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Abstract

Aviation is an important contributor to anthropogenic climate change. As indirect greenhouse
gases, nitrogen oxides (NOx = NO + NO2) add to the Effective Radiative Forcing (ERF) induced
by aircraft emissions. This work addresses a better understanding of emission mitigation by
investigating dependencies between engine parameters and emitted nitrogen oxides as a part
of the campaign VOLCAN. In-flight near field measurements are conducted using the DLR
research aircraft Falcon, chasing an Airbus A321neo equipped with CFM LEAP-1A engines
featuring lean combustion through staged fuel injection. Nitrogen oxide concentrations are
measured applying the well-established chemiluminescence method. Emission indices are
quantified for different fuels including Jet A-1, Sustainable Aviation Fuel (SAF) and two SAF
blends with different levels of aromatics. Four combustor inlet temperature settings are tested
and staged (lean) combustion is compared to unstaged (rich) combustion. Emissions are
measured for two different but technically identical engines, deviating in terms of exhaust
gas temperature margin. As expected, results indicate no significant differences in emitted
nitrogen oxides for the investigated fuels. Measurements confirm that nitrogen oxide emission
indices increase exponentially with combustor inlet temperature. Due to the forced nature of
the analyzed rich burn mode, a reduction in nitrogen oxide emissions through lean combustion
cannot be confirmed. Based on presented data, a relationship between engine degradation
and nitrogen oxides is likely. Near field observations agree with well-established far field
measurements and lead to lower uncertainties. Preliminary results of the ECO-Demonstrator
campaign are in line with VOLCAN measurements. The performed research is a highly
valuable contribution to extremely rare empirical in-flight emission data. Established nitrogen
oxide dependencies support technical decision making to reduce aviation’s climate impact.
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1
Introduction

1.1. Motivation
Aviation is a major contributor to anthropogenic climate change (Lee et al., 2021). Through the
combustion of hydrocarbons (CxHy) several species are emitted by aircraft engines, leading to
direct or indirect climate effects. Figure 1.1 summarizes the current understanding of aviation’s
impact on global warming in terms of Effective Radiative Forcing (ERF) for both carbon dioxide
(CO2) effects and non-CO2 effects for the year 2018, considering emissions since 1940. ERF is a
climate metric expressing the change in the earth’s energy balance due to externally imposed
changes in mW m−2 (Stocker et al., 2014). Positive values indicate warming, while negative
contributions describe a cooling effect.

Figure 1.1: CO2 and non-CO2-induced ERF of aviation from 1940 to 2018 - adapted from Lee et al. (2021).

The data presented by Lee et al. (2021) illustrates that next to commonly discussed CO2, a
number of additional emissions lead to a net change in ERF. Contributions arise from contrails,
nitrogen oxides, water vapor emitted into the stratosphere, soot and sulfur. Nitrogen oxides,
referred to as NOx, assuming that the main components are nitrogen monoxide (NO) and
nitrogen dioxide (NO2), are responsible for a major part. According to the estimate of 17.5
mW m−2, NOx is responsible for 17.4% of aviation-induced ERF and for 0.64% of the total
anthropogenic ERF over the industrial era, when comparing to the assessment by Forster et al.
(2023) for the period from 1750 to 2019. As indirect greenhouse gases, NOx induce changes in
the atmosphere leading to both warming and cooling. Warming is caused by an increase in
short-term ozone production, while cooling results from methane depletion, as well as from
reductions in log-term ozone and stratospheric water vapor formation. Current research on
NOx-caused ERF is subject to large uncertainties. While some studies are proposing a net
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adverse contribution to global warming (Holmes, Tang and Prather, 2011), the current research
by Lee et al. (2021) shows that a significant positive contribution is most likely. To increase the
level of confidence, further research is required to enable a more accurate quantification of the
climate impact of aviation’s NOx emissions.
Experimental measurements of aircraft emissions help to reduce uncertainties in the assumed
climate effect of aviation-induced NOx emissions (Schulte and Schlager, 1996). Emission
inventories are an important input for climate models. Their determination requires an
assumption for average emissions of the global aircraft fleet. Prediction methods solve this
problem by quantifying aircraft emissions at cruise altitude based on published values for
ground conditions. In-flight measurements (e.g., Schulte and Schlager, 1996; Schulte et al.,
1997) allow for model validation and hence, an improved prediction of aviation-caused NOx
effects.
Confirming dependencies between engine settings and emissions at cruise conditions con-
tributes to the reduction of uncertainties in future emission scenarios incorporating future
technology. Saluja (2021) developed a method to investigate the sensitivity of aviation’s climate
impact in terms of near-surface temperature change to certain engine design parameters.
Emissions for different design choices are determined using a simulation program for gas
turbines in combination with prediction methods to derive respective emission inventories as
an input for a climate model. An assessment of engine parameter changes’ effect on aviation’s
climate impact is enabled. However, there is no publication yet, validating dependencies based
on in situ measurements at cruise conditions. The research presented here addresses this gap
by performing experimental measurements to confirm correlations between engine operating
conditions and nitrogen oxide emissions. It is aimed to contribute to the simplification of
design choices to meet future emission requirements set by the International Civil Aviation
Organization (ICAO), reducing aviation’s climate impact.

1.2. Objectives
This research intends to quantify differences in nitrogen oxide emissions for a variety of
engine settings. Expected dependencies between emitted nitrogen oxides and several engine
parameters are reported in literature (e.g., Lipfert, 1972; Gleason and Martone, 1980; Lukachko
and Waitz, 1997; Foust et al., 2012). The presented study assesses these correlations based
on in situ emission measurements. As a part of the test campaign VOL avec Carburants
Alternatifs Nouveaux (VOLCAN) in March 2023, chase flights are performed using the airborne
measurement platform Falcon of the German Aerospace Center (DLR). Investigated is a CFM
LEAP-1A engine, powering an Airbus A321neo. Measurements are conducted in the so-called
near field with plume ages below 1 s.

Two research questions are formulated to fulfill the objectives. The first question focuses on
experimentally determined correlations between engine parameters and NOx emissions:

1. Do in situ near field measurements confirm expected dependencies between
engine parameters and NOx emissions?

This research addresses four aspects, as stated in the following subquestions:

1.1 Does a change from Jet A-1 to Sustainable Aviation Fuel affect NOx emissions?
1.2 Do measured NOx emissions increase exponentially with combustor inlet temperature?
1.3 Does lean combustion reduce NOx emissions?
1.4 Does engine degradation affect NOx emissions?
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The first subquestion investigates effects of a change in fuel type on nitrogen oxides.
Three different blends of Hydroprocessed Esters and Fatty Acids (HEFA) Synthetic Paraffinic
Kerosene (SPK) are compared with conventionally used Jet A-1: 100 % HEFA SPK without
mono-aromatics, a HEFA SPK blend with a low level of mono-aromatics (HEFA SPK+LA) and
a HEFA SPK blend with a high level of mono-aromatics (HEFA SPK+HA). According to Teoh
et al. (2022), these so-called Sustainable Aviation Fuels (SAFs) are of fundamental interest to
rapidly reduce aviation’s climate impact. Hence, an experimental confirmation of the fuels’
effect on pollutants introduced in Figure 1.1 is of high relevance.
The impact of combustor inlet temperature T3 on nitrogen oxide formation is addressed by the
second subquestion. According to previous research, an exponential behavior is expected (e.g.,
Lipfert, 1972). As this behavior is not yet confirmed by in-flight measurements, this study aims
to establish a correlation based on experimental data collected during conducted emission test
flights.
Nitrogen oxide mitigation through lean combustion is investigated by the third subquestion.
The assessed LEAP-1A engine aims to reduce NOx emissions through a lean burn mode, being
active in a dedicated part of it’s operation envelope. For the first time, it is aimed to confirm
the decrease in emissions by in situ measurements for two distinguished combustion modes at
cruise conditions.
The effect of engine degradation on NOx formation is analyzed by the fourth subquestion. To
establish emission inventories, average emission indices are determined and assumed to be
valid for the worldwide aircraft fleet. To reduce uncertainties, it is important to quantify how
aging affects emissions to estimate possible variations among engines of the same type. Thus,
both engines of the chased source aircraft, deviating in terms of their exhaust gas temperature
margin, are compared.

The second research question evaluates obtained near field results:

2. Do near field measurements agree with observations in the far field?

Currently, there is no publicly available research analyzing nitrogen oxide emissions based
on near field measurements. To evaluate conducted near field analyses, a comparison with well-
established far field measurements is performed. As reflected in the formulated subquestions,
data is collected during two distinguished campaigns:

2.1 Do emission indices derived from near and far field measurements during the VOLCAN
campaign agree?

2.2 Are NOx dependencies observed during VOLCAN confirmed by far field emission
measurements during the ECO-Demonstrator campaign?

The first subquestion compares near and far field measurements obtained during VOLCAN.
It is aimed to assess if results of the two setups agree. In addition, it is analyzed if near field
measurements lead to expected reductions in uncertainties.
The second subquestion addresses far field measurements conducted during the campaign
ECO-Demonstrator in October 2023. Emissions of a CFM LEAP-1B engine, powering a
Boeing 737-10, are tested using the research aircraft DC-8 of the National Aeronautics and
Space Administration (NASA). It is aimed to assess whether dependencies between NOx emis-
sions and engine parameters derived from VOLCAN near field measurements can be confirmed.

The following report is divided into four chapters. Chapter 2 summarizes relevant
background information, focusing on effects of aviation-caused nitrogen oxide emissions and
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their formation as a by-product of combustion. The conducted measurement flights and the
applied data analysis procedure are introduced in Chapter 3. Chapter 4 presents and discusses
obtained results. Conclusions regarding the research questions are provided in Chapter 5
together with recommendations for future work.



2
Background

This chapter provides scientific background information relevant to this work. It is divided
into two sections. Section 2.1 summarizes current research on aviation-induced nitrogen
oxide effects on our climate. Section 2.2 covers gas turbine combustion, outlining formation
mechanisms of nitrogen oxides and explaining engine parameter dependencies. Selected
mitigation technologies are introduced.

2.1. Climate Effects of Aviation’s Nitrogen Oxide Emissions
This section focuses on climate effects induced by aviation’s nitrogen oxide emissions. Subsec-
tion 2.1.1 summarizes the current understanding in terms of ERF. Underlying atmospheric
chemistry is outlined in Subsection 2.1.2.

