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ABSTRACT 
Aircraft gas turbines engines produce ions through chemiionization thought to result in 
electrostatically charged engine exhaust emissions. Most combustion systems generate a 
symmetrical bipolar charge distribution. However, due to high temperatures and pres
sures in aviation combustors, associated fast residence times, and high post-flame tem
peratures, aircraft emissions have been predicted to exhibit an asymmetrical bipolar 
charge distribution. It is thought this asymmetry tends toward a positive polarity, result
ing from an increase in post-flame thermal ionization. This study employed an 
Electrostatic Precipitator and a Scanning Mobility Particle Sizer to determine the charged 
fraction, and an electrometer to determine the mean charge per particle of aircraft emis
sions. Three aircraft engines were assessed across a number of powers for conventional 
and sustainable aviation fuels. In agreement with previous theoretical studies, the meas
ured emissions were found to be charged, resulting in up to 58.1% of the emissions 
being charged, which correlated with engine power. The charge distribution of aircraft 
emission was observed to be asymmetrical, tending toward positive polarities at higher 
powers (combustor temperatures). Along with power, it was noted that particle size was 
a key parameter driving the charge. As such, a fuel dependence was found, whereby 
emissions produced by JetA-1 typically carried 11–17% more charge compared to SAF for 
similar conditions, which was attributed to the reduced particle sizes in SAF emissions. 
Differences in charge was observed between the different engines; however, variations in 
the respective emissions sampling systems may have contribute to the findings, resulting 
in uncertainties associated with dynamical unsteady charging.
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1. Introduction

Aircraft gas turbine combustion engines produce harm
ful gaseous, volatile, and nonvolatile Particulate Matter 
(nvPM) emissions, resulting from incomplete combus
tion and evaporation of hydrocarbon-based fuels. It is 
well documented that this process generates a substan
tial amount of positively and negatively electrostatically 
charged molecular cluster also referred to as ions 
through chemiionization of hydrocarbons in fuels 
(Fialkov 1997; Burtscher 1992), predominantly via 
CHþO ! CHOþ þ e− reactions (Calcote 1962; Green 
and Sugden 1963). Further to the production of these 
primary ions, a complex array of heavier ions can be 
generated depending on the fuel composition, combus
tion conditions, and emissions residence times through 
the engine (Burtscher 1992; Haverkamp et al. 2004; 
Kittelson et al. 1986; Savel’ev et al. 2004). From the 
combustion generated ions, the emitted particles can 
become charged via attachment of the ions onto the 
particles (Burtscher 1992; Sorokin et al. 2003). The par
ticles can also become charged via several other mecha
nisms including, charged particle recombination, 
charged-enhanced coagulation, and thermal ionization 
from hot surfaces in the post-flame region (Sorokin et 
al. 2003; Hayhurst and Kittelson 1978). In most com
bustion systems, the emissions have been measured to 
be highly charged, carrying a symmetrical bipolar 
charge distribution, as a result of the various aforemen
tioned charging mechanisms (Fialkov 1997; Maricq 
2006; Sgro et al. 2010). For example, it has been 
reported that over 40% of the particles are charged in 
the post-flame region of a premixed ethylene flame 
(Maricq 2004) and over 70% in diesel engine exhausts 
(Jung and Kittelson 2005; Kittelson et al. 1986).

In aircraft engine combustors, similar charging proc
esses are anticipated, although due to the elevated com
bustion conditions, exhibiting temperatures in the 
range of 2,000 K (Chevron 2007) and pressure ratios of 
40:1 (Correa 1998), a wider range of ions are expected 
(Keindler et al. 2000; Keindler and Arnold 2002). 
Furthermore, these combustion conditions have also 
been predicted to cause an asymmetrical charge distri
bution (Sorokin and Arnold 2004; Starik 2008; 
Vatazhin et al. 2004) resulting from the high combustor 
and post-flame temperatures (Sorokin et al. 2003). This 
is anticipated to lead to positively charged emissions 
due to an increase in thermal ionization (Sorokin and 
Arnold 2004), coupled with short residence times, 
which suppresses ion recombination and charge neu
tralization (Lukachko et al. 1998; Savel’ev and Starik 
2001; Starik 2008). However, once the emissions exit 
the engine, the charge distribution is thought to tend to 

an symmetrical charge distribution downstream of the 
engine in the exhaust plume (Vatazhin et al. 2004).

To the authors’ knowledge, to-date the charge state 
of total aircraft gas turbine emissions has not been 
investigated experimentally. Previous research charac
terizing the charge of aviation emissions has predom
inantly utilized chemical modeling-based approaches 
(Sorokin et al. 2003; Starik 2008; Vatazhin et al. 
2004), with a few experimental studies quantifying the 
ion concentrations emitted downstream of the engine 
exit (Arnold et al. 1998; Sorokin and Arnold 2004). 
As such, the charge distribution of aircraft emissions 
has yet to be empirically assessed, particularly in the 
case of Sustainable Aviation Fuels (SAFs).

If aircraft emissions are exhibited to be highly 
charged, there are numerous potential implications, con
cerning environmental and human health effects, in add
ition to unquantified uncertainties associated with 
regulatory emission measurements. In terms of the envi
ronmental impacts, the charge of ions, nvPM, and vola
tile nucleation is thought to be a major contributing 
parameter to contrail formation (Ponsonby et al. 2024; 
Yu and Turco 1997, 1998). One process involves electric
ally charged particles acting as nucleation sites increasing 
the uptake of polar volatiles, such as water (Savel’ev and 
Starik 2001; Yu and Turco 1999). Human health effects 
also need to be considered, as it has been found that 
charged particles are more likely to penetrate through 
mucus layers and into the alveoli deep in the lungs (Zhu 
et al. 2024). Charged particles may also cause additional 
uncertainties associated with particle transport and 
measurement in regulatory sampling and measurement 
systems. Lidstone-Lane et al. (2025) found that electro
static particle losses could occur through low conductiv
ity sampling tubing (typical of aircraft emissions 
sampling and measurement systems) if the particles are 
sufficiently charged, leading to under-quantification of 
reported regulatory aviation emissions.

For this study, the charge of freshly emitted aircraft 
emissions was experimentally characterized for a 
Gnome turboshaft helicopter engine tested at Rolls- 
Royce Derby (UK), and both a Honeywell ALF502-R 
and a LF507-1H turbofan engine operated at a CFS 
Aeroparts test stand located at Hawarden Airport 
(UK). The Gnome engine was operated solely with 
JetA-1, while the ALF-502-R and LF507-1H were oper
ated with two JetA-1 and two SAF blends (50% HEFA 
(Hydroprocessed Ester and Fatty acid)/JetA-1) from 
different sources. The charge was characterized using 
two parameters: charged fraction, which determines the 
number of charged particles, and the mean charge per 
particle: which gives a measure of the mean or net 
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charge of the emissions. The charged fraction was 
measured by employing an Electrostatic Precipitator 
(ESP), to remove all charged emissions from an aircraft 
emissions sample, then using a Scanning Mobility 
Particle Sizer (SMPS) and Condensation Particle 
Counter (CPC) to measure the particle number con
centrations, similar to methods employed by Jung and 
Kittelson (2005) for automotive diesel engine emissions. 
For the mean charge per particle, a Faraday cup aerosol 
electrometer was used to measure the electrical current 
of the an aircraft emissions sample, and using the par
ticle number concentration from a CPC, an estimated 
mean charge per particle was calculated, using a similar 
method proposed by Nishida et al. (2020). In addition, 
the uncertainties related to measuring the charge and 
the impact this may have on aircraft emissions sam
pling systems is presented. This study therefore informs 
better understanding of how aircraft emissions impact 
contrail formation, human health, and regulatory meas
urement uncertainty.

