charge
state produced by the X-ray neutralizer (TSI 2022).
The naturally charged particles result from the nebuli-
zation process, so only nebulized salt and carbon
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Figure 3. Measured charge fraction and mean charge per particle of silver and salt particles for different UDAC ion currents set-
tings. The charge setting used throughout the experiment are shown in the boxes. (a) Charge fraction. (b) Mean charge.

black aerosols were used for this charge state. Finally,
prior to the measurement stage, the aerosol was
diluted with a Dekati DI-1000 ejector diluter using
99.9% pure nitrogen produced from LNI Swissgas NG
CASTORE XL iQ (Swissgass 2022) to ensure satisfac-
tory mixing across the test section and sufficient sam-
ple flow availability.

The particle charge state induced by the different
UDAC settings was characterized by measuring the
charge fraction and mean charge per particle for the
nebulized salt and silver mode.2 aerosol using an ESP,
electrometer, and CPC (setup shown in the grey box
in Figure 1), with the results shown in Figure 3. The
UDAC charge settings characterization (Figure 3)
showed that for each charge setting used, the particles
were mostly charged with almost 100% of salt charged
for all charge settings and around 80% of silver above
an ion current of 150 fA, although this did decrease to
30% for an ion current of 50fA. Silver aerosol was
less charged than salt due to the increase in relative
particle size of salt compared to silver (shown in
Figure 2), resulting in an increase in elementary
charge-carrying capability of the salt (Wiedensohler
1988; Fuchs 1963). When operating with positive
charge settings, the mean charge per particle was
observed to steadily increase from 1.5 to 3 elementary
charges for salt and 0.5 to 1 elementary charges for
silver. For the negative charge settings, there was a
similar observation; however, the magnitude was
larger for salt, where the mean charge per particle
range increased to —2 to —3.5 elementary charges.
Higher negative mean charge per particle was
expected due to the higher mobility of negative ions
compared to positive ions as has been previously
studied (Wiedensohler 1988; Fuchs and Sutgin 1970;
Hoppel and Frick 1986). The error bars in the charge

fraction plot (Figure 3a) represent the fluctuation in
number concentrations measured out of the UDAC
after the ESP for uncharged and charged particles.
The large magnitude of these bars was due to the
small average particle number concentrations from
the UDAC where even small deviations result in large
relative errors. It is noted that the charge state gener-
ated by the UDAC is expected to be significantly
higher than that of aircraft nvPM and was used to
estimate the maximum contribution of electrostatic
loss,  representing  the  worst-case
Furthermore, the UDAC produced unipolar charge
rather than the bipolar charge expected from aircraft
nvPM.

scenario.

2.3. Particle penetration measurements

A tandem SMPS-CPC measurement system was
employed to measure the particle penetration through
the test sections, as shown in Figure 1. The SMPSs
were operated in classification mode and were simul-
taneously set to classify the same discrete electrical
mobility equivalent particle size. The particle number
concentration for each discrete particle size was then
measured by a CPC for approximately 30s. CPC
measurements were taken under equilibrium condi-
tions by observing that both CPC concentrations were
stable, reducing time-dependent and aerosol source
stability effects. Particle penetration through the test
section was calculated by dividing the particle number
concentration from the downstream CPC by the
upstream CPC. This method was chosen over classify-
ing discrete particle sizes prior to the test section as it
provided a larger particle number concentration and a
polydisperse distribution through the test section,
which was more representative of real sampling
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systems (Alonso and Alguacil 2007; Zoller et al. 2020;
Kasper 1980). Furthermore, operating the SMPS in
classification mode instead of scanning mode was
considered to decrease the uncertainty that could
result from fast scans.

Both SMPSs used for the tandem measurement
were TSI 3082 models, including a TSI 3085 nano
Differential Mobility Analyzer (DMA) and a TSI 3077
Krypton-85 radioactive source neutralizer. The CPCs
were either TSI 3750 (D50 ="7.5nm) used during the
first test campaign or TSI 3756 (D50=2.5nm) used
during the second and third test periods. The SMPSs
were operated with a 10:1 ratio of sheath to inlet flow,
as recommended by TSI (2016) — 10:1 L/min for the
3750 CPC and 15:1.5L/min or 3:0.3L/min for the
3756 CPC. Additionally, upstream and downstream
isokinetic samplers were used in-line with the test sec-
tion, designed and built at the University of
Manchester using principles from the literature
(Hinds 2022; Baron, Kulkarni, and Willeke 2011;
Pena, Norman, and Thomson 1977). The isokinetic
samplers reduced the uncertainties, particularly for the
higher flow rates, by aligning the sampling collection
probe parallel to the flow and reducing the main flow
rate at this point to the sample probe flow rate (Hinds
2022), see the online supplementary information (SI)
for further information. Between all instruments, 1/,"
conductive silicone tubing was used, which was cut as
short as possible and measured to be identical for
each SMPS-CPC system to minimize and standardize
particle losses.