2.1.1. Effective Radiative Forcing
The effects of nitrogen oxides emitted by aviation on our global climate are complex (Lee et al.,
2021). As NOx are indirect greenhouse gases, the interaction with other species lead to the
caused change in the earth’s radiation balance. Positive contributions (warming) and negative
contributions (cooling) are distinguished. While a short-term increase in the production of the
greenhouse gas ozone (O3) causes positive RF, depletion of methane (CH4), a decrease in the
production rate of long-term O3 and a decrease in Stratospheric Water vapor production lead
to a negative impact, since the concentration of these greenhouse gases is reduced accordingly.
Holmes, Tang and Prather (2011) claim that a strong correlation exists between the contributing
effects.
Figure 2.1 presents the ERF resulting from the respective NOx effects for the years 2000 to 2018,
published by Lee et al. (2021). The indicated net effects and their uncertainties are obtained
using a Monte Carlo sampling method. The shown data covers a variety of models, as 20
studies are considered. Since models differ especially in their way of treating long-term effects,
several assumptions are applied.
It is shown that the net ERF of NOx emitted by aviation almost constantly increased between
the years 2000 and 2018 from 12.2 mW m−2 to 17.5 mW m−2. As mentioned in the introduction,
for 2018 the value makes up for about 17.4% of the ERF caused by global aviation and for about
0.64% of the total anthropogenic ERF. The development reflects the strong increase in Revenue
Passenger Kilometers (RPK) in the same period from 3.2 · 1012 km · yr−1 to 8.3 · 1012 km · yr−1.
This increase involves a rising global fuel consumption from 217 Tg to 327 Tg within the same
period. However, the development of NOx emissions shows that the amount of consumed fuel
is not the only factor determining how much NOx is emitted, since the mass of NOx released
to the atmosphere increases disproportionately with fuel. The reason is that NOx emissions
depend on the engine’s load condition, additionally influenced by the internal combustion
process (Deidewig, Doepelheuer and Lecht, 1996). Dependencies between engine parameters
and NOx emissions are introduced in Subsection 2.2.2.
It is expected that the presented trend of the increasing warming effect of aviation-caused

5
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NOx emissions continues. According to Airlines for America (2023), RPKs are again increasing
since the drop caused by the Covid pandemic in 2020. No major propulsion technology
breakthroughs aiming to reduce NOx emissions entered service since 2018 apart from the
continuous modernization of the worldwide aircraft fleet. Hence, rising fuel consumption
along with rising NOx emissions are expected in the near future, resulting in a progressing
shift in the earth’s radiation balance due to aviation-caused NOx.

Figure 2.1: ERF of effects induced by aviation’s NOx emissions from 2000 to 2018 and related parameters, including
revenue passenger kilometers 𝑅𝑃𝐾, burned fuel and emitted nitrogen oxides - adapted from Lee et al. (2021).

The work by Pitari et al. (2017) shows that additional effects not directly indicated in
Figure 2.1 exist. The study investigates the effect of nitrate-, sulfur- and organic aerosol
formation due to NOx emissions. Aerosols can interact with radiation and clouds, affecting
radiative forcing. However, uncertainties of NOx-induced aerosol effects are comparably high
(Lee et al., 2021).
Depending on the objective, other metrics might be more suitable than radiative forcing as
illustrated by Grewe and Stenke (2008). The linear response model AirClim is applied for
different emission scenarios. Results are presented in terms of both radiative forcing and
near-surface temperature change. Subject to the scientific question, different results can be
obtained for the metrics. Hence, a careful choice is required. Grewe and Dahlmann (2015)
highlight that a precise formulation of the research question is essential for choosing the right
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metric and to avoid ambiguity.

2.1.2. Atmospheric Chemistry
This subsection outlines the atmospheric processes leading to the previously introduced
indirect effects of nitrogen oxide emissions.

Short-Term Ozone Increase
Increased nitrogen oxide concentrations due to aircraft emissions result in a short-term
increase in ozone production within the troposphere (Penner, 1999). In general the produc-
tion of ozone in the troposphere depends on the concentrations of nitrogen oxides (NO +
NO2), hydroxyl (OH) and hydroperoxyl (HO2), as the simplified process in Figure 2.2 illustrates.

Figure 2.2: Simplified process of ozone production - adapted from Grewe (2009).

Reaction 2.1 to Reaction 2.6, described in the following, are taken from Fishman and Crutzen
(1978): Carbon monoxide reacts with hydroxyl, forming carbon dioxide and atomic hydrogen
according to Reaction 2.1. HO2 is formed following Reaction 2.2, where M represents a gaseous
third body. HO2 reacts with NO, resulting in NO2 and OH as stated in Reaction 2.3. The
photolysis of NO2 leads to NO and atomic oxygen as Reaction 2.4 indicates. Atomic oxygen and
an oxygen molecule produce ozone according to Reaction 2.5. Net, as shown in Reaction 2.6,
CO and two O2 molecules (marked in green) result in CO2 and O3 (marked in red). According
to Fishman and Crutzen (1978), also methane or Non-Methane Hydrocarbons (NMHC) can
serve as an input for the ozone production within the troposphere, replacing carbon monoxide.
However, in the troposphere the reaction path via CO is most likely to occur, depending on
local background concentrations and reaction rates.

OH + CO → H + CO2 (2.1)

H + O2 + M → HO2 + M (2.2)
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NO + HO2 → NO2 + OH (2.3)

NO2 + hv → NO + O (2.4)

O + O2 + M → O3 + M (2.5)

Net : CO + 2O2 → CO2 + O3 (2.6)

Local changes in the NOx concentration due to emissions shift the balance between species
and hence, lead to a higher O3 production rate, increasing radiative forcing (Fishman, Solomon
and Crutzen, 1979; Isaksen and HOV, 1987). If the NO concentration rises, the rate of Reac-
tion 2.3 increases. Consequently, the ratio between HO2 and OH is shifted towards OH. As a
result, more CO, CH4 and NMHC are oxidized, increasing the ozone production rate following
the reaction path introduced above. As ozone is an important greenhouse gas, contributing
about 5 % to the background greenhouse effect as stated by Grewe (2009), a warming effect as
described in Subsection 2.1.1 is obtained.
Depletion of ozone limits its lifetime within the troposphere to about 1-2 months in summer
(Fishman and Crutzen, 1978). Within the troposphere, ozone is destroyed photochemically
following Reaction 2.7. This reaction appears in pair with the hydroxyl-producing Reaction 2.8.
An additional path of ozone depletion is Reaction 2.9. Grooß, Brühl and Peter (1998) also
state that a reduction in ozone concentration occurs via Reaction 2.10. However, obtained OH
through ozone depletion might again lead to ozone production according to the mechanism
explained above.

O3 + hv → O2 + O∗ (2.7)

O∗ + H2O → 2OH (2.8)

O3 + HO2 → OH + 2O2 (2.9)

O3 + OH → HO2 + O2 (2.10)

An increase in the local NOx concentration must not necessarily lead to a higher ozone
production (Grooß, Brühl and Peter, 1998). The background NOx concentration is an important
ambient factor, influencing the effect of NOx emissions as Figure 2.3 illustrates. For very low
NOx background concentrations, when the ratio between NO and O3 is very low, Reaction 2.9
competes against Reaction 2.3. Hence, ozone is depleted, and the effective production is
slowed down. With rising background concentrations the increment in ozone formation due
to additional NOx increases until a maximum is reached. Beyond this point NO2 is reacting
with OH or HO2 according to Reaction 2.11 and Reaction 2.12. The production of ozone and
the lifetime of nitrogen oxides are reduced. Obtained HNO3 can be washed out (Grewe, 2009).
Also, a reaction of nitrogen oxides with hydrocarbons to Peroxyacetyl Nitrate (PAN) is possible
(I. Köhler, 1997). In general, the photochemical oxidant production in Reaction 2.4 is not
linear dependent on precursor concentration and UV radiation (Stevenson and Derwent, 2009).
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However, a linear relation between aircraft induced changes in NOx and O3 integrated over the
troposphere of the northern hemisphere and total aviation NOx emissions is found by Grewe
et al. (1999).

Figure 2.3: O3 production with NOx background concentration - adapted from Grooß, Brühl and Peter (1998).

NO2 + OH + M → HNO3 + M (2.11)

NO2 + HO2 + M → HNO4 + M (2.12)

Methane Depletion
Such as the concentration of ozone, also the concentration of methane is sensitive to changes in
NOx (Fuglestvedt, 1999). The main sink of methane is stated in Reaction 2.13.

CH4 + OH → CH3 + H2O (2.13)

As Reaction 2.3 indicates, NOx emissions result in an increased concentration of hydroxyl.
Thus, the sink of methane is fed, and its lifetime is reduced. Since CH4 is a greenhouse gas,
the reduction in its concentration reduces radiative forcing, contributing negatively to ERF
(Berntsen et al., 2005). While the lifetime of methane is 8.9 years (Prinn et al., 1995), the
concentration changes have a lifetime of about 12 years (Forster et al., 2007). According to Lee
et al. (2009), a possible way to express the coupling between the depletion of methane and the
short-term ozone increase in models is to scale changes in methane-induced RF with changes
in ozone-induced RF, ignoring non-linearities.

Long-Term Ozone Decrease
Emissions of nitrogen oxides lead to a decrease in the production of long-term ozone (Stevenson
and Derwent, 2009). As introduced before, the short-term O3 production rate increases due to
emitted NOx along with a shift of the ratio between HO2 and OH towards OH. If methane is
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oxidized through OH following Reaction 2.13, the ratio shifts back towards HO2, considering
Reaction 2.14 to Reaction 2.17, being taken from Grooß, Brühl and Peter (1998). Therefore, a
reduction in the lifetime of methane due to emitted nitrogen oxides lowers the production of
ozone. The expression long-term ozone is used, since the decrease in production rate has a
long lifetime, being coupled with methane depletion.

CH4 + OH → CH3 + H2O (2.14)

CH3 + O2 + M → CH3O2 + M (2.15)

CH3O2 + NO → CH3O + NO2 (2.16)

CH3O + O2 → CH2O + HO2 (2.17)

Stratospheric Water Vapor Decrease
Depletion of methane leads to a reduction in stratospheric water vapor (Nicolet, 1964). As a
precursor, the concentration of methane affects the production of stratospheric water vapor.
Atomic oxygen obtained through photochemistry leads to oxidation of methane, as stated
in Reaction 2.18. Consequently, H2O is formed. This production of stratospheric water is
dependent on the methane exchange between troposphere and stratosphere, resulting from
turbulence. Thus, if less methane is available due to depletion, less methane can be trans-
ported into the stratosphere and the production of H2O within the stratosphere is slowed down.

CH4 + O → CH2 + H2O (2.18)

Emission Altitude Dependencies
Ozone production is most efficient at typical cruise altitudes of subsonic aircraft (Penner, 1999).
In the upper troposphere and lower stratosphere the background concentrations of NOx and
HOx are relatively low. In addition, the NO to NO2 ratio is high. These factors promote a high
increase in ozone production due to nitrogen oxide emissions.
Decreasing cruise altitude leads to lower NOx effects through a decrease in residence time of
O3 precursors (Grewe et al., 2002; Frömming et al., 2012). The work by Grewe et al. (2002)
compares the increase in ozone production due to aircraft NOx emissions for a base case and a
case with a 1 km lower cruise altitude, applying the coupled climate-chemistry model E39/C.
A for increased fuel consumption corrected reduction of about 10% in ozone production is
reported for decreased flight level operation. Frömming et al. (2012) additionally consider
water vapor, contrails, methane and carbon dioxide emissions for trading-off the effects for
changes in cruise altitude. For lower altitudes decreasing non-CO2 effects dominate compared
to increasing CO2 effects. However, accounting for different time frames shows that increasing
CO2 effects remain for a significantly longer time than relatively short-living non-CO2 effects.
This dependency must be considered when choosing mitigation strategies. For aiming a
reduction in non-CO2 effects, aerodynamic design for lower cruise altitudes is suggested.
The forcing of ozone produced due to emitted oxides of nitrogen is sensitive to altitude
(Dahlmann, 2012). The temperature difference between the absorption layer and the ground is
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an influencing factor. Hence, ozone’s forcing is increasing accordingly towards the poles and
with height. Additionally, its background concentration affects the forcing of concentration
changes due to emissions.
Grewe and Stenke, 2008 show that differences between NOx effects of subsonic and supersonic
aircraft exist. Due to changing background concentrations, there is a turning point within the
stratosphere at which NOx emissions lead to O3 depletion instead of increasing O3 production
rates. As UV radiation is increased as a result of ozone depletion, more hydroxyl is produced
and an increase in methane depletion is obtained. According to Penner (1999), the depletion of
stratospheric ozone due to nitrogen oxide emissions results, among others, from Reaction 2.19
to Reaction 2.21. This catalytic depletion through NOx is enabled due to the high background
concentration of O3 along with the low pressure at these altitudes.