2. Methodology

The experimental data was acquired over two test cam
paigns at two different locations. Note that at the two 
different test campaigns, bespoke sampling systems 

were used, which incorporate some differences due to 
equipment avaibility and experimental constraints - 
details of the respective set-ups are presented in Figure 
1. Over the course of the two campaigns, the charge of 
the emissions produced from three different engines 
running on five different fuels, as will be outlined in 
Section 2.2, were measured. As shown in Figure 1, for 
both campaigns, a similar suite of measurement instru
ments were used to measure the charged fractions and 
mean charge per particle of the emissions, which com
prised of an ESP, SMPS, electrometer, and a CPC.

All tubes between instruments shown in Figure 1
were either made from stainless steel or conductive 
silicone, to reduce potential electrostatic losses occur
ring that may affect the final charge measurements 
(Lidstone-Lane et al. 2025). The overall tube lengths 
were kept to a minimum to reduce additional particle 
losses. Note the provided flowrates in Figure 1, for the 
engine probe sections are minimum values, typical at 
idle engine conditions only. As the engine power 
increased, the increasing dynamic pressure would 
have resulted in uncharacterized larger flowrates with 
associated reduced residence times in the initial tub
ing. The flowrate into the ESP was 3 L/min, providing 
1 L/min for each of the measurement instruments 
(SMPS, electrometer, and CPC).

Figure 1. Schematic representation of the experimental set-ups used to determine the charge of (a) Gnome turboshaft helicopter 
engine and (b) Honeywell AFL502 (502) and LF507 (507) turbofan engines. The main differences between the sampling systems 
were the dilution systems used (DI-1000 for the Gnome and eDiluter for the 502/507), the length of the tubing, and the diameter 
of the tubing. Some additional sampling system instruments were used for the Gnome test (cyclone, drier, and plenum), but these 
instruments were assumed to have only minor effect on the measurements.
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2.1. Charged fraction and mean charge per 
particle measurements

The measurement system used to determine both the 
charged fraction and mean charge per particle for all 
three engines, is shown (unshaded area) in Figure 1. 
The first part of the system was a Cambustion ESP, 
operated at 1700 V when on and 0 V when off. From 
the ESP, the sample flow was split via a 1/4” stainless 
steel two-way Y-splitter, with 1 L/min supplying the 
SMPS consisting of a TSI 3088 soft X-ray neutralizer, 
TSI 3082 SMPS, TSI 3085 nano Differential Mobility 
Analyzer (DMA) or a TSI 3081 long DMA, and a TSI 
3750 CPC. The SMPS was operated to perform two 
60 s scans, with both multiple charging and diffusional 
loss corrections applied. The nano DMA (particle size 
range of 6.5–80 nm) was initially used to measure the 
emissions of the 507 engine (and also the 502 for one 
of the fuels – SAF blend.2) as it was anticipated the 
measureable particle size range available would suit
ably cover the emitted particles. However, to ensure 
any larger particles emitted were measured, for the 
remaining 502 engine and all of the Gnome engine 
tests, the long DMA (particle size range of 7.5– 
414 nm) was used. For both DMA configurations, the 
bin width was set at the default of 1/64th of a decade 
per each particle channel, with the sheath flow set to 
10 L/min to meet the 10:1 sheath to inlet flow recom
mended by the manufacturer (TSI 2016). All instru
ments were assumed to be operating at the TSI 
Standard Temperature and Pressure (STP) in the 
instrument software −21.1 �C and 101.3 kPa (TSI 
2016). Although the temperature and pressure 
assumptions may have resulted in some uncertainty in 
the measurements given slight discrepancies in day- 
to-day ambient conditions. The d50 of the TSI 3750 
CPC was 7.5 nm, and thus values below this range 
were discounted. From the ESP, the remaining flow of 
2 L/min was directed and split evenly to a TSI 3068B 
Faraday Cup electrometer and a TSI 3750 CPC via 
another 1/4” stainless steel two-way Y-splitter. The 
flow through the CPCs and the electrometer was 
maintained by an external vacuum pump coupled 
with a critical orifice (CPC) or internal flow controller 
(electrometer). It is noted that the flow control may 
have impacted the accuracy of the measurements par
ticularly impacting the mean charge per particle par
ameter due to the accuracy of the electrometer flow 
controller. To limit this impact, the flowrates of the 
respective CPCs and electrometer were measured at 
the beginning of each test campaign, which were 
observed to be within 5% of the reported values – see 
the online supplementary information (SI).

Two measurements were conducted to empirically 
quantify the charge of the aircraft engine emissions: 
the charged fraction and the mean charge per particle. 
Two charged fraction parameter were determined: the 
charged fraction of the total particle population (Fq) 
and as a function of particle diameter (Fq(N(dp))). 
Both of these charged fraction methodologies did not 
distinguish between the charge polarity, only whether 
the emissions were charged or not. By taking the total 
particle number concentrations from the CPC when 
the ESP was turned on (Nun) and off (Ntotal), the total 
charged fraction for the emissions was calculated by:

Fq ¼
Ntotal − Nun

Ntotal
(1). 

In a similar manner, the charged fraction as a func
tion of particle diameter was determined by measur
ing the particle size distribution using the SMPS when 
the ESP was turned on (N(dp)un)) and turned off 
(N(dp)total), and calculated by:

Fq N dp
� �� �

¼
N dp
� �

total − N dp
� �

un
N dp
� �

total
(2). 

Using the measurement of the total particle num
ber concentration (Ntotal) from the CPC and the total 
electrometer current (i), the final mean charge per 
particle was calculated from:

q ¼
i

Ntotal Q e
(3), 

where e is the elementary charge (1.602E-19 C) and Q 
is the flowrate passing through the electrometer.

To increase the accuracy of the measurements, a 
30 s test point at a sampling rate of 1 Hz was taken 
only when the recorded data from both the CPC and 
electrometer outputs were observed to be stable. 
Where possible, two 60 s SMPS scans, and thus 120 s 
CPC and electrometer samples, for ESP turned on 
and off were recorded. However, for some of the test 
points for higher engine powers, particularly when 
running the 502 and 507 engines, only one SMPS 
scan for each ESP setting was obtained, due to practi
cality and financial considerations. When permitted, 
multiple repeat measurements of the engines were 
conducted – mostly at the test points for lower power 
engine conditions, where engine wear and fuel costs 
were less significant. For each test point, the measured 
values were averaged over the chosen 30 s sample 
time. The uncertainty, shown by error bars in the 
results presented below, was determined from the 
variability of the data by calculating one standard 
deviation of the recorded data across the chosen sam
ple time. Where multiple measured samples were used 
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to determine a parameter, the uncertainties were 
propagated through each measured sample – see the 
SI for an outlined methodology.

