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ARTICLE INFO ABSTRACT

Keywords: The use of alternative jet fuels by commercial aviation has increased substantially in recent years. Beside the

HEFA reduction of carbon dioxide emission, the use of sustainable aviation fuels (SAF) may have a positive impact on

SAF . . the reduction of particulate emissions. This study summarizes the results from a ground-based measurement

gi;;:z;ﬁzndes activity conducted in January 2018 as part of the ECLIF2/ND-MAX campaign in Ramstein, Germany. Two fossil
reference kerosenes and three different blends with the renewable fuel component HEFA-SPK (Hydroprocessed
Esters and Fatty Acids Synthetic Paraffinic Kerosene) were burned in an A320 with V2527-A5 engines to
investigate the effect of fuel naphthalene/aromatic content and the corresponding fuel hydrogen content on non-
volatile particle number and mass emissions. Reductions up to 70% in non-volatile particle mass emission
compared to the fossil reference fuel were observed at low power settings. The reduction trends to decrease with
increasing power settings. The fuels showed a decrease in particle emission with increasing fuel hydrogen
content. Consequently, a second fossil fuel with similar hydrogen content as one of the HEFA blends featured
similar reduction factors in particle mass and number. Changes in the fuel naphthalene content had significant
impact on the particle number emission. A comparison to in-flight emission data shows similar trends at cruise
altitudes. The measurements highlight the importance of individual fuel components in regulating engine
emissions, particularly at the low thrust settings typically employed during ground operations (e.g. during idle
and taxi). Therefore, when selecting and mixing SAF blends to meet present fuel-certification standards, attention
should be paid to minimizing complex aromatic content to achieve the greatest possible air quality and climate
benefits.

1. Introduction (9.7 G gallons (U.S.)) [1] and showed an average annual growth rate of
approx. 3% over the past 30 years. In 2020, the impacts of the COVID19
In 2019, the global aviation fuel demand reached approx. 331 Mt pandemic on air traffic led to a reduced fuel demand. According to the
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United States Energy Information Administration (EIA), the jet fuel
consumption from commercial passenger aircraft dropped to 20% of the
previous year’s demand in April/May 2020, but has largely recovered
since then [2]. The reduced air traffic led to changes in the atmospheric
composition at cruise altitudes [3,4], and in a reduced contrail cover and
climate impact [5,6]. Even though the pandemic caused a significant
reduction in fuel demand for certain periods, the aviation sector will
continue to require large quantities of cost-efficient kerosene in the near
future. Beside labor costs, fuel costs are the second most important cost
factor in aviation. The volatility of the jet fuel price coupled with the
need to use sustainable forms of energy calls for “drop-in” alternatives.
However, current production of sustainable aviation fuels (SAF) is
miniscule compared to the actual demand, and price point is also a
consideration that affects further growth in production. According to the
International Air Transport Association (IATA), 100 M litres (26.4 M
gallons (U.S.)) of SAF will be produced in 2021 [7]. Based on the current
values, the production of SAF will lag behind the demand for many years
to come and, thus, the available fuel quantity must be used as efficiently
as possible to achieve a reduction of particle emissions and associated
contrail formation [8,9]. This “smart” usage of alternative jet fuels in-
cludes the optimal selection of the blending components to obtain the
lowest possible environmental impact.

One of the most prominent commercially available SAF components
is HEFA-SPK (Hydroprocessed Esters and Fatty Acids Synthetic Paraf-
finic Kerosene). Currently, ASTM D7566 allows up to a maximum of
50% HEFA by volume to be blended with fossil Jet A or Jet A-1. Tech-
nically, lower blending ratios might be necessary to comply with the
ASTM restrictions for density, freezing point and minimum aromatic
content. Due to the compositional complexity of the fuel mixture, the
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prediction of physical properties needs sophisticated methods in lieu of
measurements [10]. HEFA is free of aromatic species, which may impact
seal swell in older jet engines [11] and currently limits routine use of
pure HEFA. Nevertheless, emission studies with aromatic-free jet fuels
have been performed on a CFM56-7B engine [12], a CFM56-2C1 [13]
and a CFM56-5C4 engine [14] without any reported engine-related
problems. Boeing recently announced a commitment to ensure that all
its commercial airplanes can fly on and gain certification to use 100%
sustainable aviation fuels by 2030 [15] and indeed the first commercial
flight with passengers on board has been performed successfully [16].
The future use of pure SAF appears promising with additional benefits
that come with the lack of aromatic species and sulfur compounds. Both
aspects are advantageous with regard to the formation of contrails
[17-19] even though the soot formation mechanism of contrails domi-
nates for soot emission indices above 1-2 * 10 #/kg fuel [20].
Several scientific studies focused on the non-CO; emissions of
aircraft jet engines in particular. Alternative jet fuels and blends with
higher fuel hydrogen content than regular jet fuel produce less soot
during combustion, which has been proven in many field studies
[8,14,21-26]. The application of ternary blends with beneficial emission
properties has been demonstrated on PW4158 engines as well [27]. It
must be noted that the reduction in emission is a function of the jet
engine power setting, with the largest reductions usually observed at
idle and low power conditions. Elser et al. [25] analyzed emissions from
a CFM56-7B engine burning different blends of Jet A-1 and HEFA. For
the highest HEFA blend (32%) they observed a reduced emission of
elemental carbon (EC) mass in the range of 50% — 60% at low power
settings. Moore et al. [28] observed >90% nvPM mass- and number-
emission reductions when burning pure SAF in a CFM56-2C1 engine