O3 + hv → O2 + O (2.19)

O + NO2 → NO + O2 (2.20)

NO + O3 → NO2 + O2 (2.21)

Latitude, Longitude and Seasonal Dependencies
The latitude of the NOx emission location influences their effect (M. O. Köhler et al., 2013;
Grewe and Stenke, 2008). It is observed that at lower latitudes nitrogen oxide emissions cause
stronger effects on ozone production and methane depletion rates than at higher latitudes.
According to Grewe and Stenke (2008), the strongest effect of ozone in terms of near-surface
temperature change is observed for emissions in the upper tropical troposphere. The impact of
methane concentration changes is highest in the middle tropical troposphere. The southern
hemisphere is more sensitive to NOx emissions, as the background concentration is lower than
in the northern hemisphere (M. O. Köhler et al., 2013).
Photochemistry varies throughout the year, leading to seasonal changes in NOx effects (Steven-
son, 2004). For instance, in the northern hemisphere, the largest change in ozone concentration
is obtained for NOx emissions in October due to its longer lifetime in the following months.
As a consequence of the reduced lifetime, the smallest ozone increase is obtained for NOx
emissions in July. Nevertheless, the change in radiative forcing due to an ozone increment is
largest in April and smallest in January. Methane anomalies are highest in July and lowest in
October, depending on changes in hydroxyl concentrations. OH concentrations are influenced
by sunlight, as well as by changes in NOx and O3 concentrations. The net radiative forcing due
to NOx emissions can change between positive and negative throughout the year.



12 Chapter 2. Background

2.2. Combustion and Nitrogen Oxide Emissions
This section focuses on nitrogen oxides as a product of combustion. After providing an overview
on gas turbine emissions, Subsection 2.2.1 outlines distinguished nitrogen oxide formation
paths and Subsection 2.2.2 discusses dependencies between nitrogen oxide emissions and
engine parameters. Mitigation techniques relevant to this work are presented in Subsection 2.2.3.

A turbofan engine consists of several components. Air enters the engine at the inlet. Behind
the fan within the core engine, air is compressed by the Low Pressure Compressor (LPC)
and the High Pressure Compressor (HPC). Compressed air is directed into the combustor.
Hydrocarbons are injected and the mixture ignites. Obtained combustion products propel
both the High Pressure Turbine (HPT) and the Low Pressure Turbine (LPT). HPT and LPT in
turn drive Fan, LPC and HPC by the means of shafts. Behind the duct, the exhaust gases are
accelerated through the nozzle and emitted into the ambient atmosphere.
Products of complete combustion and combustion by-products are distinguished, as shown in
Figure 2.4. According to Saravanamuttoo et al. (2017), complete combustion is taking place
following Reaction 2.22. All carbon and all hydrogen of the injected fuel react with oxygen
to CO2 and H2O respectively. Both are greenhouse gases directly contributing to the ERF of
aviation.

Figure 2.4: Combustion products of a gas turbine - adapted from Wuebbles, Gupta and Ko (2007).

In addition to products of complete combustion, combustion by-products are obtained
(Lefebvre and Ballal, 2010). Carbon monoxide (CO), soot and unburned hydrocarbons (CxHy)
are obtained due to incomplete combustion. Fuel impurities cause the formation of sulfur
oxides (SOx) and NOx. However, the major part of emitted NOx is produced due to high
temperatures. While emitted CO2 and H2O scale with the amount of consumed fuel, the
additional combustion by-products are influenced by a number of different engine parameters.
Due to the importance of NOx to this work, the underlying principles of their formation and
driving parameters are introduced in more detail in Subsection 2.2.1 and Subsection 2.2.2.

CxHy +
(
𝑥 + 𝑦

4

)
O2 → 𝑥CO2 +

𝑦

2 H2O (2.22)

Apart from the direct greenhouse effects of CO2 and H2O, also the by-products influence
the climate (Lee et al., 2010). The effects of NOx emissions on the atmosphere’s composition
are outlined in detail in Section 2.1. SOx, CxHy, as well as Soot affect aerosols, contrails and
clouds through microphysical processes. Thus, a change in radiative forcing is obtained.
An important parameter to describe the amount of emitted species is the so-called Emission
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Index 𝐸𝐼. It describes which amount in terms of mass of a certain species is emitted per amount
of burned fuel. It is typically provided in g kg−1. Table 2.1 provides an overview of average
𝐸𝐼 values of the global aircraft fleet. Regarding NOx emissions it must be mentioned that the
emission index is expressed in terms of g NO2 per kg of consumed fuel (Schulte and Schlager,
1996). It avoids additional uncertainties through incorporation of the NO to NO2 ratio and
makes values comparable.

Table 2.1: Mean emission indices and typical ranges for combustion products of gas turbines - adapted from Lee
et al. (2010).

Combustion Product EI / g kg−1

CO2 3160
H2O 1240
NOx 14 (12-17)
SO2 0.8 (0.6-1.0)
Soot 0.025 (0.01-0.05)
CO 3 (2-3)
CxHy 0.4 (0.1-0.6)

Legislative regulations aim to reduce the amount of aviation induced emissions to limit the
climate effect and to control the impact on air quality (Ballal and Zelina, 2004). The Committee
on Aviation Environmental Protection (CAEP) of the ICAO assesses the current and future
impact of aviation’s noise and emissions to provide data to assist the organization in policy
decision-making. Aviation standards are introduced and participating states of the Chicago
Convention aim to follow them. Nevertheless, these regulations are not legally biding. Yet,
manufacturers follow them, as local legislative bodies implement ICAO guidelines.
The air to fuel ratio 𝐴𝐹𝑅 and the equivalence ratio 𝜙 are relevant combustion parameters
(Çengel and Boles, 1989). The air to fuel ratio is defined in Equation 2.23, where 𝑚𝑎𝑖𝑟 and
𝑚 𝑓 𝑢𝑒𝑙 are the masses of air and fuel of the mixture respectively. If the amount of air matches
the amount of fuel such that Reaction 2.22 is fulfilled, the combustion is just complete. This
condition is called stoichiometric combustion. The equivalence ratio expresses the ratio between
the actual air to fuel ratio and the air to fuel ratio of stoichiometric combustion, as stated in
Equation 2.24. The equivalence ratio is 1 for stoichiometric combustion. If it is smaller than 1,
there is excess air and the combustion is lean. If it is higher than 1, there is excess fuel and the
combustion is rich. In the latter case, the combustion is incomplete.

𝐴𝐹𝑅 =
𝑚𝑎𝑖𝑟

𝑚 𝑓 𝑢𝑒𝑙
(2.23)

𝜙 =
𝐴𝐹𝑅𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

𝐴𝐹𝑅
(2.24)

2.2.1. Formation of Nitrogen Oxides
This subsection introduces relevant reaction pathways of NO production and addresses
NO2 formation. Dependencies between engine parameters and nitrogen oxide emissions are
outlined.
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Nitrogen Monoxide Formation
Nitrogen monoxide is produced due to five distinguished mechanisms of NO formation (Goku-
lakrishnan and Klassen, 2013). These are the thermal mechanism, the prompt mechanism, the
nitrous oxide mechanism, the NNH mechanism and the Fuel Bound Nitrogen (FBN) mechanism.

Thermal NO is predominant for flame temperatures above 1800 K (Gokulakrishnan and
Klassen, 2013) and especially of relevance for non-premixed combustors (Correa, 1998). Ac-
cording to Warnatz (2001), molecular nitrogen is reacting with atomic oxygen and NO is
obtained together with atomic nitrogen, as stated in Reaction 2.25. Additionally, NO results
from the following reaction of atomic nitrogen with molecular oxygen or OH, as shown in
Reaction 2.26 and Reaction 2.27. The mechanism, first observed by Zeldovich (1992), is limited
by the high activation energy required for breaking the strong bond of the N2 molecule in
Reaction 2.25. The work by Correa (1998) states that this energy is achieved through the
high temperatures at stoichiometric interfaces between air and fuel, which are present in
non-premixed combustors. According to Warnatz (2001), the NO production rate is given by
the expression in Equation 2.28, where 𝑘 is the rate coefficient. Hence, the formation of NO can
be reduced by decreasing the rate coefficient through reduced temperature. Gokulakrishnan
and Klassen (2013) outline that due to the exponential relationship between flame temperature
and atomic oxygen concentration, a similar relationship is found between flame temperature
and thermal NO formation.

N2 + O → NO + N (2.25)

N + O2 → NO + O (2.26)

N + OH → NO + H (2.27)

𝑑[NO]
𝑑𝑡

= 2𝑘[O][N2] (2.28)

Rich flames support the formation of prompt NO (Gokulakrishnan and Klassen, 2013).
Reaction 2.29 indicates that atomic nitrogen and hydrocyanic acid (HCN) result from the
reaction between the hydrocarbon radical CH and N2, further reacting to NO. The work
by Warnatz (2001) states that as CH is formed at the flame front due to its precursor C2H2,
especially present under rich conditions, fat mixtures support this path of NO production. It is
first observed by Fenimore (1971). The activation energy required for Reaction 2.29 is lower
than for Reaction 2.25. Thus, prompt NO is produced at lower temperatures than thermal NO.
According to Gokulakrishnan and Klassen (2013), quantum chemists propose that Reaction 2.29
requires intermediate steps to account for electron spin conservation.

CH + N2 → HCN + N (2.29)
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Nitrous NO formation is predominant for lean premixed combustion (Correa, 1993). As for
thermal NO formation, molecular nitrogen and atomic oxygen react. However, as Reaction 2.30
shows, instead of NO and N, nitrous oxide (N2O) results from the reaction involving a gaseous
third body. N2O reacts with O and NO is obtained following Reaction 2.31. Warnatz (2001)
explains that under stoichiometric or rich conditions the production rate of NO via this path is
very low compared to the thermal and prompt mechanism, respectively. Nevertheless, under
lean conditions the low temperatures limit thermal NO and missing C2H2 reduces prompt
NO. Thus, nitrous NO is significant to the total NO production rate for lean conditions, since
comparably low activation energy along with high pressure is sufficient for Reaction 2.30. The
mechanism is based on findings by Wolfrum (1972) and Malte and Pratt (1975).

N2 + O + M → N2O + M (2.30)

N2O + O → NO + NO (2.31)

Nitrogen contained in fuel due to impurities can be responsible for the formation of NO (War-
natz, 2001). During the gasification process of nitrogen containing compounts NO is formed in
the gas phase according to Reaction 2.32. Also, the reaction to N2 is possible as stated in Reac-
tion 2.33. The respective production rates are influenced by the equivalence ratio. The analysis
of a model system using propane doped with methylamine as a fuel showed the formation of
NO is reduced towards rich mixtures with a minimum for 𝜙 ≈ 1.4. Thus, the production rate of
N2 is maximum at this point. The FBN pathway is especially relevant for the combustion of coal.