The charged fraction as a function of particle size 
measurements were compared against a theoretical 
bipolar aerosol charged fraction prediction proposed 
by Wiedensohler (1988). This prediction provides a 
valid approximation of a bipolar charge distribution 
on an aerosol population in air at ambient conditions 
post an aerosol neutralizer. Therefore, comparing the 
measured charged fraction as a function of particle 
size against this theoretical prediction provides an 
indication of whether the investigated aircraft engine 
emissions exhibits a bipolar charge distribution similar 
to one produced by an aerosol neutralizer.

2.2. Honeywell ALF502 (502) and LF507 (507) 
turbofan engine experiment

The Honeywell ALF502-R (502) and Honeywell 
LF507-1H (507) turbofan aircraft engines were both 
tested at the CFS Aeroparts facility located at 
Hawarden Airport near Chester (UK) over a two- 
week test period in September 2023. The 502 and 507 
engines incorporate similar technology, both using 
reverse flow annular combustors to produce �30 kN 
of thrust. However, it is noted the 502 engine had 
only one low pressure compressor (CFS Aeroproducts 
2022), compared to the two incorporated in the 507 
engine (Allied Signals Aerospace 1996), which results 
in a marginally lower thrust. For these studies, a 
bespoke equal area multipoint (21 orifice) sampling 
probe was manufactured and placed into the hot 
exhaust flow outside of the exhaust nozzle. From the 
probe inlet, three meters of 12 mm Internal Diameter 
(ID) stainless steel tube was used to transport the 
emissions sample to a Dekati eDiluter Pro. The 
eDiluter used ejector diluter principles and incorpo
rates two-stage dilution with a control system to 
achieve adjustable high dilution ratios. For this experi
ment, the eDiluter was operated at 25:1 dilution ratio 
using compressed and filtered ambient air generated 
by an onsite oil free compressor filtered through a 
HEPA filter. Four test fuels were used, namely: JetA-1 
fuel purchased at the airport (referred to as JetA- 
1 source.1), 50% HEFA based SAF mixed with JetA-1 
source.1 purchased at the airport (referred to as SAF 
blend.1), Neste supplied JetA-1 (referred to as JetA-1 
source.2), and Neste supplied 50% HEFA based SAF 
premixed with JetA-1 source.2 (referred to as SAF 
blend.2).

The test points used for the emissions testing of 
the 502 and 507 engines were determined prior to full 
emissions testing to be representative of the ICAO 
Landing Take-Off (LTO) cycle power conditions 
(ICAO 2017). They were determined by empirically 
assessing the measured unburnt hydrocarbons (UHC), 
carbon monoxide (CO), and nitrous oxides (NOx) 
Emission Indices across a ten-test point up and down 
power curve. Corresponding engine power conditions 
(quantified by the reported engine T30 temperatures – 
temperature before the inlet of the combustor) were 
then used to define repeatable engine performance 
points across the different fuels and ambient condi
tions tested. Note that it was observed that for the 
approach-type condition, two T30 temperatures were 
required to match NOx and CO reported in the ICAO 
databank, which was thought to be attributed to a 
bleed switch point.

In total, eight engine powers were tested ranging 
from ground idle, the minimum achievable power on 
a given day (circa 4% power), to the maximum take- 
off (circa 100% power) – with idle (5%), taxi (7%), 
approach (30%), approach max NOx (40%), cruise 
(70%), and climb (85%) in-between. The test points 
were sequentially conducted as part of an up-curve 
and down-curve thrust driveline cycle, with some 
repeat test points on both curves, namely; idle, taxi, 
approach, cruise, and climb. Several engine parameters 
were measured for each test point, for this study, the 
key reported parameters are normalized power and 
the exhaust temperature. The normalized engine 
power was the percentage of the maximum power 
that could be produced by the engine; note that due 
to some engine degradation, 100% power quoted from 
the engine manufacturer for a new engine was not 
possible. The exhaust temperature was deemed the 
most appropriate parameter to correlate to the meas
ured charge of the emissions, as it is generally 
assumed to correlate to flame temperature (Latarche 
2021; Lee 2013), which is thought to be a main driver 
of the charge of the emissions (Fialkov 1997; Calcote 
1962). The different test points (denoted by makers in 
Figure 2) used for each fuel and engine for the 
exhaust temperatures are shown in Figure 2. As would 
be expected, the exhaust temperature were observed 
to increase with an increase in normalized power. 
However, as seen the increase in the three parameters 
was not perfectly linear, with some step changes, most 
notably for the last three power conditions used for 
the 507. Additionally, there were no significant 
changes in the temperatures across the different fuels 
used. There were some minor differences in exhaust 
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temperatures noted between some of the repeated up- 
cycle and down-cycle test points – up to 20 �C 
(0.05%) for the idle, taxi, and approach test points. A 
full breakdown of the exact exhaust for both engines 
can be found in the SI.

2.3. Gnome turboshaft helicopter engine 
experiment

The Gnome turboshaft helicopter engine was tested at 
a Rolls-Royce engine test facility in Derby (UK) over 
a week test period in February 2023. The engine was 
the same as tested in previous emission studies by 
Olfert et al. (2017) and Smith et al. (2022), thus fur
ther details about the engine can be found in these 
publications. The Gnome engine was operated at two 
power conditions, namely; low power (13,000 RPM; 
idle-type) and high power (22,000 RPM, near take- 
off), using JetA-1 supplied from the Rolls-Royce 
onsite fuel farm (referred to as JetA-1 source.3).

The emissions probe consisted of a single point 
open-faced 8 mm ID stainless steel sample probe 
placed into the direction of the engine exhaust flow. 
After the inlet of the probe, the stainless steel tube 
was bent 90�, followed by a 1 m straight length, before 
entering a sharp-cut cyclone used to remove large 
particles (above 1 mm). As seen in Figure 1, from the 
cyclone, the sample was diluted with particle-free zero 
grade nitrogen at a dilution ratio of 8:1 using a Dekati 
Di-1000 ejector diluter. Before the diluter, the sam
pling temperature was maintained at 160 �C to min
imize the effect of thermophoretic losses and to 
supress water condensation within the sampling sys
tem. From the diluter, the sample transferred into an 
expansion plenum, where the flow velocity was 
reduced, before being sampled via a 1/4” ID stainless 
steel inlet probe perpendicularly entering the plenum 
and bent through 90� to face into the flow. The probe 

from the plenum was connected to the measurement 
instrumentation using a 2 m long, 1/4” ID conductive 
silicone tube.