Table 1
Selected physico-chemical parameters of the fuels used.
Fuel Ref3 Ref4 SAJF1 SAJF2 SAJF3
Components Jet A-1 Jet A-1 51 vol% Ref3 70 vol% Ref4 49 vol% Ref3 + 34 vol% Ref4
+ 49 vol% HEFA-SPK + 30 vol% HEFA-SPK + 17 vol% HEFA-SPK

Aromatics [%v/v] 18.6 16.5 8.5 9.5 15.2
(ASTM D1319)

Density (15 °C) [kg/ms] 814.4 790.5 784.4 777.3 761.1
(ASTM D4052)

Viscosity (-20 °C) [mmz/s] 4.591 3.251 4.332 3.244 3.961
(ASTM D445)

Specific energy [MJ/kg] 43.138 43.340 43.629 43.632 43.358
(ASTM D3338)

Smoke point [mm] 23.0 27.0 30.0 30.0 28.0
(ASTM D1322)

Naphthalene content [%v/v] 1.17 0.13 0.61 0.05 0.64
(ASTM D1840)

Sulfur, total [%m/m] 0.012 <0.001 0.007 <0.001 0.007
(ASTM D2622)

Sulfur, total [mg/kg] 105 5.7 56.8 <5 58.6
(DIN EN ISO 20884)

Hydrogen content [%m/m] 13.65 14.08 14.40 14.51 14.04
(ASTM D7171)

Distillation curve (ASTM D86)

Initial boiling point [°C] 152.2 149.9 148.8 147.8 150.7

10 vol% recovered [°C] 180.2 163.0 171.1 161.4 170.2

50 vol% recovered [°C] 203.8 186.6 204.1 186.2 196.5

90 vol% recovered [°C] 244.7 220.2 246.4 230.2 239.3

Final boiling point [°C] 271.2 236.1 264.5 247.4 266.5

GCxGC*

n-paraffins [%m/m] 15.3 22.1 16.8 22.4 18.3

iso-paraffins [%om/m] 20.1 24.1 48.8 40.1 31.0

monocyclic paraffins [%m/m] 28.5 27.9 14.9 20.3 24.0

bicyclic paraffins [%m/m] 13.5 7.5 7.3 4.4 9.2

polycyclic paraffins [%m/m] 0.7 0.1 0.3 0.1 0.4

n-, iso-alkylbenzenes [%m/m] 12.3 14.2 6.7 9.9 10.6

cyclo-alkylbenzenes [%m/m] 7.6 3.9 4.1 2.7 5.4

bicyclic aromatics [%m/m] 2.0 0.2 1.1 0.1 1.1

" provided by Sasol.
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at low thrust settings and >60% reductions from 50% blends under the
same operating conditions. Schripp et al. [14] showed a reduction of
70% particle mass using pure alcohol-to-jet (ATJ) fuel on a CFM56-5C4
engine at the lowest power setting tested. Similar reductions were
observed in chase-flight studies using HEFA blends on CFM56-2-C1
engines [8].

Significant reductions in aircraft-engine particulate matter (PM)
number emissions are necessary to reduce the climate impact of soot-
induced contrails [29]. Recent studies show that when compared with
standard petroleum fuels, the lower soot or non-volatile PM (nvPM)
emissions associated with burning blended SAFs reduce contrail ice
particle number concentrations and lifetimes and thus partially mitigate
climate impacts [30]. Overall, soot emission levels and microphysical
properties are altered by the changes in fuel composition, particularly by
the types and fractions of aromatic species. The lower aromatic-content
alternative jet fuels not only produce fewer nvPM emissions, but the
particles are smaller [8,23,31] with different morphologies as deter-
mined by electron microscopy [32,33], which might also lessen their
ice-forming ability. Recently, detailed experimental and modeling
studies on the chemical reaction kinetics of complex technical fuels
[34-36], have become available and include the fuels investigated
herein. These studies highlight the influence of the naphthalene content
to the PAH and soot precursor chemistry [36,37] even beyond estab-
lished correlations such as the hydrogen content. Nevertheless, the
emissions from jet engines are affected by numerous influence param-
eters under real operational conditions. Therefore, the mitigation po-
tential of SAF for non-CO,-emissions has to be demonstrated in field
experiments. The observation and quantification of the emission
reduction using SAF at cruising altitudes is, however, associated with an
enormous experimental effort, which further limits the amount of
available field data and has motivated the combined ground and
airborne campaign described in this and companion papers [9,38-40].