N + OH → NO + H (2.32)

N + NO → N2 + O (2.33)

At low flame temperatures NO is formed via the intermediate species NNH (Gokulakrish-
nan and Klassen, 2013). NNH is formed through the Reaction 2.34 and can increase the NO
production rate within the combustor. The reaction with atomic hydrogen then results in NO
according to Reaction 2.35. The NO production rate induced by this pathway increases with
equivalence ratio. However, at high temperatures close to an equivalence ratio of 𝜙 = 1 NNH
and O react to N2 and OH or to N2O and H. Hence, the NO production rate along the NNH
pathway is reduced at high flame temperatures. The NNH mechanism was initially proposed
by Bozzelli and Dean (1995).

N2 + H → NNH (2.34)

NNH + O → NO + NH (2.35)
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Nitrogen Dioxide Formation
Further downstream in the combustor and especially within the aging exhaust plume, obtained
NO oxidizes to NO2 following certain mechanisms.

NO2 is formed in not significant quantities through oxidization processes (Feitelberg and
Correa, 1999). While mixing of the hot gas with dilution air, atomic hydrogen is obtained
through oxidization of CO according to Reaction 2.36. HO2 is formed through Reaction 2.37.
Reaction 2.38 states how NO2 is produced. This pathway is dependent on the temperature
of the hot gas. In general, lower temperatures result in a lower NO2 production rate. This
pathway is less relevant for lean combustion due to lower temperatures and less dilution air in
the downstream zones of the combustor.

CO + OH → CO2 + H (2.36)

H + O2 + M → HO2 + M (2.37)

NO + HO2 → NO2 + OH (2.38)

Another production mechanism of NO2 is the reaction of NO with unburned fuel down-
stream of the combustor (Feitelberg and Correa, 1999). The effectiveness of this pathway varies
among hydrocarbons and is therefore fuel-dependent.
In the exhaust plume a reaction between emitted NO and ambient O3 can cause NO2 as
described by Reaction 2.39 (Schulte and Schlager, 1996). The production rate depends on the
degree of mixing between the exhaust and ambient air. Experimental measurements of Schulte
and Schlager (1996) in a young exhaust plume indicate fractions of NO2 within NOx of 6 to
23%. According to Schlager et al. (1997), the final ratio between NO2 and NO in an aged plume
is reached when the production rate of NO2 via Reaction 2.39 and photolysis of NO2 are in
equilibrium.

NO + O3 → NO2 + O2 (2.39)

2.2.2. Engine Parameters versus Nitrogen Oxide Emissions
Previously introduced mechanisms of NO formation show that especially the flame temperature
determines the amount of emitted nitrogen oxides through the production of thermal NO.
Several parameters affect the flame temperature and therefore also NOx emissions. The
fundamentals are discussed in this section.

Thrust Setting
The emission index of NOx changes with thrust setting as Figure 2.5 illustrates (Lefebvre and
Ballal, 2010). It is shown that the emission index of NOx is low for low thrust settings and that
a maximum is obtained for take-off power setting. Simplified, this behavior is obtained due to
higher flame temperatures required for increments in thrust along with higher thermal NO
formation rates. The increase in flame temperature leads to a rise in compression ratio and is
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therefore coupled to the combustor inlet temperature 𝑇3. Figure 2.6 presents the exponential
relationship between nitrogen oxide emissions and 𝑇3 established by Lipfert (1972), based on
ground-based emission tests.

Figure 2.5: NOx emission index with power setting - adapted from Lefebvre and Ballal (2010).

Figure 2.6: NOx emissions with combustor inlet temperature - adapted from Lipfert (1972).

Equivalence Ratio
The amount of emitted NOx depends heavily on the equivalence ratio due to the associated
change in flame temperature (Saravanamuttoo et al., 2017). As explained in Subsection 2.2.1,
the thermal NO formation mechanism is responsible for the major part of emitted NOx at
sufficiently high flame temperatures. Since this is the case for gas turbines of aircraft, a change
in flame temperature has a strong impact on NOx emissions. One way of controlling the flame
temperature is adjusting the equivalence ratio, because there is a strong dependence between
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these two parameters as shown in Figure 2.7. It is illustrated that the flame temperature
is maximum close to the stoichiometric ratio. Towards rich and lean mixtures the flame
temperature decreases rapidly. The maximum lays slightly on the rich side, as the cooling effect
of the air’s nitrogen is reduced (Glaude et al., 2014). Figure 2.7 indicates that NOx emissions
follow this pattern. However, the peak in NOx emissions lays slightly on the lean side even
if the maximum flame temperature is obtained slightly on the rich side. The reason is that
both CxHy and N compete for the available O atoms (Lefebvre and Ballal, 2010). As oxygen is
preferably consumed by hydrocarbons, the peak in NOx is obtained on the lean side. It can
be inferred that neither the prompt NO formation mechanism, nor the nitrous NO formation
mechanism can compensate for the decrease in thermal NO towards more rich or more lean
mixtures, respectively.

Figure 2.7: NOx emissions and flame temperature with equivalence ratio - adapted from Glaude et al. (2014).

Premixing
To achieve a lean flame along with a successful reduction in NOx emissions, sufficient
atomization of injected fuel and sufficient premixing are required (Leonard and Stegmaier,
1994). Figure 2.8 compares NOx emissions with flame temperature on a logarithmic scale
for different degrees of premixing. It is shown that emissions are reduced with improved
premixing. Good premixing is associated with sufficient atomization of fuel. If fuel is
not atomized accordingly, the mean fuel droplet size is too high promoting envelop flames
(Lefebvre and Ballal, 2010). These envelope flames surround large drops and burn close to the
stoichiometric ratio, resulting in regions of high temperatures and promoting the formation of
thermal NO. Hence, increasing the degree of premixing though sufficient atomization reduces
NOx emissions of lean mixtures.
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Figure 2.8: NOx emissions with flame temperature and degree of premixing - adapted from Leonard and
Stegmaier (1994).

Residence Time
Another parameter potentially influencing the formation of NOx is the residence time. A
study by Anderson (1975) indicates that a reduction in residence time results in lower NOx
emissions. Nevertheless, this effect is only present for sufficiently high equivalence ratios.
This is confirmed by Leonard and Stegmaier (1993), as no dependence between the amount
of emitted NOx and residence time is found for the analysis of a lean premixed combustor.
According to Anderson (1975), the reason is that NOx is formed more rapidly for lean mixtures.

Pressure
As pressure affects several combustion parameters, it also affects the formation of NOx
(Gokulakrishnan and Klassen, 2013). Studies suggest that the effect of pressure on the
production rate of NOx depends on the equivalence ratio and thus, on the flame temperature.
While the investigation of a lean premixed combustor by Leonard and Stegmaier (1993) does
not indicate a significant dependence, Maughan, Luts and Bautista (1994) identify that NOx
emissions increase with pressure for equivalence ratios closer to 1. It is suggested that the
reason is an increased sensitivity of thermal NO to pressure compared to other NO formation
mechanisms, remembering that thermal NO is dominant at high temperatures being present
closer to the stoichiometric ratio.

Fuel
There are two fuel parameters potentially affecting emitted nitrogen oxides: FBN and hydrogen
to carbon ratio. It is explained previously that FBN can contribute to NO formation within
the combustor. However, according to Blakey, Rye and Wilson (2011) the amount of nitrogen
contained in aviation fuels such as Jet A-1 is practically zero. This is also the case for SAFs
such as HEFA SPK. These alternative fuels have the advantage that additionally, trace amounts
of nitrogen can be removed through hydroprocessing. Hence, no significant differences in
emitted nitrogen oxides due to FBN are likely for aviation applications.
Increasing hydrogen content leads to a reduction in nitrogen oxide emissions. Gleason and
Martone (1980) report ground based emissions measurements for thirteen different fuels. A
correlation between hydrogen content and NOx is identified and a reduction in 𝐸𝐼(NOx) from
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28.3 to 25.5 g NO2 kg−1 is presented for an increase in hydrogen content from 12 to 14%.
The effect is related to to the impact of fuel hydrogen to carbon ratio on flame temperature
and hence, on thermal NO formation. Since the hydrogen to carbon ratio varies between
conventional Jet A-1 and alternative fuels (Blakey, Rye and Wilson, 2011), a difference in the
amount of emitted nitrogen oxides is possible.

Engine Degradation
Engine degradation can affect nitrogen oxide emissions. Lukachko and Waitz (1997) investigate
the effect of turbofan engine component aging on nitrogen oxides. Based on emission modelling,
it is found that depending on the component, positive or negative impacts on NO formation
are possible. The change in formation rates are related to flame temperature variations due to
component efficiencies being affected by distortion and contamination. According to presented
data, deterioration of fan HPC, LPC and LPT results in increased nitrogen oxide formation,
while HPT deterioration leads to a decrease in emissions. According to Apostolidis and
Stamoulis (2021), the exhaust gas temperature margin, describing the difference between an
averaged exhaust gas temperature value and the operational limit, can be an indicator for the
degree of engine aging. The lower the value, the more degradation can be expected.

2.2.3. Nitrogen Oxide Mitigation in Turbofan Engines
Subsection 2.2.2 shows that due to the high significance of the thermal NO production
path, reducing the flame temperature is efficient to reduce NOx emissions. In aeronautic
applications, solutions aim to achieve this by combustion control through suitable adaptation
of the equivalence ratio, as this section shows. Other methods to reduce flame temperature
such as water/steam injection or post-combustion control to reduce NOx emissions are less
suitable for aerospace applications due to their impact on weight and thus, not considered in
this section (Saravanamuttoo et al., 2017).

Rich Quench Lean Combustion
The Rich Quench Lean (RQL) principle combines sequences of rich and lean combustion to
reduce NOx emissions while limiting the amount of other combustion products (Liu et al., 2017).
Equivalence ratios of 1.2 to 1.8 result in a rich flame in the primary zone and are associated with
a lower flame temperature. Hence, the NO production is reduced in this zone. Nevertheless,
dilution downstream of the combustion chamber is necessary to enable oxidation of CO,
hydrogen and hydrocarbon intermediates, resulting from the rich primary zone. Consequently,
the mixture becomes lean, crossing an equivalence ratio of 1 in the secondary zone and leading
to increased NO production rates. Therefore, rapid mixing is required to minimize this area.
Once a sufficiently lean mixture is achieved, lower flame temperatures result again in limited
NO production rates within the so-called dilution zone.

Lean Premixed Combustion
The principle of lean premixed combustion aims to reduce NOx on the lean side by limiting
the formation of thermal NO through a reduction in temperature (Lefebvre and Ballal, 2010).
The corresponding combustor is divided into three zones. In the so-called premixing zone
fuel is injected, evaporated and mixed with air to obtain a homogeneous, lean mixture. The
degree of homogeneity and evaporation is of high importance to avoid envelope flames and to
achieve a constantly low flame temperature. Thus, it is of high importance that evaporation
and mixing do not exceed the autoignition delay time to ensure that only the fully premixed
mixture is ignited. This is especially important for high power settings associated with high
combustor inlet temperatures and pressures. Downstream of the premixing zone, the actual
combustion is taking place in the so-called secondary zone. A dilution zone follows.