2.4. Instrument calibration, inter-comparison, and 
cleanliness

To ensure that the measurements were consistent across 
all test points and periods, a rigorous calibration and 
inter-comparison procedure was completed before any 
measurements were conducted. Pre-experiment tests, 
akin to those outlined in Kittelson et al. (2021) and 
Wiedensohler et al. (2018), were conducted before each 
test campaign to validate the measurements from the 
SMPS, CPCs, and electrometer. All flow were conducted 
by using a Sensidyne Gilian Gilibrator 2-USB Calibrator 
and all zero-particle checks were conducted by using a 
HEPA filter. The checks included inter-comparing the 
two CPCs that would be used for measurement in terms 
of output number concentrations at designated particle 
sizes, inlet flow, and zero-particle checks. The SMPS was 
inter-compared against another SMPS, and was flow 
checked, zero-particle checked, pressure checked, and 
size-calibrated using 51, 92, and 152 nm polystyrene latex 
spheres (PSL). The electrometer flow was checked and 
any electrical current offset was corrected for using zero- 
particle air and an ESP turned on to remove all charged 
particles to determine a true zero, thus accounting for 
possible systematic errors and instrument drift. Note that 
the offset is typically corrected within the instrument 
software prior to testing; however, the authors undertook 
regular measurements of the offset throughout the test 
campaigns facilitating a post-test correction of the elec
trometer data.

The ratio between the measured concentrations of 
the CPCs (particle sizes ranged from 7.5–150 nm) was 
between 0.7–1 – note that above 10 nm the ratio was 
between 0.8–1. Although for the 502 and 507 engine 

Figure 2. Test points, as a function of normalized power, used for the (a) 502 and (b) 507 engines with the associated LTO-like 
condition annotated and denoted by the markers for both the exhaust temperatures. Note that the order of the LTO test points 
indicated by the markers for the 502 engine (a) are the same for the 507 engine (b).
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tests, the ratio was between 0.92–1 following a service 
and calibration from the manufacturer. The SMPS 
particle size classifications against PSLs over-reported 
by 4–8% across all campaigns, which was accounted 
for by using a delay time correction (Td) of 1 s as rec
ommend by TSI (2016), which was used to subse
quently corrected for all particle size distributions 
throughout the campaigns. For this correction, essen
tially the particle size distributions were shifted to 
account for differences in particle residence times 
between the DMA and CPC. An example of original 
and corrected particle sizes distributions using the 
PSLs are shown in the SI. The measured electrometer 
current offset across the test campaigns was between 
10–27 fA with a standard deviation of less than 1 fA. 
As mentioned, the offset was not changed within the 
electrometer software, neither at the beginning or 
across each campaign, thus although a current offset 
seems fairly large, this was not considered to cause 
significant inaccuracies or uncertainties for the meas
urements given the offset mainly represented the 
instrument drift between each campaign.

In addition to the pretest calibrations, all instru
ments were checked throughout the test periods. For 
the CPCs, at the beginning of each day, a zero- 
particle check was performed along with intermittent 
inter-comparisons of particle number concentration 
across a range of particle sizes. The SMPS was also 
zero-particle checked at the beginning of each day 
and intermittently size-checked using PSL particles.

Although the charge generated through each elem
ent of the sampling system was not fully character
ized, it was assumed that this would not have a 
significant impact on the charge compared to that 
generated by the aircraft engine. However, it should 
be noted that this may have caused some uncertainties 
in the final charge measurements, which have to be 
considered when analyzing the results - this will be 
covered in more detail in Section 3. This being said, a 
fairly simple check was conducted by measuring the 
electrometer electrical current produced from ambient 
air passing through the sampling system from the 
inlet of the diluters while the ESP was upstream of 
the diluter and turned on and turned off- the full 
details of this check can be seen in the SI. The results 
showed that no excess difference in charge occurred 
between ESP turned on and turned off.

3. Results and discussion

The results are divided into two sections, namely: 
Section 1: charge measurements of the Honeywell 

ALF502 (502) and LF507 (507) turbofan engines and 
Section 2: charge measurements of the Gnome turbo
shaft helicopter engine. In each section, the particle 
size distributions are initially presented, which are 
subsequently used to determine the charged fraction 
as a function of particle diameter. The total charged 
fraction measurements of the different engines emis
sions are then introduced along with the mean charge 
per particles, either as figures in the case of the 502 
and 507 engines for the numerous power conditions 
and fuels tested, or in a table for the Gnome given the 
limited number of power conditions tested.

All error bars in the figures represent the uncer
tainty in the measurements determined from the 
instrument stability, which was calculated based on 
the process outlined in Section 2.1. Note that there 
was no data for the 507 engine using JetA-1 source.1 
due to instrument data recording issues occurring for 
this test.

3.1. Charge measurements of honeywell ALF502 
(502) and LF507 (507) turbofan engines

The following results first show the effects of engine 
power (corrected to exhaust temperature based on 
Figure 2) on the particle size distributions. The 
Geometric Mean Diameter (GMD) of the distributions 
are then used to summarize the effects of engine 
power and fuel composition on the emissions. The 
GMDs, total particle concentrations, and particle size 
distributions are used to determine the charged frac
tions. Then the measured total particle concentrations 
and the electrical current produced by the emissions 
is used to give the mean charge per particle. As dis
cussed previously, both the charged fraction and mean 
charge per particle, when considered together, give an 
indication as to the amount and polarity of the charge 
carried by the emissions.

The particle size distributions presented below cor
respond to sampling with the ESP turned off, includ
ing all charged and uncharged emissions. Note these 
distributions are only a subset of the engine powers 
and fuels measured, namely; approach (30% power) 
test points and take-off (100% power) test points 
when using JetA-1 source.1 and SAF blend.1 for both 
the 502 and 507 engines. As discussed previously, in 
Section 2.3, the reader is reminded that for Figure 3, 
the nano DMA was used to measure the particle size 
distributions for the 507 engine while the long DMA 
was used for the 502 engine, hence the different par
ticle size ranges. In addition to the approach and 
take-off test points, the distributions between these 
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test points are included in the figures and shown by 
fainter lines. The distributions for the test points 
below the approach (ground idle and taxi) are not 
included as a sub-10 nm peak was observed that was 
thought to be due to volatile particles or UHC nucle
ating in the eDiluter. To be as representative as pos
sible of the emissions at the engine exhaust, this peak 
was removed by fitting a lognormal distribution to the 
dominant (nvPM) mode to determine the GMD for 
analysis later in this section – refer to the SI for a 
description of the procedure used. The complete set 
of particle size distributions for both engines using 
JetA-1 source.2 and SAF blend.2 are shown in the SI.