2.4. Instrument calibration, inter-comparison, and
correction

To ensure the reliability of tandem SMPS-CPC par-
ticle penetration measurements, rigorous calibration
and inter-comparison protocols were implemented.
Pre-experiment tests, akin to those outlined in
Kittelson et al. (2022) and Wiedensohler et al. (2017),
were conducted before each test campaign to verify
the proper operation of the SMPS-CPCs. Throughout
the campaigns, additional inter-comparisons of the
SMPS-CPC  systems were performed to quantify

differences in particle number concentrations between
instruments, enabling the determination of a
“Correction Factor.” This Correction Factor repre-
sented the ratio of particle number concentrations
measured by the CPCs when operated side by side
and was established for each particle size and aerosol
source immediately prior to each measurement.
Subsequently, this factor was applied to adjust one of
the CPCs to mitigate any systematic biases between
the two systems.

Over the three test periods, the Correction Factor
ranged from 0.844 to 0.996, with standard deviations
across individual measurements varying from 0.022 to
0.128. Generally, agreement between the SMPS-CPCs
improved as particle size increased. For instance, the
Correction Factors for particles from silver mode.l
and mode.2 (GMD <10nm) averaged approximately
0.88 across the periods, increasing to 0.93 for silver
diluted with air (GMD ~12nm), 0.96 for salt (GMD
~25nm), and 0.94 for carbon black (GMD ~80nm).
Detailed information on the calibration procedure and
specific Correction Factors used throughout the
experiment can be found in the SIL.

Furthermore, the downstream SMPS-CPC experi-
enced lower inlet pressures when the test section was
operated at higher flow rates due to pressure drops
within the test section. This led to an underestimation
of particle concentrations, up to approximately 30%
for the maximum observed pressure drop of —11kPa.
This effect was characterized and corrected based on
findings from a similar experiment conducted by
Giechaskiel et al. (2010); refer to the SI for a compre-
hensive discussion.

2.5. Test section

In total, twenty-four tubing test sections made of five
different materials were tested to investigate electro-
static losses, as listed in Table 1. These tubes covered
a range of diameters and lengths typical of aircraft
nvPM sampling systems. Prior to testing, all tubes
underwent a 30-min bedding-in process using silver
particles from the SPG, as required by ICAO (2017)
standards for new components or modules of aircraft

Table 1. The test section tubes used for the experiment. Resistivity was measured following the principles in 1SO8031 (2020).
Note that the resistivity for the extensively bedded-in tube could not be measured as it would have required the tube to be

destructively dismantled.

Material Internal diameter [mm]  Length [m]  Resistivity [Q.m]
316 stainless steel extruded 4/6 0.45/1/2/3/4 ~7e-2
Anti-static cPTFE 1% carbon loaded (at least 30 min bedding-in) 4/6 0.45/1/2/3/4 ~A4e5
Anti-static cPTFE 1% carbon loaded wrapped in aluminum foil 4 4 -
Anti-static cPTFE 1% carbon loaded (at least 300 h bedding-in resulting in 20 to 50 g loading) 4 4 -
Conductive silicone 4 4 ~2
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nvPM sampling systems. This procedure is intended
to deposit a conductive layer of particles on the
internal surfaces of the tubes, which has been shown
to reduce electrostatic losses in ¢cPTFE tubes (Marsh
et al. 2011).