This paper presents the results of the ground-based measurement
campaign performed during the joint NASA/DLR Multidisciplinary
Airborne Experiment (ND-MAX), which examined the effects of fuel
composition on aerosol and trace-gas emissions and contrail properties
produced by the DLR Advanced Technology Research Aircraft (ATRA)
during both ground and airborne operations [9]. ND-MAX incorporated
the objectives and work-plan of the second campaign of the Emission
and Climate Impact of Alternative Fuel (ECLIF2) project of the German
Aerospace Center (DLR). The first ECLIF campaign demonstrated the
impact of jet fuels with different hydrogen contents at ground level [23]
and inflight [30]. ECLIF2 involved ground test runs with three SAF
blends and two reference fuels on an IAE V2527-A5 jet engine. The goal
of the ground-based measurements was to investigate the impact of fuel
composition on PM emissions produced by the V2527-A5 engine. In
addition, the campaign aimed to demonstrate the efficient (“smart”)
usage of the HEFA blending component to achieve low-emission
performance.

2. Materials and methods

The ECLIF2/ND-MAX campaign was performed in January 2018 at
the US Air Base in Ramstein, Germany. Ambient temperature conditions
during the ground test measurements ranged between 2.3 °C and 8.3 °C
(median 2.9 °C). The relative humidity was very high (95 + 5)%. During
the experiment, the main wind direction was from the east (Fig. SI1).
Five different fuels were tested during the campaign (Table 1). Two
fossil reference Jet A-1 fuels were purchased from different refineries
and transported to Ramstein. The abbreviations Ref3 and Ref4 are used
to avoid confusion with Jet A-1 fuels used during previous activities in
the ECLIF campaign [23]. The three sustainable alternative jet fuel
blends (SAJF1-3) were mixtures of the reference fuels and HEFA-SPK.
The HEFA component was produced at the World Energy Oil Refinery
in Paramount California and purchased from Air bp Hamburg, Germany.
The fuels and fuel blends used in this study met the ASTM D1655 [41]
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Table 2
Test matrix of the ground runs.
Point N1 [%] t [min] Measured values Estimated”
N1 [%] Fuel flow [kg/h] Thrust [%]
1 23% 8 - - -
2 82 3 78.4 £ 1.9 3197 £ 137 85
3 23% 3 - - -
4 75 7 74.4 £ 1.2 2737 £ 72 72
5 60 8 59.3 £ 0.7 1589 + 18 40
6 53 8 53.1+1.2 1270 + 47 31
7 40 8 39.9+0.5 778 £ 4 18
8 60 8 59.3 £ 1.5 1591 + 45 40
9 23 8 22.4+£0.3 378+ 5 7

# Warm-up or cool-down, not used for analysis (see SI for details).
b The engine thrust was estimated on the basis of the measured fuel flow.

certification standard for Jet A-1. The main fuel strategy was to achieve
very similar aromatics- and hydrogen-contents for blend 1 and 2 but at
different naphthalene levels. In contrast, the third blend featured similar
naphthalene content (as blend 1), but different aromatic content. The
measured physical and chemical properties of the fuels evaluated are
summarized in Table 1. Due to limited fuel availability, only SAJF1,
Ref3 and Ref4 were tested on the engine twice.

The ground test runs were performed with the Airbus A320-232
D-ATRA (Advanced Technology Research Aircraft) of the German
Aerospace Center. The ATRA is equipped with two IAE V2527-A5 en-
gines. Measurements were performed on the starboard engine (engine 2)
only. At the beginning of the campaign, the engine had been operated
for 28,150 flight hours (FH) and 13,060 flight cycles (FC). The test
matrix of the ground runs is summarized in Table 2. The different test
points were defined on the basis of the same N1 fan speed.