By comparing the particle size distributions pro
duced by the approach and take-off test points in 
Figure 3, three qualitative trends were observed as the 
power of the 502 and 507 engines increased: an 
increase in particle size, a decrease in particle concen
tration, and a broadening of the distributions. All 
three of these trends are in agreement with the pub
lished literature (Corbin et al. 2022; Durdina et al. 
2024; Lobo et al. 2015), and are attributed to an 

increase in the primary particle size and the amount 
of particle aggregation with power (Durdina et al. 
2014; Hu et al. 2022; Kinsey et al. 2011). Similarly, the 
SAF blends also produced a lower particle number 
concentration, in agreement with several published 
studies (Durand et al. 2021; Durdina et al. 2021; Teoh 
et al. 2022; Xu et al. 2024). A similar trend was 
observed for the JetA-1 source.1 and SAF blend.2 
shown in the SI. Comparing the particle size distribu
tions produced by each of the engines shows that for 
the approach and take-off engine power, the 507 
engine produced lower particle number concentrations 
than the 502 engine at similar powers and fuels, par
ticularly evident for the take-off power.

To summarize, a quantitative comparison of all the 
particle size distributions measured for the 502 and 
507 engines, for the four fuels across the eight engine 
powers, the derived GMDs are plotted against exhaust 
temperature, shown in Figure 4.

As would be expected and in agreement with the 
conclusions drawn from Figure 3, as the engine power 
increased (shown by an increase in exhaust 

Figure 3. Engine emissions particle size distributions for approach (30% power) and take-off (100% power) test points for (a) 502 
engine using JetA-1 source.1, (b) 502 engine using SAF blend.1, (c) 507 engine using JetA-1 source.1, and (d) 507 engine using 
SAF blend.1. The size distributions for the intermediate test points are also included and represented by the fainter lines. Note the 
difference in the location of the start and end of the distributions, which was due to the nano DMA being used to measure the 
507 engine emissions particle size distributions while the long DMA was used for the 502 engine emissions particle size 
distributions.
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temperature) the GMDs increased from �10nm at an 
exhaust temperature of �400 �C (ground idle) up to 
�27nm at �860 �C (take-off), shown in Figure 4. The 
observed trend shows an almost linear increase, which 
was repeatable across the different fuels tested. 
Comparing the GMDs of both engines using JetA-1 
and SAF revealed a decrease of a few nano meters in 
the GMD for SAF, indicating that SAF generates 
smaller particles, consistent with findings from the lit
erature stated above. When comparing the two 
engines, it was observed that the 507 engine produced 
particle size distributions with GMDs that were more 
scattered. Although a conclusive reason for the scatter 
has not be determined, it should be noted that the 
507 engine had some stability issues, where the engine 
had to be shut down and restarted, along with some 
test points conducted when it was raining. However, 
the scatter could also be a result of estimating the 
GMD from a particle size distribution that was not 
fully closed, which was not as much of an issue for 
the 502 engine due to the use of a different DMA 
(long DMA) that was slightly better at measuring 
more of the particle size distributions. Alternatively, 

the scatter, for low power test points, could have been 
caused by fitting process used to remove volatiles 
peak, although the same process was used for the 502 
engine where the same scatter was not observed.

For each GMD measured from the aircraft engine 
emissions shown in Figure 4, the total charged frac
tions of the emissions was investigated by comparing 
the difference in particle concentration when the ESP 
was turned on and turned off. For both the 502 and 
507 engines, the total charged fractions are plotted as 
a function of the engine exhaust temperature in 
Figure 5 and GMDs in Figure 6, enabling comparison 
of the respective trends.

From Figure 5, it was observed that there was a 
dependence of total charged fraction on the aircraft 
engine emissions as a function of exhaust temperature 
- as the exhaust temperature increased so did the total 
charged fractions for both engines across all fuels 
tested. One explanation, which has been proposed 
from numerous studies (Lukachko et al. 1998; Sorokin 
et al. 2003; Starik 2008), was that as the flame and 
post-flame temperatures (here the exhaust temperature 
was used as a proxy) increases the ion production rate 

Figure 4. Measured particle size distributions GMDs for all four fuels and engine powers as a function of exhaust temperature for 
the (a) 502 engine and (b) 507 engine. No error bars are included as for some of the particle size distributions only one scan was 
taken – see the discussion in Section 2.3. Note the missing data for the 507 engine using JetA-1 source.2 due to instrument data 
recording issues occurring.

Figure 5. Total charged fraction for each fuel and engine power test point used as a function of the exhaust temperature for (a) 
502 engine and (b) 507 engine.
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increases, resulting in the production of more charged 
particles.

One further finding from Figure 5, a clear fuel 
dependence was observed, where generally for all 
exhaust temperatures using the SAFs produced a 
lower total charged fraction compared to using the 
JetA-1 – on average over all exhaust temperatures of 
11% for the 502 and 17% for the 507 engine.

However, from Figure 4, it was observed that as 
the engine power increased, so did the particle size 
(represented by GMD). It is well established that as 
particle size increases, so does the charge carrying 
capability and probability (Gunn 1955; Wiedensohler 
1988). Therefore, this may also cause the resulting 
increase in total charged fraction. In addition, an 
increase in particle size was also observed for the 
JetA-1 compared to the SAFs, which may be the cause 
of the increase in total charged fraction of JetA-1 
compared to SAF. Thus, the total charged fraction as 
a function of GMD was plotted in Figure 6 to assess 
the dependence of GMD on total charged fraction.

In Figure 6, the increase in total charged fraction 
as particle size increases, as discussed above, can be 
observed, confirming that as the particle size increased 
so did the total charged fraction. The trend appears to 
be almost linear for the 502 engine (R2 value of 
0.8873), but more scattered for the 507 engine (R2 

value of 0.7932). Although it appears that the driving 
parameter of total charged fraction of the emissions 
was due to particle size, as the total charged fraction 
as a function of GMD in Figure 6 showed a near lin
ear increase, the effect of additional ion generation as 
the engine power increased cannot be completely dis
credited as causing the increase in total charged 
fraction.

In terms of the fuel dependence on the total 
charged fractions shown in Figure 5, this could be 
due to several reasons, but is likely due to the particle 

size rather than fuel composition. Therefore, from the 
results presented, an indirect dependence on total 
charged fraction can be proposed, due to associated 
increase in particle size of the emissions when using 
JetA-1 compared to SAF.

To interrogate the aforementioned driving parame
ters further, a charged fraction as a function of par
ticle diameter was determined, shown in Figure 7. 
This was determined by using the particle size distri
butions presented in Figure 3, along with the size par
ticle distributions for the uncharged particles, 
measured when the ESP was turned on. This allowed 
a general analysis of the charged fractions across the 
different particle size distributions mobility diameters 
for both engines, fuels, and engine powers (exhaust 
temperatures) to be conducted. Thus, providing a 
means of all three parameters discussed in Figures 4– 
6 to be analyzed. Similar to Figure 3, the measure
ment from two test points are highlighted, with the 
measurements from intermediate test points included 
with lighter lines for completeness. For Figure 7, the 
ground idle (4% power) test point was used instead of 
the approach as the ‘volatile’ peak observed below 
10 nm was assumed to cancel-out through the division 
process used to determine charged fraction, so having 
no impact on the reported charged fractions, as par
ticles at this size are thought not to carry much 
charge. However, to mitigate any confusion, the 
charged fractions as a function of particle diameter 
plots have been cropped below 10 nm – an example 
plot over the full range can be found in the SI. Note 
the approach test point is included in the figure, but 
as a fainter line, along with all other test points.