2.2. Combustion and Nitrogen Oxide Emissions 21

While NOx emissions are reduced through lowered flame temperatures, CO emissions increase
(Warnatz, 2001). Due to the strong temperature dependence of the OH production rate, the
oxidization rate of CO is reduced for lean combustion. Hence, CO emissions are increased,
bounding the equivalence ratio such that unacceptable CO values are not exceeded. However,
since residence time is not affecting NOx emissions at low equivalence ratios, as introduced
in Subsection 2.2.2, the reduced rate in oxidization of CO can be counteracted by increasing
residence time without affecting NOx emissions (Lefebvre and Ballal, 2010). Additional
challenges include acoustic resonance due to coupling between the combustion process
and combustor acoustics, flashback (Lefebvre and Ballal, 2010), as well as lean blowout
(Saravanamuttoo et al., 2017).

Example: CFM LEAP Engine
An example for nitrogen oxide mitigation is the Twin Annular Premixing Swirler (TAPS)
combustor as implemented in CFM’s LEAP engine, investigated in the presented research.
Applying lean burn technology, it aims to reduce nitrogen oxide emissions by reducing flame
temperature through adaptation of the equivalence ratio (Foust et al., 2012).
Fuel staging enables operation of the engine at various power settings, as outlined by Stickles
and Barrett (2013). Figure 2.9 illustrates that two flame zones are distinguished: a lean
premixing zone and a rich pilot zone. At low power settings only the pilot injector is active,
since the mixture is too lean for stable premixed combustion. With increasing power, the
so-called main injector starts to operate and fuel is split between main and pilot. At high power
settings, most fuel is injected through the main injectors resulting in a lean mixture for about
70% of the total air flow.

Figure 2.9: Pilot and main injectors with the respective flame zones of the TAPS combustor (Foust et al., 2012).

Figure 2.10 shows how fuel staging of the TAPS combustor affects nitrogen oxide emissions
in comparison to a RQL combustor. For low thrust settings, similar emissions are predicted for
both designs. At approach thrust, the curves start to deviate with slightly lower nitrogen oxide
emission indices for the TAPS combustor. The distinct effect of fuel staging is visible at low
cruise thrust settings, resulting in a sharp drop in emitted NOx for the TAPS design, while
the trend of the RQL combustor stays constant. The difference in nitrogen oxide emissions
between the designs decreases towards maximum thrust.
Comparing obtained emissions for pilot-only and staged operation indicates significant
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differences. Stickles and Barrett (2013) analyzes total nitrogen oxide emissions for a typical 500
nm mission. The reported value for staged combustion is about 35 % lower than for pilot-only
injection, considering climb, cruise and descent phases. Hence, a reduction in emitted nitrogen
oxides is expected for staged operation of the LEAP engine.

Figure 2.10: Schematic NOx emission index with thrust setting for an RQL and the TAPS combustor - adapted from
Foust et al. (2012).



3
In-Flight Nitrogen Oxide

Measurements

This chapter outlines the methodology applied to investigate the posed research questions.
Section 3.1 provides an overview on performed experimental near field flights, while Section 3.2
explains the applied measurement principles. Section 3.3 presents the adapted analysis routine
to derive experimental emission indices and Section 3.4 introduces far field measurements
conducted for comparative analyses.

3.1. Experimental Setup and Near Field Sampling Strategy VOLCAN
This section provides an overview on near field measurements performed as a part of the emis-
sion test campaign VOLCAN - a cooperation between DLR, Airbus, Safran and GE Aerospace.
The overall experimental setup is presented and the chasing procedure is illustrated. The
strategies followed to derive dependencies between experimentally determined nitrogen oxide
emissions and the respective engine parameter are introduced. A summary for each of the
four conducted emission test flights is given.

Nitrogen oxide emissions are determined experimentally by performing chase flights. The
involved aircraft are shown in Figure 3.1. A Dassault Falcon 20-E5, depicted in Figure 3.1 (a), is
modified as a measurement platform to determine NOy and CO2 concentrations, both required
to calculate nitrogen oxide emission indices as introduced below in this section. The Falcon is
chasing a source aircraft, an Airbus A321-251NX equipped with two CFM LEAP-1A35 engines
illustrated in Figure 3.1 (b). For each test point, different engine settings are selected on the
source aircraft and the respective emissions are measured. The combustion technology of the
investigated engine is introduced in Subsection 2.2.3.

(a) (b)

Figure 3.1: (a) Measurement platform Dassault Falcon 20-E5 (Registration: D-CMET) and (b) source aircraft Airbus
A321-251NX (Registration: D-AVZO), equipped with two CFM LEAP-1A engines - adapted from internal source.

23
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Temporary Reserved Airspace (TRA) is required for the emission test flights. Measurements
are conducted in the so-called near field. The near field describes the area behind an aircraft,
where the engines’ exhaust is not yet mixed with the wake vortices. For the outlined research
the distance between measurement platform and source aircraft ranges from 55 to 180m with
a mean of 98m. As this is far below the minimum safety distance, conventional, controlled
airspace is not suitable to perform the experiment. Therefore, a suitable TRA is selected for each
flight. Criteria are airspace availability and weather forecast. The latter is of high importance,
since contrail formation must be avoided to ensure visibility at low aircraft separation. The
respective flight routes of the Falcon above the north-eastern part of the Mediterranean are
provided in Figure 3.2. Tests are carried out between February 28 and March 27, 2023.

Figure 3.2: Falcon flight routes for the four near field emission test flights conducted in February and March 2023.

The chasing procedure itself is illustrated in Figure 3.3. At the beginning of the mea-
surements, the two aircraft are guided by Air Traffic Control (ATC) until visual contact is
established. Starting from this point, coordination is managed by the flight crews of both
aircraft via radio communication. In the start position, indicated with number one, the Falcon
is flying at the same altitude as the Airbus. When the tested engine is stabilized in the right
configuration according to the respective test point, the Falcon is going into a short dive to
cross the wake vortex from below. Once it is flying between both wake vortices, it is pulling up
to enter the exhaust plume of the engine at the position indicated as number two. It is desired
that the emission inlets illustrated in Figure 3.1 are directly laying within the exhaust plume.
A plume encounter time of about 60 s is intended. After this time the Falcon is diving out
of the plume to measure a short sequence of NOy and CO2 background concentrations. The
Falcon is pulling up again for another sample and the procedure is repeated until sufficient
data is collected for the respective test point. The measurement area is left by again crossing
the wake vortex from below and the Falcon is waiting at position 1 until the source aircraft is
on condition for the next test point.
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Figure 3.3: Near field chasing procedure applied during emission test flights - adapted from internal source.

NOx emission indices are determined using simultaneously measured concentrations of
both nitrogen oxides and carbon dioxide to quantify emissions for each test point. The concept
of emission indices is introduced in Section 2.2. The determination is enabled by Equation 3.1
(Schulte and Schlager, 1996). 𝐸𝐼(NOx) and 𝐸𝐼(CO2) are the emission indices of NOx and CO2
respectively, where the latter is known and quantified based on the fuel’s hydrogen content
as explained below. The ratio 46

44 relates the molar masses of NO2 and CO2. Δ𝑁𝑂𝑦 and
Δ𝐶𝑂2 describe the change in volume mixing ratio of the respective species compared to the
background concentration. Section 3.3 outlines in detail how these terms are determined based
on measured NOy and CO2 concentrations. The value of 𝐸𝐼(NOx) is determined using NOy
concentrations to avoid neglecting HNO2 and HNO3, formed from NOx within the aging plume
(Schumann, 1997). Hence, it is ensured that all NOx emitted at the engine’s exit plane is detected.

𝐸𝐼(NOx) = 𝐸𝐼(CO2) ·
46
44 ·

Δ𝑁𝑂𝑦

Δ𝐶𝑂2
(3.1)

As introduced above, the value of 𝐸𝐼(CO2) is estimated based on the fuel composition.
Equation 3.2 states the according relation (Moore et al., 2017). Required parameters include
the ideal gas constant 𝑅, molar masses of carbon 𝑀(C), hydrogen 𝑀(H) and carbon dioxide
𝑀(CO2), the hydrogen-to-carbon molar ratio 𝛼, as well as the values of the static temperature
𝑇, the static pressure 𝑝 and the molar volume 𝑉𝑚 at mid sea level standard conditions. The
equation assumes complete combustion. Determined carbon dioxide emission indices for the
tested fuels are provided below in this section.

𝐸𝐼(CO2) =
𝑅 · 𝑇 ·𝑀(CO2)

𝑃 ·𝑉𝑚 · (𝑀(C) + 𝛼 ·𝑀(H)) (3.2)

Dependencies between experimentally determined nitrogen oxide emissions and four
distinguished engine parameters are investigated in this research, according to the subquestions
of the first research question formulated in Section 1.2. In the following the respective sampling
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strategies are outlined and a summary for each of the four performed near field emission test
flights is provided.

Fuels tested during VOLCAN
For the first subquestion it is analyzed whether a change in fuel type can result in different
amounts of emitted nitrogen oxides. Three different Synthetic Paraffinic Kerosene (SPK) blends
are tested and compared to Jet A-1. SPK fuels differ from Jet A-1 in terms of their feedstocks
and production. While Jet A-1 is obtained from crude oils through a refining process, SPK fuels
are made from coal or biomass by applying Fischer Tropsch Synthesis or hydrotreating of oils
(Blakey, Rye and Wilson, 2011). SPK used in this research is obtained from Hydroprocessed
Esters and Fatty Acids (HEFA). According to Undavalli et al. (2023) the feedstock includes
waste oils, vegetable oils, animal fats, non-edible crops, and algae.
The three investigated HEFA SPK blends are distinguished in their aromatic content. While
100% HEFA SPK has practically no aromatics, HEFA SPK with low aromatic content (HEFA
SPK+LA) and HEFA SPK with high aromatic content (HEFA SPK+HA) are mixed with different
levels of mono aromatics as so-called drop-in fuels. Table 3.1 specifies the total volume content
of mono aromatics in the fuels. Aromatic hydrocarbons are needed to achieve sufficient fuel
density and to ensure elastomer swell in aircraft fuel systems (Shahabuddin et al., 2020). Hence,
drop-ins are of interest on the road map to certification of 100% HEFA SPK.
Tested fuels differ in terms of their hydrogen to carbon ratio . Table 3.1 provides the fuels’
composition specifying hydrogen and carbon mass contents. Hydrogen values are provided by
a co-worker and determined based on low resolution nuclear magnetic resonance spectrometry
according to the ASTM D3701 method. Measurements are characterized by a reproducibility
of 0.11%. It is assumed that carbon adds up to the total mass. Carbon dioxide emission indices
are computed according to Equation 3.2.

Table 3.1: Relevant quantities of investigated fuels during VOLCAN, including aromatic content, hydrogen content,
carbon content and assumed CO2 emission index.