Of the five materials tested, three were cPTFE,
commonly used in aircraft nvPM sampling systems
due to their suitability for heated flexible tubing. The
first cPTFE tubes used underwent no additional proc-
essing beyond the standard bedding-in and are
referred to simply as cPTFE or unconditioned cPTFE.
The second cPTFE tube was wrapped in aluminum
foil to create an external conductive layer, a method
suggested in previous studies to reduce electrostatic
losses (Liu et al. 1985); this tube is referred to as foil-
wrapped cPTFE. The third cPTFE tube tested was
extensively bedded-in with raw aircraft combustion
rig exhaust for approximately 300-500 h with an esti-
mated 20 to 50g nvPM loading and was additionally
wrapped in stainless steel braiding; this tube is
referred to as extensively bedded-in cPTFE.

To ensure consistency across different tube diame-
ters, Reynolds Numbers were matched by adjusting
the flowrate through the tubes using a Mass Flow
(MFC) and pump (Figure 1).
Reynolds Numbers were targeted: 1,000 (laminar),
3,000 (transition), 5,000 (turbulent), and 8,000 (highly
turbulent), covering a broad range of flow regimes.
The resulting flowrates at ambient temperature and
pressure through the 4mm internal diameter (ID)
tubes were: 2.9, 8.4, 13.9, and 22.3 L/min, respectively.
For the 6 mm ID tubes, the flowrates were: 4.2, 12.5,
20.9, and 33.4 L/min, respectively.

All tubes were kept straight to minimize additional
particle loss that could occur from tube bending.
Additionally, as per regulatory requirements for air-
craft nvPM sampling (SAE International 2018), all
tubes were grounded at both ends. This grounding
was achieved by connecting the tubes to grounded
stainless steel isokinetic samplers.

Controller Four

3. Theoretical electrostatic loss mechanisms

The electrostatic particle loss mechanism can be
attributed to three distinct pathways: image force,
electrostatic dispersion, and precipitation in an electric
field. Each of these pathways arises from different
physical phenomena, and depending on aerosol
parameters, one mechanism is usually dominant (Liu
et al. 1985; Virtanen et al. 2001; Alonso, Martin, and
Alguacil 2006).
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The electrostatic loss within the UTRC model is
determined by the equation:

/s

2¢*LC, ‘

Pejecto = 1 — 1 ¢ (1)>
meoud,RQ

where q is the charge on the particle, L is the tube
length, Cc is the Cunningham Slip Correction Factor,
&y is the permittivity of air, p is the viscosity of air, d,
is the particle diameter, R is the tube radius, and Q is
the volumetric flowrate. The charge of the particle is a
product of the elementary charge (e) and the number
of elementary charges the particle is carrying (n);
however it is assumed that nvPM only carries one
elementary charge.

3.1. Image force

The image force occurs when a charged particle
approaches a conductive tube wall. The charge of the
particle forces electron movement within the wall, cre-
ating an equal and opposite ‘image’ charge within the
wall. The different polarity charges between the par-
ticle and the wall causes an attractive force resulting
in particle deposition onto the wall. Yu and Chandra
(1978) derived an implicit equation that requires solv-
ing iteratively until the parameters converge:

R 51 T Te 2 Te |
e "(i)‘(ﬁ) +5<§> B
(2),

where Z is the particles electrical mobility and r. is
the critical particle radius above which all particles
deposit. Once solved for critical radius, the particle
penetration is determined by:

2 2
Pimage =1- |} - (%) ] (3)

This electrostatic particle loss pathway is heavily
dependent on the charge of the particle (Yu 1977)
and is assumed negligible for particles carrying less
than 10 elementary charges (Yu and Chandra 1978).
As a result, for smaller particles, due to their limited
ability to carry large numbers of charges (Gunn 1955),
image force is considered to have negligible contribu-
tions to electrostatic loss measured in this study or
aircraft engine nvPM sampling systems.

ZqL 5
1660RQ

3.2. Electrostatic dispersion

Electrostatic dispersion occurs from mutual repulsion
of unipolar charged particles resulting in a proportion
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depositing onto the tube walls. Kasper (1980) and
Virtanen et al. (2001) derived an equation to describe
the particle penetration from electrostatic dispersion
for unipolar particles:

1

Pijisy = ———— 4),
disp 1+ Zqut/EO ( )

where N; is the inlet concentration, and t is the resi-
dence time. Unlike the image force, this pathway is
dependent on particle number concentration, and
below le5 particles/cm” it is thought to have minimal
effects (Malendari et al. 1975). Because of the particle
concentration dependence, when other particle loss
mechanisms cause significant loss in particle concen-
tration, a resulting reduction in the effects of the elec-
trostatic dispersion occurs. Alonso and Alguacil
(2007) derived an equation that combines the reduc-
tion in particle concentration due to diffusion, which
is usually the dominant cause of particle loss for ultra-
fine particles, with electrostatic dispersion to describe
the coupled penetration:

) _ Paifp (3)
coupled 1— 046V5(1 - Pd;ﬁf)/Ln(Pd’ff) ’
ZN,L
Vs = q— (6)’
Up&o

where V is the dimensionless particle velocity due to
electrostatic dispersion and Py is the particle pene-
tration from diffusion in turbulent flow, described by
Holman (1972):

—nDShL
Py = exp|———~— (7),
Q
where D is the diffusion coefficient, Sh is the

Sherwood Number.

Example penetrations using the electrostatic disper-
sion model (Equation (4)) and the coupled electro-
static dispersion and diffusion model (Equation (5))
are shown in Figure 4 to highlight that both number
concentration and particle charge increase electrostatic
loss. The number of charges on a particle was particu-
larly significant at concentrations of 1e8 particles/cm”.
However, it should be noted that a particle concentra-
tion of 1e8 particles’cm’® would only be observed in
the probe (collection) section of aviation nvPM sam-
pling systems, with particle concentrations of le5 —
le7 particles/cm® typically observed in the rest of the
sampling system (Crayford et al. 2014; Lobo et al.
2020; Kittelson et al. 2022; Durand et al. 2023).

Dispersion Combined
le6 #/cm3, 1.e C le6 #/cm3, 1.e C
—— 1le6 #/cm3, 5.e C —— 1le6 #/cm3,5.e C
—— le6 #/cm3,10.e C == 1le6 #/cm3, 10.e C
1.2 le8 #/cm3, 1.e C le8 #/cm3, 1.e C
' —— 1e8 #/cm3, 5.6 C —— le8 #/cm3,5.eC
—— le8 #/cm3,10.e C == 1le8 #/cm3,10.eC
1
0.8
<
]
=1
©0.6
=
[
<
&
0.4
0.2
0
10 100

Mobility Diameter [nm]

Figure 4. Sensitivity comparison of electrostatic dispersion
(Equation (4)) and combined electrostatic dispersion and diffu-
sion (Equation (5)) models for a range of number concentra-
tions and particle charges. The tube parameters: L=4m and
R =3 mm for turbulent flow (Re = 5,000).

3.3. Precipitation in an electric field

Precipitation in an electric field occurs when the
motion of charged particles is influenced, causing
them to deposit on tube walls due to the presence
of an electric field. This field may either be external
to the tubing or generated locally on a tube wall if
the tube is made of non-conductive material, result-
ing in the accumulation of charges from deposited
particles. Liu et al. (1985) derived an equation to
determine particle penetration based on the elec-
trical field strength (E) and the total internal surface
area (A,):

ASZE) ®)

PPrec = €Xp <_ Q

4, Results and discussion

The results are divided into five sections. Section 1: a
comparison of electrostatic loss between stainless steel
and cPTFE tubing. Section 2: the effects of different
tube materials and post-processes (bedding-in and foil
wrapped) on electrostatic loss. Section 3: impact of
applied particle charge on electrostatic loss through
cPTFE tubes. Section 4: the dependence of electro-
static loss from residence time and other parameters.
Section 5: electrostatic dispersion effects. All error
bars represent one standard deviation, which were
propagated through all measurements - see SI for
more information.



4.1. Comparison of electrostatic loss through
stainless steel and cPTFE tubes

The effects of electrostatic loss through stainless steel
and cPTFE was investigated by comparing neutralized
and charged (from the UDAC) particle penetration
curves through tubes of 4m length and 6 mm ID for
all four flow regimes, as shown in Figure 5. Five
applied charge states (neutralized, I. = —100fA, I. =
—300fA, I. = 100fA, and I. = 300fA) were used to
assess how different amounts of applied charges and
different polarities affected electrostatic loss. The pre-
dicted diffusional loss from the UTRC model
(Equation (7)) was included to allow a comparison
against a particle penetration curve where no electro-
static losses occur.