As found for Figure 6, the charged fractions as a 
function of particle diameter shown in Figure 7, 
across the particle size distributions mobility diame
ters was observed to increase as the particle size 
increased (mobility diameter used as a proxy for 

Figure 6. Total charged fraction for each fuel and engine power used as a function of the particle size distribution GMD for (a) 
502 engine and (b) 507 engine.
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particle size), between 7–33% charged at 10 nm 
increasing to 55–71% for 80 nm across both engines 
and fuels. Furthermore, there was a clear increase in 
charged fractions as a function of particle diameter as 
the engine power (exhaust and flame temperature) 
increased. Therefore, it can be inferred that both proc
esses, increase of GMD and increase of ion produc
tion with increasing engine power caused an increase 
in the charged fractions of the emissions.

In addition to this main conclusion, comparing the 
measured particle charged fractions against the pre
dicted charged fraction from the bipolar aerosol 
charge model (dashed line), shows that the engines at 
take-off generated more charged particles than a typ
ical symmetrical bipolar charging processes at ambient 
conditions. Although the agreement with the model 
prediction for the ground idle test points suggests that 
the two engines did produce charged fractions similar 
to that of an symmetrical bipolar charging processes – 
with some over prediction of the model at the smaller 
particle size, particularly evident for the 507 engine. 
Note the high variability in the charged fraction as a 
function of particle diameter curve for the 502 engine 
using SAF blend.1 above 60 nm for the ground idle 
test point, which was due to the low particle concen
trations above 60 nm (see Figure 3b).

In terms of fuel composition dependencies, there 
was no perceivable difference observed for the charged 
fractions as a function of particle diameter shown in 
Figure 7 within the measurement uncertainty. In 
terms of different engines, similar charged fractions as 
a function of particle diameter for particle sizes above 
20 nm were observed. However, there was slightly dif
ferent trends for sub-20 nm particle sizes. For the 507 
engine as the power increased, there was a clear 
shoulder present in the curves at the smaller particle 
size ranges (between 10–20 nm). This indicated that 
the 507 engine produced more charged particles (8– 
13%) between 10–20 nm compared to the 502 engine. 
Although for smaller particles, when at idle power, 
the charged fraction as a function of particle diameter 
of the 507 engine drops compared to the 502 engine.

However, it should be noted when considering the 
differences between the charged fractions as a func
tion of particle diameter between the two engines, two 
slightly different experimental set-ups were used – the 
long DMA was used to measure the 502 engine while 
the nano DMA was used to measure the 507 engine. 
This may have resulted in some measurement differ
ence. In addition, the methodology of using an SMPS 
to determine the charged fractions as a function of 
particle diameter depends on the multiple charge 

Figure 7. Charged fraction as a function of particle diameter for ground idle (4% power) and take-off (100% power) engine condi
tion test points for (a) 502 engine using JetA-1 source.1, (b) 502 engine using SAF blend.1, (c) 507 engine using JetA-1 source.1, 
and (d) 507 engine using SAF blend.1. The charged fractions for the intermediate test points are also included, represented by the 
fainter lines. The (black) dashed line represents the predicted charged fraction from a symmetrical bipolar charge distribution.
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correction used for the SMPS inversion being correct, 
this is particularly important for the smaller particles 
in the measured distributions from the SMPS. Some 
authors (Chen and Jiang 2018; Leppa et al. 2017; 
Nishida et al. 2025) have found that this correction is 
not necessarily correct in every use-case even in 
standard configurations, and thus this may have 
caused some inaccuracies in the charged fractions as a 
function of particle diameter results shown in 
Figure 7.

As discussed, although the charged fractions meas
ured and discussed above provide information on the 
proportion of the aircraft engine emissions that were 
charged, they offer no insight into the polarity of the 
charge the emissions carried. Therefore, an electrom
eter (measuring electrical currents), combined with 
the particle number concentrations, was used to deter
mine the overall polarity and mean charge per particle 
of the emissions produced for each engine power 
investigated. The results are shown in Figure 8 for 
both the 502 and 507 engines, across different engine 
powers (indicated by exhaust temperatures), and fuels. 
Note that given the mean charge per particle pre
sented here is based on the total particle concentra
tion and the overall electrical current reported by the 
electrometer, the values reflect the mean bias, or net, 
of all of the emissions toward a given charge polarity, 
rather than the true mean charge per particle of indi
vidual particles in the emissions sample. For example, 
if the mean charge per particle is zero, this reflects 
that either no charge was present on the emissions 
sample or the emissions sample carried a completely 
symmetrical bipolar charge distribution, so that posi
tive and negative charged emissions cancel each other. 
Furthermore, the results discussed below represent the 
mean charge per particle of the total emissions 
sampled at the measurement location, which may 

include solid particles, semi-volatiles, volatiles, and 
ions.

Starting with the mean charge per particle of the 
emissions produced by the 502 engines (Figure 8a), a 
clear trend of increasing mean charge per particle 
with exhaust temperature toward a positive bias of up 
to 0.08 charges per particle was observed starting 
between �500 �C (approach) and �650 �C (cruise). 
This indicates that the charge distribution of the emis
sions at the sampling location for this engine was 
asymmetrical with more positive charge overall. It is 
difficult to determine what the exact charge distribu
tion of the emissions was as the exhaust temperature 
increased; however, as indicated in previous studies 
(Sorokin and Arnold 2004) both negative and positive 
ions have been reported in the exhaust plume. 
Therefore, it was assumed that the charge distribu
tions of the emissions are bipolar with a bias toward 
positive charge. As discussed earlier, this trend toward 
a positive polarity bias could be explained by the 
increase in post-flame thermal ionization, as theoretic
ally predicted from in the literature (Sorokin and 
Arnold 2004; Vatazhin et al. 2004). For the exhaust 
temperatures below �500 �C (approach, taxi, idle, 
etc … ), the mean charge per particle of the emissions 
reduced to near zero. Although this may imply that 
there was no charge on the emissions at these test 
points, it was more likely that the charge distributions 
were symmetrically bipolar, consistent with other 
lower temperature/pressure combustion systems, due 
to the fact that a charged fraction was observed 
(Figures 5–7) for these test points, this trend is also 
predicted by the literature.