Fuel Type Aromatic Content
/ vol %

Hydrogen Content
/ mass %

Carbon Content
/ mass %

EI(CO2)
/ g CO2 kg−1

Jet A-1 12.8 13.97 86.03 3152
HEFA SPK <1 15.29 84.71 3104
HEFA SPK+LA 8.4 14.84 85.16 3121
HEFA SPK+HA 17.6 14.29 85.71 3141

To identify potential discrepancies, all HEFA SPK blends are compared to Jet A-1 at
different engine settings. These engine settings are defined in terms of selected combustor inlet
temperature T3 and combustion mode, according to the specifications in Table 3.3 and Table 3.4.
HEFA SPK is tested during Flight 1 (02/28/2023), as well as during Flight 4 (03/27/2023), HEFA
SPK+LA is investigated as a part of Flight 2 (03/11/2023) and HEFA SPK+HA is analyzed
during Flight 3 (03/16/2023). The flights and the respective test points are summarized in
Table 3.6 to Table 3.9. It must be noted that due to contamination during Flight 1, different
blends of Jet A-1 and HEFA are compared instead of the pure fuels. Table 3.2 specifies the
compositions burned for test points denoted as Jet A-1 and HEFA. 𝐸𝐼(CO2) values of the blends
are provided.
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Table 3.2: CO2 emission indices of investigated blends during Flight 1 with fuel composition in terms of Jet A-1
and HEFA SPK.

Blend Jet A-1 / % HEFA SPK / % EI(CO2) / g CO2 kg−1

Jet A-1 dominant 81 19 3143
HEFA dominant 47 53 3127

Combustor Inlet Temperature Settings during VOLCAN
Dependencies between measured nitrogen oxide emissions and combustor inlet temperature T3
are investigated to answer the second subquestion. Four different combustor inlet temperature
settings are defined: very low, low, mid and high. These settings are specified in Table 3.3.
Since the combustor inlet temperature is proprietary, values relative to mid T3 setting are
provided. It is not distinguished between the fuel types, as the results of the first subquestion
do not indicate significant differences. All measurements to determine dependencies between
nitrogen oxide emissions and T3 are performed in forced pilot-only combustion mode, defined
in Table 3.4.

Table 3.3: Investigated combustor inlet temperature settings.

Setting ∆T3 / K
Very low -52
Low -28
Mid 0
High 28

Combustion Modes tested during VOLCAN
The effect of staged combustion on nitrogen oxides is analyzed to answer the third subquestion.
As outlined in Table 3.4, two different combustion modes are analyzed as a part of this research
project: a forced pilot-only mode and the conventional pilot+main mode. As described in
Section 2.2, the modes differ in their active fuel injectors. While for pilot+main mode both main
and pilot injectors are active, initiating lean and rich flames simultaneously, 100% of the fuel is
injected through the pilot injector when pilot-only mode is active, resulting in rich combustion.
In this research the pilot-only mode is denoted as forced, since it is activated manually at a
power setting at which normally the pilot+main mode would be active. Hence, it does not lay
within the engine’s standard operation envelope and is tested to investigate particle emission
dependencies, not covered in this thesis. In general, both combustion modes are tested during
all of the four conducted near field test flights described in Table 3.6 to Table 3.9. Measurements
are performed at mid T3 setting and as motivated before, it is not distinguished between the fuels.

Table 3.4: Investigated combustion modes in terms of fuel split between pilot and main injectors during VOLCAN.

Combustion Mode Fuel injected by Pilot
/ %

Fuel injected by Main
/ %

Forced Pilot-Only 100 0
Pilot+Main <100 >0

Engines investigated during VOLCAN
Dependencies between engine degradation and emitted nitrogen oxides are investigated to
answer the fourth subquestion. Table 3.5 specifies the condition of Engine 1 (ENG 1) and Engine
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2 (ENG 2) during the test campaign in terms of Exhaust Gas Temperature Margin (EGTM).
As explained in Subsection 2.2.2, exhaust gas temperature margin is an engine performance
indicator, affected by deterioration (Apostolidis and Stamoulis, 2021). ENG 1 is the source
aircraft’s left engine and ENG 2 is the source aircraft’s right engine in direction of flight. ENG 2 is
the standard engine investigated in this research. Only during Flight 4 (03/27/2023) emissions
of ENG 1 are measured additionally to enable a comparison between the two. This compar-
ison is performed at mid T3 setting for both forced pilot-only and pilot+main combustion mode.

Table 3.5: Investigated engines and their respective exhaust gas temperature margin 𝐸𝐺𝑇𝑀 during VOLCAN.

Engine EGTM / K
ENG 1 (left) x-15
ENG 2 (right) x

Overview of VOLCAN Near Field Flights
As mentioned before, a total of four near field emission test flights is performed to cover
all test points. Table 3.6 to Table 3.9 summarize each individual emission test flight. Flight
conditions are provided covering mean Mach Number (M), mean Flight Level (FL) and mean
Total Air Temperature (TAT) during the plume encounters. The respective standard deviation
is indicated. It can be inferred from the tables that the flight conditions are very similar for
all flights. Thus, emissions obtained for all flights are comparable, considering accuracy and
precision of the measurements.
Several parameters are defining the test points of each flight. The column Tested Engine
specifies if ENG 1 or ENG 2 is investigated. The column Tested Fuel describes which fuel
is burned by the tested engine and the column Combustion Mode specifies which of the
previously introduced combustion modes is active. The selected T3 setting is indicated and
for each test point mean values of the Fuel Flow Δ𝐹𝐹 are provided. As introduced previously,
Δ𝑇3 describes the absolute change in combustor inlet temperature compared to mid T3 setting.
Δ𝐹𝐹 specifies the absolute change in fuel flow compared to a representative value at mid T3
setting. The parameter 𝑛 specifies the number of plume encounter or samples for each test point.

Table 3.6: Flight conditions in terms of Mach number 𝑀, flight level 𝐹𝐿 and total air temperature 𝑇𝐴𝑇, as well as
test points in terms of tested engine, tested fuel, combustion mode, T3 setting, mean normalized combustor inlet

temperature Δ𝑇3, mean normalized fuel flow Δ𝐹𝐹 and number of samples 𝑛 during Flight 1 - 02/28/2023.

Flight Flight
Conditions

Tested
Engine

Tested
Fuel

Combustion
Mode

T3
Setting

Δ T3
/ K

Δ FF
/ kg h−1

n
/ -

Flight 1
M=0.62±0.011
FL=320±33 ft
TAT=242±1 K

ENG2

Jet A-1 Pilot only
Low -28.6±1 -208.5±14 3
Mid -0.4±0 -31.8±10 4
High - - -

Pilot+Main Mid 0.5±1 20.2±24 6

HEFA SPK Pilot only
Low -27.7±0 -192.7±4 3
Mid 0.2±0 18.8±13 3
High - - -

Pilot+Main Mid 0.4±0 9.3±5 4
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Table 3.7: Flight conditions in terms of Mach number 𝑀, flight level 𝐹𝐿 and total air temperature 𝑇𝐴𝑇, as well as
test points in terms of tested engine, tested fuel, combustion mode, T3 setting, mean normalized combustor inlet

temperature Δ𝑇3, mean normalized fuel flow Δ𝐹𝐹 and number of samples 𝑛 during Flight 2 - 03/11/2023.

Flight Flight
Conditions

Tested
Engine

Tested
Fuel

Combustion
Mode

T3
Setting

Δ T3
/ K

Δ FF
/ kg h−1

n
/ -

Flight 2
M=0.59±0.002
FL=300±4 ft
TAT=246±1 K

ENG2

Jet A-1 Pilot-Only
Low -28.0±0 -188.1±4 4
Mid -0.5±0 18.6±9 4
High 27.2±0 236.5±1 4

Pilot+Main Mid -0.3±0 2.3±4 6

HEFA SPK+LA Pilot-Only
Low -28.3±0 -178.4±7 4
Mid -0.5±0 3.7±2 4
High 27.9±0 215.3±1 4

Pilot+Main Mid 0.1±0 -14.6±2 6

Table 3.8: Flight conditions in terms of Mach number 𝑀, flight level 𝐹𝐿 and total air temperature 𝑇𝐴𝑇, as well as
test points in terms of tested engine, tested fuel, combustion mode, T3 setting, mean normalized combustor inlet

temperature Δ𝑇3, mean normalized fuel flow Δ𝐹𝐹 and number of samples 𝑛 during Flight 3 - 03/16/2023.

Flight Flight
Conditions

Tested
Engine

Tested
Fuel

Combustion
Mode

T3
Setting

Δ T3
/ K

Δ FF
/ kg h−1

n
/ -

Flight 3
M=0.59±0.001
FL=300±1 ft
TAT=245±0 K

ENG2

Jet A-1 Pilot-Only
Low -28.0±0 -174.9±1 5
Mid -0.1±0 13.3±4 4
High 28.0±0 253.8±4 3

Pilot+Main Mid 0.0±0 29.1±3 4

HEFA SPK+HA Pilot-Only
Low -27.8±0 -172.7±7 5
Mid -0.2±0 7.8±2 5
High 28.1±0 256.0±3 4

Pilot+Main Mid -0.3±0 13.8±9 6

Table 3.9: Flight conditions in terms of Mach number 𝑀, flight level 𝐹𝐿 and total air temperature 𝑇𝐴𝑇, as well as
test points in terms of tested engine, tested fuel, combustion mode, T3 setting, mean normalized combustor inlet

temperature Δ𝑇3, mean normalized fuel flow Δ𝐹𝐹 and number of samples 𝑛 during Flight 4 - 03/27/2023.

Flight Flight
Conditions

Tested
Engine

Tested
Fuel

Combustion
Mode

T3
Setting

Δ T3
/ K

Δ FF
/ kg h−1

n
/ -

Flight 4
M=0.58±0.002
FL=290±3 ft
TAT=242±0 K

ENG2
Jet A-1 Pilot-Only Very Low -52.0±0 -247.2±7 3

Mid -0.0±0 130.6±3 6

HEFA SPK

Pilot+Main Mid 0.3±0 124.0±2 7
Pilot-Only Mid 0.2±0 108.1±2 4
Pilot+Main Mid -0.3±1 101.0±4 6

ENG1 Jet A-1 Pilot-Only Mid 0.7±0 215.7±12 4
Pilot+Main Mid -0.1±0 180.7±6 6

3.2. Applied Measurement Techniques
This section outlines the measurement principles applied to determine NOy and CO2 con-
centrations required to quantify nitrogen oxide emission indices, as explained in Section 3.1.
Subsection 3.2.1 introduces the measurement setup used to measure nitrogen oxides and
Subsection 3.2.2 presents the utilized carbon dioxide instrument.
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3.2.1. Nitrogen Oxide Measurements
A procedure outlined in Drummond, Volz and Ehhalt (1985) is applied for the presented in situ
nitrogen oxide emission measurements. The well-established measurement principle is based
on the chemiluminescence reaction of NO with O3 and its applicability for aircraft emission
measurements is proven in several studies (e.g., Schulte and Schlager, 1996; Schulte et al.,
1997; Jurkat et al., 2011; Harlass et al., in preparation). The CLD 780 TR is a NO measurement
instrument developed by Eco Physics applying this technique (Eco Physics, 2000). Figure 3.4
provides a simplified illustration of its working principle including adaptations to allow for
the measurement of NOy species at high concentrations. Figure 3.5 shows the instrument
integrated in the research aircraft Falcon.

Figure 3.4: Simplified illustration of the CLD 780 TR working principle - adapted from Eco Physics (2000).

Figure 3.5: CLD 780 TR integrated in the research aircraft Falcon.

In general, sample air is directed into a main chamber and ozone generated within the
instrument using a O3 generator is added. Reaction 3.3 and Reaction 3.4 take place and NO2 in
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excited state is obtained. The excited NO2 is deactivated spontaneously through Reaction 3.5
and Reaction 3.6. The emitted photon obtained from Reaction 3.5 is detected by a photomulti-
plier and a measurement signal is detected at a frequency of 1 Hz. A linear correlation between
the photomultiplier signal and the NO concentration of the analyzed sample air exists. Calibra-
tions are necessary to establish this relation (Ziereis, Stock and Schlager, 2012). The specific
calibration procedure developed for this research is outlined in detail in Subsection 3.3.1. In the
following, the need for so-called pre-chamber measurements is explained and instrument adap-
tations for this research through the integration of a converter and a dilution system are outlined.