2.1. Sampling

The engine emissions were sampled via a stainless-steel probe that
was installed on a blast fence behind the aircraft. No other aircraft were
tested while the measurements were being performed. The distance
between engine exit and probe inlet was 43 m. The heated transfer line
between inlet and measurement container was made of graphitized
PTFE. The sample transfer line had a length of 20 m and an inner
diameter of 18.5 mm, and was heated to 60 °C. The sample was
distributed to the different instruments from a central heated manifold
(33 °C) attached to two sampling pumps. The flow through the manifold
was controlled via a mass flow controller and set to 137 L/min yielding a
Reynolds Number of ~11,500. Various instruments were used to char-
acterize aircraft engine emissions, including the standardized North
American Reference System (NARS) for nvPM emission measurements
[21,42]. The full setup of instruments is shown in Fig. 1. An intercom-
parison between the different instruments used for emission measure-
ments and their detailed description are presented elsewhere [38]. Here,
the analysis will focus on the effect of the fuel composition on the
quantity and characteristics of the nvPM emissions.

2.2. Analytics

Engine exhaust characterization was performed by several different
instruments operated by six research groups. A full overview of the in-
struments is given in Corbin et al. [38]. PM mass and number emissions
were measured via three Laser-Induced Incandescence (LII 300, Artium)
instruments, two Cavity Attenuated Phase Shift Spectrometers (CAPS
PM;sa, Aerodyne Inc.), a Photoacoustic Extinctiometer (PAX, DMT Inc.),
two Scanning Mobility Particle Spectrometer (SMPS, TSI Inc.) equipped
with a catalytic stripper (CS, Catalytic Instruments) and a thermal
denuder (TD, custom-built), a Micro Soot Sensor (MSS, AVL GmbH), a
Particle Soot Absorption Photometer (PSAP), a Tricolor Absorption
Photometer (TAP, Brechtel Inc.), a DMS 500 Fast Particulate Analyzer



T. Schripp et al.

Fuel 325 (2022) 124764

NRC
-LI1 300 (0331) - PAX
- LI1 300 (0574) - CS-SMPS
- CAPS - Quartz filter
(2]
NASA S
L (TD)-SMPS - PSAP )
-LI-COR 840 - Quartz filter 2
- = - TAP -
[AALR! \I\\l!\\l\\\\\\l\\\\\"\':
I —— Airpl
B0°C (2om) DLR
WWW%— - FT-IR (NOx)
4 - CLD64 (NOx)
>
:>(264o°50 )
om
Jet Engine qun?é f; ARI
IAE V2527-A5 -AMS - CAPS PMgg, o
=
ER—— MST (NARS) )
43 m -APC - MSS Plus 2
- LIl 300 - LI-COR 840A o
- DMS500

Fig. 1. Sampling setup of the ground measurements in ECLIF2/ND-MAX.

(Cambustion), a AVL Particle Counter (APC) Advanced, and an Aerosol
Mass Spectrometer (AMS, Aerodyne Inc.). The instruments included in
the North American Reference System (Fig. 1) have been diluted by an
ejector diluter with a ratio of 1:4 [38]. Carbon dioxide emissions were
monitored with two LI-840(A) CO2/H30 non-dispersive Infrared Ana-
lyzers (LI-COR) whereas nitrogen oxides (NOx) were monitored with an
MKS MultiGas 2030 FT-IR Continuous Gas Analyzer and a Nitrogen
Oxide Analyzer (CLD64, Eco Physics Inc.).

In addition, a SMPS without aerosol treatment, an Engine Exhaust
Particle Sizer (EEPS, TSI Inc.) and a Condensation Particle Counter
(CPC, TSI Inc.) were operated but the results were not used for the
analysis for technical reasons [38]. A Proton-Transfer Reaction Time of
Flight Mass Spectrometer (PTR-ToF-MS) with a CHemical Analysis of
aeRosol ON-line (CHARON) particle inlet was operated on an addi-
tional sampling line to monitor the release of volatiles from the jet
engine. The results of this instrument will be reported separately.

2.3. Loss correction

Particle losses in the sampling system were determined experimentally
and is described in full detail by Corbin et al. [38]. In short, two SMPS
instruments (A: TSI Model 3082 classifier and 3776 CPC, dsg = 3 nm; B:
TSI Model 3082 classifier and 3775 CPC, dsg = 5 nm) were connected to
the inlet and the outlet of the sampling system. The instruments measured
particle size in 64 logarithmically-spaced bins over the 11 to 260-nm
diameter range. A portable nebulizer and diffusion dryer (Topas GmbH,
Model 226) were used to continuously inject ammonium sulfate nano-
particles into a tee connector. Of the two other arms of the tee connector,
one was open to atmosphere to intake background make-up air and one
was connected to the sampling line. All instruments operated like in the
aircraft measurement in order to achieve similar flow conditions in the
sampling system. The contribution of entrained ambient air to the
resulting aerosol size distribution was negligible. The resulting aerosol
size distribution had a count mode diameter of 35 nm and a geometric
mean diameter (GMD) of 56 nm and, thus, covered the expected range of
the target engine exhaust aerosol. The relative calibrations of the two
SMPS systems were established by sampling from the nebulizer using
equal line lengths, all other conditions being equal to the loss experiment.
The loss correction function was determined on the basis of the ratio of the
average particle size distribution at the outlet and the inlet. The size

dependent loss correction for the NARS and the other instruments were
different due to the additional sample transfer line between container
1 and 2 (Fig. 1).