However, it cannot be fully discounted that the 
charge of the emissions was effected by the sampling 
system components, such as the tubing, diluter, and 
even some potential ESP current flows, either from 

Figure 8. Mean charge per particle of the aircraft emissions for each fuel and engine power as a function of exhaust temperature 
for the (a) 502 engine and (b) 507 engine. The markers with the black dots inside represent the up-cycle engine powertrain test 
points while the marker with the white dots inside represent the down-cycle engine powertrain test points. The dashed black line 
represents the location at which zero mean charge per particle bias occurred.
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charge-dependent losses (Lidstone-Lane et al. 2025), 
unsteady charging dynamics through the tubes 
(Johnson et al. 2020; Nishida et al. 2025), 
unaccounted-for component charging effects. 
Although various attempts were made to mitigate 
these effects, such as keeping all tubing as short as 
possible, only using stainless steel tubing, and charac
terizing the diluter to determine that it caused no 
excessive charging, due to the complexity of measur
ing aircraft emissions, some of the effects could still 
have impacted the charge of the measured emissions. 
Nevertheless, out of the three effects, it was thought 
that the main source of uncertainty was due to the 
unsteady charging through the tubes. This effect has 
been found in some studies (Nishida et al. 2025) 
where ions in the post-charging process flow have 
been reported to continue to effect the charge distri
bution, particularly as negative ions with higher 
mobility are more easily lost to the walls compared to 
positive ions. Although the unsteady charging through 
the tubes for the aforementioned study only consid
ered much shorter tubing lengths (<0.33 m) compared 
to the tubing used in this study (>2.5 m), which may 
mean this effect was not as prevalent. Yet, due to 
these dynamical effects, it cannot be assumed that the 
measured charge distributions are completely repre
sentative of the aircraft engine emissions at exhaust 
exit (sampling system inlet). Therefore, caution should 
be applied when interpreting exact values from the 
measurements, and the uncertainties the unsteady 
charge related effect may cause, should be considered.

In terms of different fuels, there was some minor 
evidence that the fuel composition had an effect on 
the mean charge per particle of the emissions pro
duced by the 502 engine. Most notably, the SAF 
blend.2 had a slightly larger mean charge per particle 
than the rest of the fuels for each test point above 
650 �C, by up to 0.016. However, due to the scatter 
observed, this may just have been due to the uncer
tainty in the measurement.

For the 507 engine (Figure 8b), a large amount of 
scatter was observed across the different fuels and test 
points, thus it is difficult to attribute a conclusive 
trend to the mean charge per particle data. Although 
these measurements are thought to be potentially 
erroneous, it may be that these results are true and 
the 507 engine produces charged emissions carrying 
variable polarities for the same up-cycle then down- 
cycle test points, unlike the clear trends observed 
from 502 engine. However, variability of the mean 
charge per particle measurements was difficult to 
ignore, particularly when considering the opposite 

trends across similar fuels (SAF) – relatively high 
negative mean charge per particle measurements for 
low engine power conditions (<500 �C) for the SAF 
blend.2 compared to the SAF blend.1. In addition, the 
trend observed for the JetA-1 compared to the SAF, 
which would show that there was a significant fuel 
composition dependence on the mean charge per par
ticle (high engine power causing negative emissions 
for JetA-1, but positive emissions for SAF). 
Conversely, only minor fuel composition dependence 
was observed for the 502 engine, which did not 
include a polarity change. As both used essentially the 
same sampling system, and the engine technologies 
were very similar, the uncertainties due to unsteady 
charging, discussed above, was unlikely the main 
cause. More likely, was that it was due to the engine 
stability and weather conditions mentioned above. 
This becomes more apparent when considering that 
the engine stability and weather issues occurred for 
the potentially erroneous test points discussed. For the 
SAF blend.2 test, it started to rain halfway through 
the test, for the down-cycle points (blue diamonds 
with white dots) from approach to ground idle (sub- 
500 �C temperature). This may have meant that large 
amounts of water was entrained into the engine for 
only these test points. For the JetA-1 source.1 test, the 
engine had to be shut down and restarted several 
times. Nevertheless, to confirm either way, and rule 
out the weather and engine stability effect, more data 
for dry and stable engine operation is required.

3.2. Charge measurements of Gnome turboshaft 
helicopter engine

In addition to the 502 and 507 engines, the charge of 
the emissions produced from the Gnome engine was 
measured for two engine powers using onsite (sup
plied from Rolls-Royce fuel farm) JetA-1 (JetA-1 
source.3). Similar to above, the particle size distribu
tions and charged fraction as a function of particle 
diameter were measured and are presented in 
Figure 9 below. The total charged fractions and mean 
charge per particle were also measured and are shown 
in Table 1, along with the key emissions parameters 
relating to charge measurement methodology used for 
this study. Some comparison will be drawn between 
the Gnome engine and the 502 and 507 engines; how
ever, it should be noted that these are different engine 
technologies that were measured with different sam
pling systems.

From the particle size distributions shown in 
Figure 9a, the Gnome engine was observed to produce 
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larger particles than both the 502 and 507 engines with 
GMDs of 45 nm at low power and 105 nm at high 
power (compared to the 502 and 507 engines which 
produced <20 nm for idle and <30 nm for take-off). In 
addition, from Table 1, the measured particle number 
concentration were significantly larger for the Gnome 
engine compared to the 502 and 507 engines (5.99e6 
particles/cm3 at low power and 7.45e6 particles/cm3 at 
high power). Although, note that this could be largely 
attributed to the different sampling systems used, spe
cifically the diluters – less dilution was used (25:1 for 
the 502 and 507 while 8:1 was used for the Gnome 
engine). This being said, the charged fraction as a func
tion of particle diameter did show the same general 
trend across the mobility diameters as was observed for 
the 502 and 507 engines; namely that as the particle 
size increased so did the charged fraction. Unlike the 
502 and 507 engines, the Gnome engine produced par
ticles up to 350 nm, which resulted in charged fraction 
of up to nearly 90% for the larger particle size pro
duced by the Gnome engine, thus further supporting 
the hypothesis of increasing charged fraction with 
increasing particle size.

For the Gnome engine, between the two engine 
powers, for particles above �40 nm, the charged frac
tions as a function of particle diameter did not differ 
significantly from each other or from the bipolar charge 
model. Below 50 nm, the charged fraction dropped to 
near-zero. A similar trend was observed for the 507 
engine (Figures 7c and d), and although no conclusive 
reason for this sudden drop off is given, this could be 
due to the instrument artifacts discussed for the 507 

engine. However, this could also be an indication that 
charge-dependent particle losses, particularly electro
static dispersion, occurred. This additional point is dis
cussed for the Gnome engine but not the 507 engine, as 
the Gnome engine generated particle concentrations 
were well into the threshold (>1e6 particles/cm3) for 
electrostatic dispersion to occur (Malendari et al. 1975; 
Fialkov 1997) – see Table 1 for the total concentrations. 
This theory is supported further as electrostatic disper
sion is known to more readily effect small charged par
ticles with high mobility (Kasper 1981; Virtanen et al. 
2001). However, the reduction in charged fraction for 
the smaller particle sizes could also be explained by 
enhanced charge assisted coagulation, due to the large 
emissions concentrations (Fialkov 1997), which would 
affect the full particle size distribution and charged frac
tion as a function of particle diameter. Due to the 
unknowns, to confidently attribute a mechanism that 
caused the drop in charged fraction as a function of 
particle diameter at the smaller particle size ranges, for 
both the Gnome and 507 engines, more measurements 
would need to be conducted.

To investigate the charge of the emissions produced 
by the Gnome engine further, several key parameters 
are shown in Table 1. These parameters include the 
total particle concentrations of the emissions, the 
GMD of the particle size distributions, the total 
charged fractions, and the mean charge per particle.