By comparing the neutralized and charged particle
penetration curves at any of the flow regimes in

a). Laminar (Re = 1,000)
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Figure 5, it is apparent that there was significant add-
itional particle loss caused by the electrostatic loss
mechanism through cPTFE but not stainless steel.
This ranged from a maximum of 41% at 10nm to 11-
31% for the larger particle sizes, with practically no
additional particle losses below 7.5nm (maximum of
5%). The neutralized particle penetration curve
through both ¢PTFE and stainless steel, and all charge
settings through stainless steel, agreed well with the
diffusional loss model curve (+1-8%), so electrostatic
loss for these particle penetration curves can be
assumed negligible.

As the neutralized particles carried a relatively low-
magnitude equilibrium symmetrical bipolar charge,
the electrostatic loss observed here suggests that elec-
trostatic loss will only occur if the particles carry a
unipolar charge or an asymmetrical bipolar charge

b). Transition (Re = 3,000)
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Figure 5. Penetration curves for charged and neutralized particles through 6 mm ID, 4m long stainless steel (SS) and uncondi-
tioned cPTFE tubes for all flow regimes and five applied charge states.
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distribution. Due to the additional electrostatic loss
occurring only through the cPTFE tube, the dominant
electrostatic loss pathway can be ascribed to precipita-
tion in an electric field, where the electric field was
caused by local charge build-up on the tube walls
from deposited charged particles. This effect can be
attributed to the relatively lower electrical conductivity
of cPTFE compared to stainless steel. The other two
electrostatic loss pathways can be ruled out, since the
image force pathway would produce additional par-
ticle loss in the conductive stainless steel tubing, and
the tube material-independent electrostatic dispersion
pathway would have resulted in similar particle loss in
both stainless steel and cPTFE tubes.

The trend below 7.5nm can be explained by a
decrease in charge-carrying capacity seen for small
particles, as described by Gunn (1955). The increase
in electrostatic loss above 7.5nm was caused because
as particle size increases, there is more surface area to
carry charge, resulting in an increase in the overall
charge of the particle, and subsequently an increase in
electrostatic loss. However, as the particle size
increases, so does the momentum, thereby increasing
the likelihood of the particle being carried through
the tube and resisting the perpendicular electrostatic
force toward the tube wall created by the local electro-
static field. Alonso, Martin, and Alguacil (2006) found
that maximum electrostatic particle loss occurs at
the size where particles can acquire charges but still
have little momentum (or large electrical migration
velocity), which in this study seems to be between 10
and 20 nm, as seen in Figure 5.

Moreover, it was observed that electrostatic loss
increased as the ion current increased (maximum of
27% for particles of 10 nm). This is due to an increase
in the charge state, more specifically the charge

a). Laminar (Re = 1,000)

fraction, as the ion current increased (see Figure 3),
and thus more particles were affected by electrostatic
loss. No discernible differences were observed between
the particle penetration curves of different polarities,
suggesting particle charge polarity did not impact
electrostatic loss. Similarly, the flow rate and regime
were not seen to meaningfully impact electrostatic
loss.

By removing the X-ray neutralizer from the experi-
mental setup, the effects of particles carrying a natural
charge state were investigated through the 4m long
6 mm ID stainless steel and cPTFE tubes (Figure 6). It
was observed that 6-40% more losses occurred
through cPTFE than stainless steel for naturally
charged particles. Liu et al. (1985) and Zoller et al.
(2020) reported similar electrostatic losses for natur-
ally charged particles, which can be attributed to elec-
trostatic  precipitation. This conclusion becomes
apparent when considering that the salt and carbon
black aerosols are believed to carry an asymmetric
charge distribution from the nebulization process
(Kousaka et al. 1981; Forsyth, Liu, and Romay 1998;
Pujala et al. 2022), which results in charge build-up
on the tube walls from the deposited aerosol.

Interestingly, an additional 13% (laminar) and 28%
(turbulent) loss was observed for carbon black par-
ticles compared to salt through c¢PTFE, thought to be
caused by the relatively higher natural charge state of
the nebulized carbon black. This higher charge state is
due to the carbon black particles having an aggregate
structure (Wang et al. 2003; Gray and Muranko 2006)
compared to the cubic structure of salt aerosol (Ueda
2020; Ebert, Inerle-Hof, and Weinbruch 2002), result-
ing in increased charge-carrying capability of carbon
black. The increase in charge-carrying capability with
aggregate particles has been observed by previous

b). Turbulent (Re = 5,000)
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Figure 6. Penetration curves for salt and carbon black particles carrying a natural charge state (purple line) and a highly negative
charge state using an ion current of —300fA (green line) through cPTFE (solid line) and stainless steel (dashed line) tubes.
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b). Turbulent (Re = 5,000)
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Figure 7. Normalized electrostatic penetrations (using neutralized and 1. = 100fA penetration curves) through 4mm ID, 4m long
tubes of different material. The dashed black line (at y=1) indicates the location where there was no difference between the neu-
tralized and charge penetration curves suggesting no electrostatic loss occurs. (a) Laminar (Re = 1,000). (b) Turbulent (Re = 5000).