2.4. Data analysis

Based on an instrument intercomparison study [38], nvPM mass
emission indices (nvPM_mass) were derived from the geometric mean of
the two CAPS PM,, three LII-300 and PAX instruments. nvPM number
emission indices (nvPM_num) and particle size distribution were derived
from the CS-SMPS system. Measurements from the different instruments
were individually loss corrected on the basis of the determined loss
function. Based on the carbon dioxide concentration [CO3] recorded by
the NASA LI-840 CO2/H20 Analyzer and corrected for the background
carbon dioxide concentration [CO3]gg, the emission indices were
calculated according to SAE recommended practice [43] from the
averaged data.

7| _pN[T 108 R e TIK]
Flnmton {@} 10 platm](Me 5] 400 Mi[555])-([CO] (€O o)
@
meg| _pm™me Rl TK]
ELypM_mass |:kg} PM[mz] platm](Mc [ﬁ] +o-My {ﬁ} )-([CO,4] = [CO)se)
(2)

The emission indices for particle number (1) and particle mass (2) are
calculated from their respective concentrations (PN, PM), the fuel H/C
ratio (), the ideal gas constant (R) and the molar masses for carbon (Mc)
and hydrogen (Mp) at standard conditions for temperature (T;,; 273.15K)
and pressure (P,,; 1 atm). The background carbon dioxide concentration
has been determined by measuring ambient conditions before each en-
gine start up.

3. Results and discussion

The ground-based tests with the different fuels were performed
without any observed adverse impact on the engine. However, the idle
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Fig. 2. Non-volatile particulate matter mass emission indices for the different fuels as a function of the measured fuel flow (left) and as a function of the fuel
hydrogen content (right). The ordinate axes are the geometric mean of the 7 real-time nvPM sampling instruments discussed in Corbin et al. [38]. The error bars
represent the standard deviation of the mean. The dashed lines in the right diagram serve as a guide to the eye.

e 0%
14
e
[
=
T -20 % A _
[
7]
@ High
< Measurement
E| 40 % A Uncertainty
o
>
c
w
o |
E -60 % . Ref4
Ke) H = SAJF1
© 3 SAJF2
3 . SAJF3
& -80% : : : : ; ;
378 778 1270 1589 2737 3197

Fuel flow [kg/h]

Fig. 3. Reduction in the non-volatile particulate matter mass emission index for
the different engine power settings and different fuels using Ref3 as reference.

conditions (23% N1) for operating points 1 and 3 in the test matrix
(Table 2) were not used for data analysis due to the changing engine
conditions and the variable ambient wind speed and direction. The
combustor inlet temperature T3 showed a drift during the warm-up of
the engines and within 10 min after finishing the highest power setting
(82% N1). The other power settings showed no significant shift in the
engine operating parameters.

3.1. Particle mass emission

The emission profile of the IAE V2527-A5 engines shows an increase in
nvPM_mass (Fig. 2, left) from fuel flow 378 kg/h (23% N1) to 1589 kg/h
(60% N1). Emission measurements within the “keep-out-zone” (61% —
74% N1) were not possible because the engine control prevented stabilized
engine operation in this specific fan speed/pressure ratio range. The
highest nvPM _mass was observed for 2737 kg/h (75% N1). The
nvPM_mass emission profile matches earlier experiments with this engine
[23] and shows the expected decrease with increase in fuel hydrogen
content (Fig. 2, right) for each power setting. The fuel pairs SAJF3/Ref4
and SAJF1/SAJF2 feature hydrogen contents that are within their
respective uncertainty levels of the ASTM D7171 method and thus exhibit
comparable nvPM_mass values and similar emission reductions in com-
parison to Ref3 (Fig. 3). In case of the lowest engine power setting, the
calculated reduction showed an elevated uncertainty and was discarded

from further analysis. This high uncertainty was caused by the non-ideal
wind conditions. The reduction in nvPM_mass tends to decrease with
increasing engine power setting. The fuel with the highest hydrogen
content, SAJF2, showed a nvPM_mass reduction of (70 4 23)% at a fuel
flow of 1270 kg/h (53% N1) compared to the reference fuel Ref3. At the
highest engine power setting, a reduction of (37 + 11)% was observed for
the same fuel. This value is very similar to the reduction observed for
SAJF1 of (37 + 12)%. The second pair of fuels with similar reduction
consists of Ref4 (14 + 4)%) and SAJF3 of (15 + 4)%.