For the Gnome engine, in agreement with the 
observations for the 502 and 507 engines, the total 
charged fraction of the emissions increased with 
engine power, as see in Table 1. Although the total 

Table 1. Charge parameter results for the two engine conditions used for the Gnome engine along with the particle concentra
tions and particle size distribution GMD.
Power Particle concentration (particles/cm3) GMD (nm) Total charged fraction (%) Mean charge per particle

Low 5.99e6 45.0 50.6 −0.091
High 7.45e6 105.1 58.1 0.013

Figure 9. Gnome emissions produced when using JetA-1 for two engine powers (low power� near idle and high power� near 
take-off), where (a) particle size distributions and (b) charged fractions as a function of particle size. The (black) dashed line in (b) 
represents the predicted charged fraction from an equilibrium bipolar charge distribution.
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charged fractions of the emissions was larger for the 
Gnome compared to the 502 and 507 engines (largest 
charged fraction for the Gnome was 58.1% compared 
the largest of the 502 or 507 engines, which was 51% 
for the 507 at take-off). As was found above, the 
charged fraction was dependent on GMD, which is 
clearly shown in Table 1, with an increase in charged 
fraction as the GMD increased from 45 nm (low 
power) to 105.1 nm (high power).

The magnitude of the mean charge per particle of 
the emissions produced by the Gnome engine 
decreased (from 0.091 to 0.013), tending to a symmet
rical bipolar charge. This being said, the polarity flip 
from negative to positive as the engine power 
increased was the same trend as that observed in the 
502 and 507 engines (apart from when the 507 was 
using JetA-1 source.1) and predicted in the literature. 
It is unclear what caused the trend in mean charge 
per particle magnitude of the Gnome engine com
pared to the 502 and 507 engines, but could be due to 
several reasons. Firstly, the difference in engine tech
nologies between the Gnome engine and the 502 and 
507 engines, the Gnome is a turboshaft engines 
whereas the 502 and 507 engines were turbofan 
engines. Also, the sampling system to measure the 
emissions were different, with longer residence times 
expected for the Gnome engine sampling system com
pared to the 502 and 507 engines, which may cause 
addition unsteady charging dynamics to occur, ren
dering the charge of emissions measured for the 
Gnome less representative of engine exit compared to 
the 502 and 507 engines. Furthermore, as mentioned 
above, the larger particle concentration measured for 
the Gnome engine compared to the 502 and 507 
engine may have resulted in additional charge related 
effects; for example, charge-assisted coagulation.

4. Conclusion

The charge, including the charged fraction and mean 
charge per particle, was experimentally measured for 
aircraft exhaust emissions produced from three 
engines: a Honeywell AFL502 (502) turbofan, 
Honeywell LF507 (507) turbofan, and a Gnome turbo
shaft helicopter engine. The dependence of engine 
power (or exhaust temperature and used as a proxy 
for flame temperature), GMD, and fuel composition 
(JetA-1 and 50% blended HEFA and JetA-1, referred 
to as SAF) on the charge of the emissions was investi
gated to determine the key parameters driving the 
charge. Understanding the charge of aircraft emissions 
has many important implications, including feeding 

into contrail modeling approaches, better determining 
the implications of aircraft emissions on human 
health, and providing better accuracy of aircraft emis
sions sampling leading to more robust reporting.

This study empirically supports findings that the 
aircraft emissions carry a charge that increases with 
engine power (exhaust temperature), which was 
observed for all three engines; for example, taking the 
Gnome engine, 50.6% of the emissions were charged 
for low power while 58.1% of the emissions were 
charged for the high power. The increase in charge 
was attributed to three factors: larger particles 
generated which could carry more charge, more ions 
generated as the engine power increases, and higher 
post-flame temperatures causing thermal ionization. 
Although it was not fully determined which parameter 
was key to driving which aspect of the charge, it was 
thought that all three had an impact. The most easily 
discernible parameter, and the most likely to drive the 
overall charged fraction, was the increase in particle 
size as engine power increased. A clear trend was 
found across all engines and fuels tested that as the 
GMD increased so did charged fractions. For the 
other two parameters, it was more difficult to confi
dently discern that they effected the charge, as the 
associated increase in these parameters (engine power) 
also increased the particle size. However, using the 
charged fraction as a function of particle diameter, it 
became evident that as the engine power increased, 
the charged fraction increased across all mobility 
diameters (a measure of particle size) of the particle 
distribution, suggesting that particle size was not the 
only driving parameter. In addition, using the mean 
charge per particle (notably for the 502 engine), a 
clear increase toward positive polarity of the bias or 
net charge as engine power increased was observed, 
which is predicted from literature to be due to an 
increase in post-flame thermal ionization. Although 
some effects may be due to the differences in mobility 
of the different polarity ions through the sampling 
systems.

In terms of the dependence of the charge due to 
the different fuels, there was a difference in charge 
observed; namely, that the JetA-1 produced more 
charged particles for all engine powers compared to 
the SAF – on average 11% across the engine powers 
for the 502 engine and 17% for the 507 engine. 
Suggesting that there was a fuel dependence on the 
charge of the emissions, which was mainly attributed 
to the difference in particle size of the emissions pro
duced by each fuels – larger particles from the JetA-1 
compared to the SAFs. For the 502 engine, the SAF 
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showed a slightly larger mean charge compared to the 
JetA-1, although the significant scatter across the test 
points of the four fuels meant a confident trend could 
not be attributed. For the 507 engine, a completely 
different trend was observed, where the larger engine 
powers (high exhaust temperatures) the SAF produced 
a positive polarity and JetA-1 produced a negative 
polarity. For the trend of the 507 engine, it could not 
be discounted that engine stability issues that caused 
the engine to be restarted several times while using 
JetA-1 resulted in inaccuracies rendering these results 
inconclusive. Thus, for a confident conclusion to be 
drawn for the fuel effects on the mean charge per par
ticle measurements, particularly for the trend observed 
for the 507 engine, more data is required.

For all of the observed trends, a number of uncer
tainties that may have affected the conclusions were 
determined. The most significant uncertainty regarded 
the representativeness of the measured emission to 
that of those that would occur at the aircraft engine 
exhaust exit. A change in representativeness may have 
occurred due to unsteady continuous charging and 
ion dynamical effects arising through the sampling 
system that were not accounted for. These uncertain
ties would more significantly impact the comparison 
of the 502 and 507 engines to the Gnome engine data
sets given the sampling set-up were different. 
Considering the comparison between these two set- 
ups indicated that a sampling system that results in 
the emissions having longer residence times, as can be 
assumed for the sampling system used for the Gnome 
engine, could results in more unsteady charging 
occurring rendering the measured emissions even less 
representative of the aircraft engine exhaust exit, in 
terms of charge. Therefore, this may mean that 
detailed charge characterization of the sampling sys
tem would be required to ensure that the measured 
emissions at the measurement location is fully repre
sentative of the aircraft engine exhaust exit.
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