authors (Chakrabarty et al. 2008), where it was found
that the increase in surface area of aggregate particles
provides more sites of charge deposition.

4.2. Effect of tube material on electrostatic loss

The effects of sampling tube material, including the
foil wrapped and extensive bedding-in cPTFE, on
electrostatic loss was further investigated by dividing
the charged (I. = 100fA) by the neutralized particle
penetrations (Figure 7). To be consistent, similar tube
geometries tubes were used (4 m long, 4 mm ID).

Similar to the 6 mm ID tubes (Figure 5), electro-
static loss was observed for the 4mm ID cPTFE tube
(Figure 7). However, unlike the 6 mm ID tubes, the
change in flow regime had a clear impact on electro-
static loss for the 4 mm ID tube, with an average elec-
trostatic loss increase of 32% (between 12.5-150nm)
with increasing Reynolds Number from 1,000 to
5,000, opposite to what would be predicted with elec-
trostatic precipitation (Equation (8)). This could be
caused by the interplay of several competing factors,
such as an increase in flow rate resulting in the
enhancement of turbulent eddies, increasing particle
mixing within the tube and drawing a greater propor-
tion of particles closer to the tube walls.

Comparing tube materials, there was no significant
electrostatic losses measured through the silicone tube
(average 2% difference between electrostatic and neu-
tralized penetration curves), or the stainless steel tube,
in agreement with Giechaskiel et al. (2012). Wrapping
the cPTFE in foil had no observable effect on decreas-
ing electrostatic loss, as shown by the similarity
between the normalized penetration curves of the

cPTFE and wrapped. This suggests that conductivity
improvements on the outer tubing layer did not
reduce electrostatic loss. However, for the extensively
bedded-in cPTFE, there was a noticeable reduction in
electrostatic loss when compared with the other
cPTFE tubes, particularly for turbulent flow (Figure
7b) — a reduction in electrostatic loss of 17% for lam-
inar and 37% for turbulent. Therefore, it can be
assumed that a sufficient number of particles were
previously deposited inside the tube to produce a con-
ductive layer that reduced the electrostatic loss. These
results also highlight that cPTFE and other less con-
ductive tubing should be avoided when sampling uni-
polar or asymmetrical charged particles.

4.3. Effect of applied charge state on electrostatic
loss

The impact of varying the applied charge state onto
particles on electrostatic loss was investigated by
applying a range of positive charge states, from I. =
50 to 300 fA, for a 4m long 4 mm ID cPTFE tube, as
shown in Figure 8. A neutralized particle penetration
curve (I. = 0) is included for comparison.

Comparing the neutralized to the unipolar charged
particle penetration curves, a significant increase in
particle loss was observed for particles above ~10 nm.
Specifically, there was a maximum additional particle
loss of 42% (laminar) and 50% (turbulent) at 12.5 nm,
and between 29-38% (laminar) and 40-48% (turbu-
lent) for particles above 12.5nm. This trend mirrors
that seen in the 6 mm ID tube (Figure 5); however,
the magnitude of additional loss was higher for the
4mm ID tube compared to the 6mm ID tube,



12 (&) F.O.N.LIDSTONE-LANE ET AL.

a). Laminar (Re = 1,000)

b). Turbulent (Re = 5,000)
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Figure 8. Penetration curves through 4mm ID 4m long cPTFE tube for unipolar charged particles (UDAC ion currents settings
between I, = 50 to 300fA with a neutralized particle penetration curve for comparison).

averaging 16% for laminar flow and 17% for turbulent
flow across all particle sizes. This can be explained by
the hypothesis that as tube diameter decreases, the
electrostatic field strength increases, as described by
Gauss’ law of electrical fields. It is assumed here that
the electrical field strength remains constant, although
it may have varied depending on the initial amount of
charged particle deposition. This assumption was
not tested directly, but it was assumed that sufficient
time was allowed for equilibrium to be reached, indi-
cated by the stabilization of CPC particle number
concentrations.