SAJF1 and SAJF2 show the same particle mitigation although SAJF2
contains 20 vol% less HEFA-SPK. This effect can be seen even more
clearly with SAJF3 since the fuel with similar emission properties (Ref4)
is a pure fossil kerosene. The experiment illustrates the necessity to
select fossil fuels with suitable properties (e.g. hydrogen content) for
blending with available alternative jet fuel components because the
emission performance of the blend is directly dependent on that of the
base Jet A-1 fuel. More precise, the level of nvPM mass emissions of a
blend depends on the amount and type of aromatic compounds in the
fossil fuel. Despite the fact that fossil fuels with elevated hydrogen
content are available (e.g. Ref4), also the net-release of CO, must be
considered. Carbon-neutral burning SAF jet fuel components are
currently available in much smaller quantities than fossil jet fuel.
Therefore, the available amounts have to be used in the most efficient
way with regard to possible climate and air quality effects. If the pro-
duction of high-sooting fossil fuels cannot be avoided, they should be
solely applied as SAF blends to reduce overall aviation nvPM emissions
especially in areas with high contrail formation potential. With regard to
possible climate effects, emitted CO2 has a persistent long term effect but
the mitigation of contrail formation by reduced soot emission is an
important aspect in lowering global contrail-cirrus radiative forcing
[29].

In this study, the nvPM mass reduction has been estimated relative to
the emissions of Ref3. The fuel was selected due to its low hydrogen
content and to illustrate the similarities of the blend SAJF3 and the fossil
kerosene Ref4. The observed reductions would be smaller if Ref4 had
been used instead. Therefore, the reductions should not be generalized —
especially not beyond the engine-type used in this experiment.

3.2. Particle number emission and influence of the naphthalene content

The three alternative jet-fuel blends exhibit lower nvPM_num emis-
sion indices in the fuel flow range between 778 kg/h (40% N1) and
1270 kg/h (53% N1) compared to the reference kerosene Ref3 (Fig. 4).
The difference in particle number emission decreases with increasing
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hydrogen content). PSDs for a fuel flow of 778 kg/h had to be excluded due to high error bars in the SAJF2 measurement.

thrust. At the highest power setting of the experiment (85% estimated
thrust) the number emission from the different fuels is similar (Fig. 4,
left). Regarding the particle size distribution (PSD), the increasing en-
gine power setting is associated with an increase in the geometric mean
diameter (GMD) of the particle size distribution. In particular, the GMD
of Ref3 is larger than those of the blended fuels (Fig. 4, right). Both
factors, higher nvPM_num and larger GMD, account for the differences
in nvPM_mass emissions shown in Fig. 2. A comparison between the
fuels with the highest and the lowest hydrogen content show the shift in
the PSD (Fig. 5) for the different power settings. This observation might
be explained by soot formation kinetics as discussed below.

Early studies on the correlation between smoke point and fuel
hydrogen content indicated the relevance of the naphthalene content for
the prediction of soot emissions [44]. Fundamental combustion studies
on individual chemical compounds revealed the different sooting ten-
dency within different molecular classes. A rough comparison may be
performed based on the yield sooting index (YSI) of the respective
compounds [45,46]. Generally, aliphatic compounds show a lower YSI
than aromatic structures. Among the aromatics, higher aromatic struc-
tures, such as 1,2-dihydronaphthalene (YSI 100) and anthracene (YSI
195), show significantly higher sooting indices than benzene (YSI 30, by

definition). It must be noted that the YSI is a molar based index, and it is
not simple to transfer quantitative findings to a kerosene exhibiting a
complex mixture of hundreds of different chemicals [47,48] without
considerig the full composition. Nevertheless, the described funda-
mental considerations have been experimentally proven since lab-
studies revealed that that the high molecular weight components in
fossil kerosene, such as multi-ring structures, have a high impact on the
sooting tendency of the fuel [49].

For the fuels applied in this study even experimental investigations of
the reaction and soot precursor chemistry obtained in a laminar flow
reactor setup [50] under well controlled conditions is available [36].
This study allows for comparison of various soot precursor species
formed during the fuel oxidation process under homogeneous premixed
conditions. As similar order of sooting propensity was found for typical
soot precursor intermediates such as benzene i.e. a reduction compared
to Ref4: SAJF1 (-39%) > SAJF2 (-36%) > SAJF3 (-17%) > REF3 (-16%).
This is quite comparable to the findings of particle mass reduction at the
engine under high load condition (Fig. 3). However, the impact of the
naphthalene content was seen to impact the precursor chemistry for
larger soot precursors i.e. multi-core aromatics. Considering the fact that
regular kerosene may contain up to 20%v/v of aromatics while
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naphthalenes are allowed to a maximum of 3% it is a complex problem
to predict the general sooting tendency of a jet fuel — especially if the fuel
composition drastically changes in alternative jet fuels. Based on the low
ratio of naphthalenes vs. the sum of aromatic compounds we presume
that the naphthalene content should impact the particle number emis-
sion to a higher extent than the particle mass emission due to the
different number of soot precursors.

In the present study, the fuel mixtures were designed to have no strict
correlation between the aromatic content and the naphthalene content.
Ref4 and SAJF2 feature a lower amount of naphthalenes than the other
fuels of this study considering their aromatic content or hydrogen con-
tent (Table 1). Fig. 6 compares the naphthalene content as well as the
peak Ci3Hjg (fluorene and isomers) concentrations found in the flow
reactor experiment [36] of each investigated fuel with the nvPM_mass
and nvPM_num emissions at an intermediate power setting with a fuel
flow of 1270 kg/h (53% N1). The observed trend of the soot precursor
compounds matches the observed particle number emission during the
in-field measurements. In addition, nvPM_mass and nvPM_num emission
indices have the expected downward trend with increasing H content as
also shown in Figs. 2 and 4.

As discussed above, the correlation between hydrogen content and
nvPM_mass emission shows no visible deviation for the different naph-
thalene levels (SAJF3 vs Ref4 and SAJF1 vs SAJF2). In the case of the

nvPM_num emission, however, the “steps” in the naphthalene content
are mirrored as well as for the soot precursor at the flow reactor. Ref4
and SAJF2 show a lower particle number emission than expected from
the emission of Ref3, SAJF1 and SAJF3. At the highest power setting
used in this study with a fuel flow of 3197 kg/h (82% N1), a difference
between nvPM_num emission from the various fuels can no longer be
observed (Fig. 4). Here, the impact of the naphthalene content seems to
be no longer relevant. Based on the findings from the soot precursor
chemistry one can conclude that the higher amount of multicore com-
bustion intermediates translates to a higher particle number possibly
caused by more nucleation possibilities. A similar behavior has been also
observed for other jet engines [28,51]. At high power settings the
technical parameters of the engine are more important than the chem-
ical composition of the fuel. At high temperature and pressure in the
combustion chamber, soot can be formed in the absence of fuel aro-
matics. Therefore, the reduced soot formation of aliphatic-rich fuels is
lower at the highest power settings of a jet engine.

Previous combustor studies at low power settings indicated an in-
crease in emitted particle mass (based on smoke number measurements)
when significantly increasing the naphthalene content (4.5%v/v) in a jet
fuel [52]. Brem et al. [51] observed an increase of 40% in nvPM_mass
and 30% in nvPM_num emissions at low power settings of a high-bypass
turbofan engine when changing the naphthalene content from 0.78%v/v
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database (Table 3).

Table 3

Test rig certification data for the IAE V2527-A5 jet engine [53] based on a
kerosene with a hydrogen content of 13.83 %m/m and a naphthalene content
2.38 %v/v.

Condition Power Setting Fuel flow nvPM El a6 nvPM El,ym
[% Fmax] [kg/h] [mg/kg] [#/kg]
Take-Off (T/O) 100 3776.4 230.7 1.06E + 15
Climb-Out (C/0) 85 3142.8 333.0 1.42E + 15
Approach 30 1180.8 240.8 2.40E + 15
Idle 7 482.4 71.9 1.59E + 15

to 1.19%v/v at similar total aromatic content. The authors point out that
the precision of the particle mass measurement is reduced at low con-
centrations. Moore et al. [28] analyzed the effect of 15 different fuels on
emissions from a CFM56-2-C1 engine and found that fuel naphthalene
content had a significant impact on the nvPM number and mass
emissions.

3.3. Comparison to previous findings

PM emissions from the V2527-A5 engines on the DLR ATRA were
studied extensively in previous ground and airborne experiments.
Within the first ECLIF campaign, 6 different fuels with a hydrogen
contents between 14.1%m/m and 14.7%m/m (ASTM D 5291) and
naphthalene contents between 0.25%v/v and 1.83%v/v (ASTM D 1840)
have been used. The ground measurements showed a nvPM mass
emission index of approx. 400 mg/kg for the highest power setting and
the fuel with the lowest hydrogen content (Refl). The results (Fig. 7) are
in acceptable agreement to the results of Ref3 in this study which fea-
tures a similar hydrogen content (Refl: 13.67%m,/m?; Ref3: 13.65%m/
m). The most recent ICAO Aircraft Engine Emission Databank (2020)
now includes information on the nvPM_mass and nvPM_num emissions
of currently used jet engines. The fuel specifications are given as well.
For the engine type of this study, the results for nvPM_mass are in
excellent agreement to test rig certification results (Table 3). The
hydrogen content of the certification fuel (13.83%m/m) is also