From the initial applied charge state (I. = 50fA) to
the final applied charge state (I. = 300fA), particle
losses across all particle sizes did not increase signifi-
cantly, with an average additional loss of 15% for lam-
inar flow and 10% for turbulent flow. This suggests
that even a small bias toward one polarity in an asym-
metrical charge distribution can lead to electrostatic
losses through cPTFE tubes. This effect was not
observed through the 6 mm ID cPTFE tube (Figure
5), where significant additional particle losses were
observed for particles between 7.5-17.5nm when the
applied charge increased from +100fA to +300fA (up
to 27%). This observation aligns with the increase in
charge fraction of silver particles (which make up this
size range) from 56% to 85% (Figure 3) as the ion
current increased, resulting in more particles being
charged and subsequently lost due to the electrostatic
mechanism. In contrast, for larger salt particles (above
20nm), minimal additional losses were observed
through either the 4mm ID or 6 mm ID cPTFE tubes
as the applied charge increased, likely because almost
all particles were charged even at lower ion currents
(Figure 3).

4.4. Effect of residence time on electrostatic loss

Based on the results from Figures 5-8 and considering
the dependency on tube material (influenced by tube
electrical conductivity), it appears that the majority
of measured electrostatic losses were attributed to
precipitation in an electric field, as described by
Equation (8). Tsai (2015) noted a dependence of
electrostatic loss on tube length, which can be com-
bined with tube diameter and volumetric flow rate
terms to form an equation that is dependent on resi-
dence time: t,,; = A;/Q.

The influence of residence time on electrostatic loss
through cPTFE tubes for 12.5nm silver and 30nm
salt particles was investigated by normalizing the
highly negative (I. = —300fA) losses to the neutral-
ized losses, to focus solely on electrostatic loss. This
analysis was conducted across a range of tube lengths
(0.45-4m) and for both 4mm and 6mm ID tubes
under laminar and turbulent flow conditions. These
variables were parameterized based on the aforemen-
tioned equation describing particle penetration as a
function of particle residence time, as shown in
Figure 9.

Generally, electrostatic loss is seen to increase with
longer residence times, with most of the loss occur-
ring toward the start before leveling off. This trend
suggests that most of the electrostatic loss happened
within the initial section of the cPTFE tube.

In addition to residence time, Figure 9 shows that
electrostatic loss also depended on Reynolds Number,
tube diameter, and particle diameter. As the Reynolds
Number increased from laminar to turbulent flow, the
residence time decreased but the electrostatic loss
increased. This was evident from the 4mm ID tube,
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Figure 10. Normalized electrostatic penetration (a) and total particle number concentration (b) between the UDAC and upstream

CPC for silver and salt as a function of UDAC ion current.

where at a residence time of 0.2s, the normalized
electrostatic loss increased by 78% for 12.5nm silver
particles and 61% salt  particles.
Furthermore, as discussed previously, Figure 9 clearly
demonstrates that as the tube

for 30nm
internal diameter
increases, the electrostatic loss decreases, which was
attributed to a reduction in electrical field strength.

4.5. Electrostatic dispersion considerations

Although the electrostatic losses discussed above were
primarily attributed to precipitation in an electric
field, significant losses from electrostatic dispersion
could have occurred before the upstream CPC. The
high concentration of unipolar charged particles pro-
duced by the UDAC could have caused a rapid drop
in concentration through the conductive silicone and
stainless steel tubing between the UDAC and the
upstream CPC, without affecting penetration measure-
ments in the test sections.

To investigate this hypothesis, a penetration curve
was inferred by comparing the number concentration
from the upstream CPC for each UDAC applied
charge state to the concentration when the UDAC
was off (neutralized aerosol). This was performed for
silver mode.2 and salt aerosol, assuming a constant
stable aerosol source output, with the results shown in
Figure 10.