2 ASTM D 7171; The values in [16] deviate because the precision of the ASTM
D 5291 was not sufficient.

comparable to the hydrogen content of Ref3. Following the trend, the
measured nvPM_mass for idle, approach and climb-out for Ref3 are 2% —
8% higher than for the certification fuel. In contrast to the nvPM_mass
emission, the release of nvPM num is lower during the certification
measurement — even though the naphthalene content (2.38%v/v) is
significantly higher compared to Ref3 (1.17%v/v). Corbin et al. [38]
analyzed the uncertainty of the nvPM_num results for this study based
on two different volatile particle removers. They showed that the in-
struments agreed within a factor of 2. Considering this margin of error,
the compared nvPM_num emission are within the measurement uncer-
tainty of the instrument. An influence of the aging of the plume cannot
be excluded since the certification measurement is performed on the
engine exit plane while the in-field measurement was performed at 40 m
distance. The aerosol might undergo a shift to a larger particle size
distribution due to agglomeration of particles. This would reduce the
measured particle number in the field compared to test bed measure-
ments. Since the field results are elevated against the certification
measurements instead the particle loss mechanisms seem to be negli-
gible. However, further research on plume evolution is necessary to fully
understand the observed deviation in nvPM_num.

The observed emission data at ground level cannot be directly
transferred to in-flight conditions due to the different combustor and
environmental conditions. Nevertheless, in order to complete the pic-
ture, the results at ground level are elevated against the results from
flight measurements at ~10 km altitude [9,39,40]. It must be noted that
the two fuel blends, SAJF1 and SAJF2, feature only a small difference in
fuel hydrogen content (approx. 0.1%m/m). Since the inflight measure-
ments were performed at far-field distances (approx. 7 km) the un-
certainties in soot quantification have to be accepted. As a result, the
difference in nvPM_num from SAJF1 and SAJF2 is less apparent in the
flight measurements but can be observed from the ground measure-
ments at a fuel flow of 1270 kg/h (Fig. 8). Further investigation is
necessary to achieve a transferability of the two data sets and allow an
estimation of in-flight results based on ground level experiments. The
combination of experiments has proven to be useful to explain the
different fuel effects over the whole emission profile of the engine and
the demonstrate the positive effects of SAF under real-use conditions.

3.4. Emission of nitrogen oxides

The formation and release of nitrogen oxides in jet engine
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combustors correlates with the combustor inlet temperature T3 [54]. If
the physico-chemical properties of a certain fuel (e.g. the heat of com-
bustion) leads to a change in the combustor, an individual shifted cor-
relation between T3 and emission index of NOy should be visible. In the
present case, a significant difference could not be observed within the
margin of error (Fig. 9). The ICAO Aircraft Engine Emission Databank
(2020) reports a NOy emission index of 22.3 g/kg for the climb-out
condition (85% N1, 0.88 kg/s fuel flow). This condition is in the order
of the highest power setting in this study. The observed emission index
for nitrogen oxides is slightly lower than expected from this value. This
aligns with previous findings for this engine [23]. In summary, the
tested fuels did not affect the release of nitrogen oxides in this study. The

respective emission indices might be a useful tool to combine the results
from ground and in-flight measurements in future analyses.

4. Conclusions

This study experimentally demonstrated that the composition of base
Jet A-1 kerosene primarily dictate the nonvolatile particle mass- and
number-emission characteristics of SAF blends. The particle mitigation
potential of SAF blends tend to decrease with increasing power settings
of the engine. While the general trends in particle emission are well
reflected by combustion kinetics and soot precursor formation at
controlled conditions, the actual soot formation at a full-scale RQL en-
gine is a complex interaction of fuel chemistry, spray formation, tur-
bulent flow field and soot oxidation. In particular, fuel specific
influences to the flame structure at different combustor conditions re-
quires further research to gain insights into the fuel effects at high thrust
settings.

An additional challenge is that an available alternative jet fuel
component needs to be blended with a fossil fuel with suitable properties
(e.g. elevated hydrogen content) to optimize particle-reduction benefits,
while maintaining full compatibility and performance. The example of
Ref4 and SAJF3 demonstrates that the application of alternative jet fuel
blends does not necessarily decrease particle emission from the engine.
The fuel users need to be enabled to estimate non-CO, emission prop-
erties of new fuel blends prior to their application to prevent waste of
existing alternative jet fuel production capacities without a positive
impact on the climate and air quality. This procedure could only be
ended by moving to 100% renewable fuel which will require a signifi-
cant increase in production capacity in the upcoming decades.
Regarding the limited quantities of sustainable jet fuel blending com-
ponents, the development of operable and purposeful fuel design stra-
tegies is a vital challenge for future aviation.
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