Significant electrostatic loss was observed between
the UDAC charger and the upstream CPC, with up to
95% of silver and 66% of salt aerosol being lost when
the particles were highly charges (I, 300 fA).
Although it was difficult to de-couple the two electro-
static loss pathways from Figure 10, it can be esti-
mated that a substantial amount of electrostatic
dispersion occurred considering that the neutralized
silver concentration was above le6 particles/cm’ and
significantly dropped (by 67%) as the UDAC started
to deliver charge (at an ion current of 50 fA). The par-
ticle loss observed, resulted in the concentration drop-
ping below the concentration for which electrostatic



14 (&) F.O.N.LIDSTONE-LANE ET AL.

dispersion has a large effect (as interpreted in Figure
4), and subsequently meant that the particle penetra-
tion did not decrease as significantly as the ion cur-
rent increased. Lower losses were witnessed for salt,
likely due to its lower concentration (~2e4 particles/
cm?®), which minimized the contribution of electro-
static dispersion. Although it should be noted that
particle size dependent effects were expected for both
electrostatic dispersion and precipitation, and there-
fore careful consideration should be used when com-
paring the larger salt to the smaller silver particles.
Biskos, Reavell, and Collings (2004) conducted a simi-
lar experiment and observed that electrostatic losses
were a combination of both electrostatic dispersion,
from the presence of a high concentration of unipolar
charged particles, and electrostatic precipitation, from
the electrostatic field inside the UDAC used to control
the charging process. Their study, which only consid-
ered number concentrations below le5 particles/cm”,
found the predominant pathway to be from electro-
static precipitation, with electrostatic dispersion only
accounting for around 5% of total losses.

The electrostatic dispersion loss is particularly rele-
vant to aviation nvPM sampling systems, where par-
ticle number concentration can reach ~1e8 particles/
cm® in the sampling probe (collection) section
(Kittelson et al. 2022). Although aircraft nvPM is
expected to carry a bipolar charge distribution as is
expected with other combustion sources (Vatazhin,
Starik, and Kholshchevnikova 2004), significant bias
caused by ions in the combustion process, is thought
to lead to an asymmetrical non-equilibrium charge
distribution (Sorokin and Arnold 2004). This could
result in additional electrostatic loss in the probe sec-
tion. Therefore, further research is required to quan-
tify the charge of aircraft nvPM across difference
engine types, power settings, and fuels to determine if
additional electrostatic loss occurs within the probe
section.

5. Conclusion

The mechanism of electrostatic losses for nanopar-
ticles was characterized using various sampling tubes
made of different materials, diameters and lengths,
representative of aviation nvPM sampling systems.
Proxy aerosols including salt, silver, and carbon black,
were used at electrical mobility diameters (4-150 nm)
typical of aircraft nvPM emissions. The impacts of
particle charge state, tube diameter, tube length, par-
ticle residence time, and flowrate on electrostatic loss

investigated to outline overall
dependencies.

This study confirms the current assumption in
regulatory aircraft nvPM emission measurements that
electrostatic loss is insignificant for electrically con-
ductive tubing, such as stainless steel or extensively
bedded-in c¢PTFE. However, the 30min bedding-in
requirement for new nvPM sampling component may
not be sufficient as significant additional electrostatic
loss (up to 50% for highly charged unipolar particles
and 40% for naturally charged nebulized particles)
was measured in cPTFE with approximately 30 min of
bedding-in with proxy aerosols. This electrostatic loss
corresponded to precipitation in an electric field,
where a local electric field was caused by a charge
build-up on the internal surface from deposited
charged particles, and correlated with the charge state,
flowrate, residence time, and tube diameter.
Improving the electrical conductivity of the outer tub-
ing by wrapping conductive foil on ¢PTFE had no
effect on reducing electrostatic loss. Generally, the
observed to decrease with

were parameter

electrostatic loss was
increasing tube diameter, decreasing residence time,
and decreasing flowrate.

It was also found that significant electrostatic dis-
persion loss did occur between the UDAC and
upstream CPC within the stainless steel and conduct-
ive silicone tubing, resulting from a high concentra-
tion of unipolar charged particles (above 1e6 particles/
cm®). Although aircraft exhaust nvPM is not expected
to be carrying a unipolar charge, this study highlights
the need to quantify the charge state of aircraft nvPM
emissions across different engine types, power settings
and fuels to determine if unaccounted for electrostatic
losses occur within the collection section of regulatory
aircraft nvPM sampling systems. The results from this
study are also relevant to PM sampling from other
combustion sources, and can be applied to any field
involving sampling and transport of nanoparticles.
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