NO + O3 → NO2 + O2 (3.3)

NO + O3 → NO∗
2 + O2 (3.4)

NO∗
2 → NO2 + hv (3.5)

NO∗
2 + M → NO2 + M (3.6)

Pre-Chamber Measurements
As previously explained a signal is detected by the photomultiplier. However, this signal
𝑆𝑚𝑎𝑖𝑛 is not only caused by the chemiluminescence reaction of NO with O3. Additionally
to this desired NO signal 𝑆𝑁𝑂 , a dark current signal 𝑆𝐷 and a chemical interference signal
𝑆𝑖𝑛 exist, such that the superposition of all these three signals is measured, as described in
Equation 3.7. To isolate the signal of interest, 𝑆𝑁𝑂 , a separate measurement of the sum of 𝑆𝐷
and 𝑆𝑖𝑛 is required. For this purpose, ozone is added to the pre-chamber such that the photon
emission due to the NO concentration is taking place there. Consequently, the pre-chamber
signal as stated in Equation 3.8 is measured in this case. The isolated NO signal is obtained
according to Equation 3.9. Figure 3.6 schematically illustrates the signals for both pre-chamber
and main-chamber measurements. During emission test flights, pre-chamber measurements
are performed approximately every 10min.

𝑆𝑚𝑎𝑖𝑛 = 𝑆𝑁𝑂 + 𝑆𝑖𝑛 + 𝑆𝐷 (3.7)

𝑆𝑝𝑟𝑒 = 𝑆𝑖𝑛 + 𝑆𝐷 (3.8)

𝑆𝑁𝑂 = 𝑆𝑚𝑎𝑖𝑛 − 𝑆𝑝𝑟𝑒 (3.9)
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Figure 3.6: Pre-chamber and main-chamber signals for a schematic measurement sequence - adapted from
Drummond, Volz and Ehhalt (1985).

Converter
A converter is implemented to allow for the measurement of nitrogen oxides different from
NO. The described measurement principle does only allow for the measurement of nitrogen
monoxide. Nevertheless, to quantify emitted nitrogen oxides also NO2 must be measured,
since NO oxidizes within the engine (Feitelberg and Correa, 1999), as well as within the aging
plume (Schulte and Schlager, 1996), as described in Subsection 2.2.1. Section 3.1 explains that
in addition, small amounts of HNO2 and HNO3 can be formed from NOx (Schumann, 1997).
Thus, a gold converter as described in Bollinger et al. (1983) serves to detect all these species
called NOy. Heated to about 300 ◦C, it converts NOy to NO, which can then be measured
using the chemiluminescence principle described above. It is important to regularly verify the
efficiency of this conversion. The according procedure applied in this research work is outlined
in Subsection 3.3.1.

Dilution System
Integrating a dilution system enables to raise the upper detection limit (Harlass et al., in
preparation). The maximum detectable mixing ratio of the applied measurement instrument
is ≈1000 ppb. This value is exceeded in this research due to very high concentrations in the
near field plume. Diluting the sample air reduces the mixing ratio within the measurement
chambers and hence, higher concentrations can be quantified. However, the uncertainty
increases slightly, as outlined in Subsection 3.3.2. In the study presented here, the dilution
ratio is increased from 1:1, as reported in Harlass et al. (in preparation), to a ratio of 3:1 to
implement suggested improvements.

3.2.2. Carbon Dioxide Measurements
Non-dispersive infrared spectroscopy is applied to measure CO2 concentrations in this research.
The instrument used is the so-called LI-7000 (LI-COR, 2007). Sample air is directed into a
sampling chamber. Infrared light of a wavelength suitable for absorption by CO2 is passed
through this chamber, as illustrated in Figure 3.7. The remaining radiation is directed to a
detector, where it is measured to compute the absorption. Simultaneously, measurements
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are performed using a reference chamber filled with gas of known CO2 concentration. The
CO2 concentration of the sample air is then derived by determining the difference between the
signals of the two chambers. Concentrations are obtained at a frequency of 10 Hz. Lenses are
used to allow for maximized sensitivity by focusing the radiation.

Figure 3.7: Simplified illustration of the LICOR 7000 working principle - adapted from LI-COR (2007).

3.3. Adapted Analysis Procedure
This section explains the adapted analysis procedure to determine nitrogen oxide emission
indices. It is clearly indicated if an existing routine is implemented, adapted or improved to
meet the research goals.

3.3.1. Emission Index Calculation
Several steps are necessary to derive experimental emission indices. As introduced in Section 3.1,
both NOy and CO2 concentration enhancements relative to the background concentration in
ambient air must be determined during a plume encounter. NOy concentration time series
are determined following the procedure outlined below. CO2 concentration time series in 1
Hz resolution are provided by a co-worker. For both species background concentrations must
be determined for plume encounter sequences, based on background measurements before
and after entering the exhaust. Plume starting- and end times are specified and quantified
concentration enhancements are integrated over the determined time interval to obtain values
for Δ𝑁𝑂𝑦 and Δ𝐶𝑂2. The emission index for the respective plume is quantified according to
Equation 3.1.

Nitrogen Oxide Concentration
As explained in Subsection 3.2.1, calibrations are necessary to establish the linear relation
between the measured signal and the NO concentration of the sample air. These calibrations are
performed on a regular basis during the time frame of the test campaign to obtain calibration
parameters representative for all emission test flights. These calibration parameters comprise
three values: one value expressing the sensitivity 𝑚, one value expressing the converter effi-
ciency 𝜂𝐶 for the conversion from NOy to NO (see Subsection 3.2.1) and one value expressing
the NO signal 𝑆𝑁𝑂,𝑍𝐴 at Zero Air (ZA) conditions, defining the systems offset. The mean
of all calibrations is determined for each calibration parameter. Table 3.10 summarizes the
calibrations performed as a part of this research to quantify the respective mean values. In the
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following, it is outlined in detail how calibration parameters are obtained.

Table 3.10: Summary of performed nitrogen oxide measurement instrument calibrations during VOLCAN,
including the offset signal 𝑆𝑁𝑂,𝑍𝐴, the sensitivity 𝑚 and the converter efficiency 𝜂𝐶 , as well as respective mean

values.

Calibration Date SNO,ZA / Hz m / Hz ppb−1 𝜂C / %
01/25/2023 26 887 100.0
02/14/2023 256 900 99.7
03/01/2023 99 882 99.6
03/08/2023 78 866 96.4
03/16/2023 24 897 98.8
03/23/2023 61 915 100.0
Mean 91 891 99.1

The mean sensitivity 𝑚 is required to relate a measured signal enhancement to a NO
concentration enhancement. The value for each calibration is established by performing
measurements for a set of known concentrations. The tested concentration sequence is
illustrated in Figure 3.8, presenting the measured time series for the calibration on March 16.
It is shown that framed by ZA measurements, a set of seven concentrations is investigated,
ranging from 3 ppb to 200 ppb. It is aimed to cover as much as possible of the concentration
range expected during emission measurement flights. However, calibrations are limited by
available reference gases, not allowing to generate concentrations close to the detection limit,
as encountered during test flights. A linear regression through all test points is applied to
derive the sensitivity 𝑚 for the respective calibration. Figure 3.9 presents the curve obtained for
March 16. A coefficient of determination 𝑅2 of 1 is quantified, proving the linear relationship
between NO concentration and measured count rate.

Figure 3.8: Time sequence of tested concentrations during calibration on March 16.
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Figure 3.9: Obtained linear regression curve for calibration on March 16.

A gas phase titration during calibrations allows to specify the converter efficiency 𝜂𝐶 applied
in Equation 3.12 (Feigl, 1998). Figure 3.8 indicates that the NO concentration of 7 ppb is tested
twice: once in normal calibration mode and once applying gas phase titration. During gas
phase titration, ozone is generated to oxidize NO contained in the sample gas to NO2. Hence,
NO2 must be converted back to NO by the converter. Based on the difference in received sig-
nal for both 7 ppb tests, the efficiency of the converter can be quantified as stated in Equation 3.10.

𝜂𝐶 =
𝑆𝑚𝑎𝑖𝑛,7𝑝𝑝𝑏,𝐺𝑃𝑇 − 𝑆𝑝𝑟𝑒,7𝑝𝑝𝑏,𝐺𝑃𝑇 − 𝑆̄𝑁𝑂,𝑍𝐴

𝑆𝑚𝑎𝑖𝑛,7𝑝𝑝𝑏 − 𝑆𝑝𝑟𝑒,7𝑝𝑝𝑏 − 𝑆̄𝑁𝑂,𝑍𝐴
(3.10)

Both Equation 3.12 and Equation 3.10 require the term 𝑆̄𝑁𝑂,𝑍𝐴 to correct the measured
main-chamber signal for the offset of the system. As explained in Subsection 3.2.1, pre-chamber
measurement signals 𝑆𝑝𝑟𝑒 must be subtracted from the main-chamber measurement signal
𝑆𝑚𝑎𝑖𝑛 to determine the NO signal 𝑆𝑁𝑂 . Nevertheless, an offset is obtained for ZA measure-
ments, meaning that for a sample without NO concentration there is still an offset signal
𝑆𝑁𝑂,𝑍𝐴 ≠ 0 received, as defined in Equation 3.11. Hence, this correction must be considered
when computing 𝑆𝑁𝑂 . It is determined using the mean values for 𝑆𝑚𝑎𝑖𝑛,𝑍𝐴 and 𝑆𝑝𝑟𝑒,𝑍𝐴 of the
two ZA measurements indicated in Figure 3.8.

𝑆𝑁𝑂,𝑍𝐴 = 𝑆̄𝑚𝑎𝑖𝑛,𝑍𝐴 − 𝑆̄𝑝𝑟𝑒,𝑍𝐴 (3.11)

Obtained calibration parameters are applied to determine the concentration time series.
For emission test flights the NOy concentration 𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 at a certain time 𝑡 can be obtained
according to Equation 3.12. 𝑆𝑚𝑎𝑖𝑛(𝑡) is the measured signal in main-chamber mode. 𝑆𝑝𝑟𝑒,𝑖𝑛𝑡.(𝑡)
is the pre-chamber signal at the same time obtained by interpolating through all pre-chamber
sequences within the time series of the respective emission test flight, remembering that a
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pre-chamber measurement of about 60 s is performed roughly every 10 min, as explained in
Subsection 3.2.1. Different than for previous publications the interpolation is obtained through
a polynomial fitting, applying the method of Least Squares to increase accuracy compared to
the conventional, linear approach. Together with determined mean calibration values, the
concentration time series can be established.

𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑡) =

(
𝑆𝑚𝑎𝑖𝑛(𝑡) − 𝑆𝑝𝑟𝑒,𝑖𝑛𝑡.(𝑡) − 𝑆𝑁𝑂,𝑍𝐴

)
𝑚 · 𝜂𝐶

(3.12)

A dilution correction is required to obtain the final NOy concentration. Subsection 3.2.1
outlines that a dilution system is integrated to increase the upper detection limit of the nitrogen
oxide measurement instrument. To convert the measured concentration 𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑡) to
the final concentration 𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙(𝑡), the volume flow of the ZA used for dilution must be
considered. Applying Equation 3.13, 𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙 is determined by calculating the reversed
volume flow fraction of the sample air. 𝑄𝑡𝑜𝑡𝑎𝑙 is the total volume flow within the nitrogen oxide
measurement instrument and 𝑄𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 is the ZA volume flow added by the dilution system.

𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙(𝑡) = 𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑡) ·
𝑄𝑡𝑜𝑡𝑎𝑙

𝑄𝑡𝑜𝑡𝑎𝑙 −𝑄𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
(3.13)

Figure 3.10: NOy and CO2 concentration time series of Flight 1 (02/28/2023).

The NOy concentration time series obtained for Flight 1 (02/28/2023) by following the
outlined procedure is shown in Figure 3.10. In addition, the according CO2 concentration time
series is provided. The figure contains a sequences for which CO2 enhancements are visible
without according NOy values. Those values are taken out of the time series, as the maximum
detection limit is exceeded. During this research this is the case for some plume encounters
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for the high T3 setting, even if compared to a previous study the dilution system is adapted
by increasing the dilution ratio. Received values are not representative and consequently, not
considered.

Background Interpolation
Interpolating NOy- and CO2 background concentrations for plume encounters is necessary
to determine experimental nitrogen oxide emission indices. Above, it is explained how
concentration time series are obtained. According to Section 3.1, it is required to determine the
concentration enhancements during exhaust plume encounters compared to the concentrations
in ambient background conditions. While measuring the concentrations within the plume, no
simultaneous measurements of background concentrations are possible. Thus, an interpolation
using background sequences throughout the emission test flights is required. For the first time,
a Least Squares polynomial fit is applied for this purpose, replacing the in previous studies
applied linear approach. Better results with reduced background uncertainty are expected.

Plume Definition
Once the concentration time series of NOy and CO2, as well as their continuous background
concentrations are known, the individual plume sequences are defined to determine the re-
spective emissions index. As introduced in Section 3.1, the concentration enhancements within
the exhaust plume must be determined. Hence, for each species, the background concentration
time series, obtained as described above, is subtracted from the total concentration time series.
The obtained enhancement is integrated over the respective plume sequence as described by
Equation 3.14 and Equation 3.15, where 𝐴 is the plume start and 𝐵 the plume end. For this
purpose, the numerical integration approach postulated by Simpson is applied (Cartwright,
2017). 𝑁𝑂𝑦,𝑏𝑔𝑟(𝑡) and 𝐶𝑂2,𝑏𝑔𝑟(𝑡) are the background concentration time series of NOy and
CO2, determined as described above.

Δ𝑁𝑂𝑦 =

∫ 𝐵

𝐴

(
𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙(𝑡) − 𝑁𝑂𝑦,𝑏𝑔𝑟(𝑡)

)
𝑑𝑡 (3.14)

Δ𝐶𝑂2 =

∫ 𝐵

𝐴

(
𝐶𝑂2(𝑡) − 𝐶𝑂2,𝑏𝑔𝑟(𝑡)

)
𝑑𝑡 (3.15)

Plume start and plume end are selected for each plume encounter. The plume start is
defined as a point at which the concentration time series of either NOy or CO2 starts to exceed
the background level variation. The plume end is defined as a point at which both time series
have returned to background level variations. This approach ensures that it is accounted
for the full enhancement of both species, considering the different response times of the two
instruments, the difference in tubing length and the difference in inlet position. Figure 3.11
illustrates three selected plume encounters during Flight 1 (02/28/2023) and their respective
plume boundaries.
Specified conditions must be met by each plume to be considered for this research. A minimum
encounter duration of 10 s is defined to ensure that accidental plume crossings do not contribute
to the analysis. This is important as it must be guaranteed that the measurement instrument
inlets depicted in Figure 3.1 are positioned fully within the plume. Further, it must be assured
that the investigated engine is stabilized at the desired condition for the respective test point.
A maximum combustor inlet temperature deviation of ± 3 K within the plume sequence is



38 Chapter 3. In-Flight Nitrogen Oxide Measurements

chosen. However, this is not the case for any encounter of the four flights.

Figure 3.11: NOy and CO2 concentration enhancements with defined plume boundaries during a selected
sequence of Flight 1 (02/28/2023).

3.3.2. Error Analysis
The uncertainty of experimentally determined nitrogen oxide emission indices is assessed in
a statistical manner by applying Gaussian Error Propagation. Equation 3.16 states how the
error is obtained by approximating the first order Tailor series expansion. It must be noted
that both statistical and systematic errors are combined in the presented method, even if the
Gaussian Error Propagation is a purely statistical approach. Still, it is believed to provide a
meaningful error assessment, being equivalent to methods applied in previous aircraft emission
studies (e.g., Stratmann, 2013; Harlass et al., in preparation). A different approach can be to
evaluate statistical and systematic errors individually, however for the sake of comparability
the established method is chosen.

𝐸𝑟𝑟𝑜𝑟 = 𝑠𝐸𝐼(NOx) = ±
[(

𝜕𝐸𝐼 (NOx)
𝜕Δ𝑁𝑂𝑦

𝑠𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙

)2
+
(
𝜕𝐸𝐼 (NOx)
𝜕Δ𝑁𝑂𝑦

𝑠𝑁𝑂𝑦,𝑏𝑔𝑟

)2

+
(
𝜕𝐸𝐼 (NOx)
𝜕Δ𝐶𝑂2

𝑠𝐶𝑂2

)2
+
(
𝜕𝐸𝐼 (NOx)
𝜕Δ𝐶𝑂2

𝑠𝐶𝑂2,𝑏𝑔𝑟

)2

+
(
𝜕𝐸𝐼 (NOx)
𝜕𝐸𝐼(CO2)

𝑠𝐸𝐼(CO2)

)2
+
(
𝜕𝐸𝐼 (NOx)
𝜕𝑀(NO2)

𝑠𝑀(NO2)

)2
+
(
𝜕𝐸𝐼 (NOx)
𝜕𝑀(CO2)

𝑠𝑀(CO2)

)2
] 1

2

(3.16)

The equation indicates that several contributors are considered, covering all terms of
Equation 3.1:
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• Concentration accuracy of both NOy and CO2: 𝑠𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙
and 𝑠𝐶𝑂2

• Background uncertainty of both NOy and CO2: 𝑠𝑁𝑂𝑦,𝑏𝑔𝑟
and 𝑠𝐶𝑂2,𝑏𝑔𝑟

• Uncertainty of determined EI(CO2) values: 𝑠𝐸𝐼(CO2)
• Uncertainty of molar masses of both NO2 and CO2: 𝑠𝑀(NO2) and 𝑠𝑀(CO2)

The accuracy of measured CO2 concentrations is constant with value of 0.221 ppm. The
EI(CO2) uncertainty is determined based on the uncertainty of hydrogen content measurements.
A constant value of 0.1% is determined. The estimated molar mass uncertainties of NO2 and
CO2 are 0.002% and 0.003%. The NOy concentration accuracy, as well as the background
uncertainties of both NOy and CO2 require a more extensive analytical approach. Both methods
are outlined in the following.

Nitrogen Oxide Concentration Accuracy
Different to the accuracy of measured CO2 concentrations, the NOy accuracy is not constant and
scales with the NOy mixing ratio. Lowest values of about 4.9 ppb are obtained at background
concentration levels of 3.5 ppb near the detection limit and highest values of about 450 ppb
are derived for highest encountered concentrations of about 4080 ppb. According to Harlass
et al. (in preparation), three contributors are distinguished and combined, as specified in
Equation 3.17: the uncertainty of the NO mixing ratio within the measurement instrument
𝑠𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

, the uncertainty resulting from the integrated dilution system 𝑠𝑁𝑂𝑦,𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
and an

additional conversion efficiency uncertainty 𝑠𝑁𝑂𝑦,𝐶
relevant for very high concentrations in the

near field. Linear error propagation is applied to derive the individual terms, as explained below.

𝑠𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙
=

√(
𝑠𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

)2
+
(
𝑠𝑁𝑂𝑦,𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛

)2
+
(
𝑠𝑁𝑂𝑦,𝐶

)2
(3.17)

The NO mixing ratio uncertainty 𝑠𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
is quantified considering several contributors:

• Statistical variation of the main chamber count rate: 𝑠𝑆𝑚𝑎𝑖𝑛
• Statistical variation of the pre-chamber count rate: 𝑠𝑆𝑝𝑟𝑒
• Offset uncertainty: 𝑠𝑆𝑁𝑂,𝑍𝐴 (±165 counts)
• Sensitivity uncertainty: 𝑠𝑚 (±95 counts ppb−1)
• Converter efficiency uncertainty (for moderate concentrations): 𝑠𝜂𝐶 (±2.7 %)

As stated in Equation 3.18, linear error propagation is applied (Stratmann, 2013) to obtain a
more conservative estimate.

𝑠𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
=

𝜕𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜕𝑆𝑚𝑎𝑖𝑛
𝑠𝑆𝑚𝑎𝑖𝑛 +

𝜕𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜕𝑆𝑝𝑟𝑒
𝑠𝑆𝑝𝑟𝑒 +

𝜕𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜕𝑆𝑁𝑂,𝑍𝐴
𝑠𝑆𝑁𝑂,𝑍𝐴

+
𝜕𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜕𝑚
𝑠𝑚 +

𝜕𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜕𝜂𝐶
𝑠𝜂𝐶

(3.18)

Uncertainties resulting from the applied dilution system are estimated based on the re-
spective mass flow controller accuracy, as stated in Equation 3.19. 𝑠𝑄𝑡𝑜𝑡𝑎𝑙

is the total volume
flow uncertainty within the instrument and 𝑠𝑄𝑍𝐴

is the uncertainty of the dilution volume flow.
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Again, the more conservative linear error propagation is applied (Stratmann, 2013).

𝑠𝑁𝑂𝑦,𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
=

𝜕𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙

𝜕𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑠𝑁𝑂𝑦,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

+
𝜕𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙

𝜕𝑄𝑍𝐴
𝑠𝑄𝑍𝐴

+
𝜕𝑁𝑂𝑦, 𝑓 𝑖𝑛𝑎𝑙

𝜕𝑄𝑡𝑜𝑡𝑎𝑙
𝑠𝑄𝑡𝑜𝑡𝑎𝑙

(3.19)

For near field measurements an additional uncertainty 𝑠𝑁𝑂𝑦,𝐶
is introduced due to very high

concentrations (Harlass et al., in preparation). It is assumed that NO2 is responsible for about
15% of measured NOy and that the converter only converts 70% to NO. Hence, the remain-
ing 30% are not detected and the resulting uncertainty is determined according to Equation 3.20.

𝑠𝑁𝑂𝑦,𝐶
=

15% · 30%
100% = 4.5% (3.20)

Background Uncertainties
Background uncertainties of both NOy and CO2 are composed of two terms: the standard
deviation of background measurements and the difference between interpolated background
and real background. Equation 3.21 and Equation 3.22 specify how the terms are combined
(Harlass et al., in preparation).

𝑠𝑁𝑂𝑦,𝑏𝑔𝑟
=

√(
𝑠𝑁𝑂𝑦,𝑏𝑔𝑟,𝑠𝑑𝑒𝑣

)2
+
(
𝑠𝑁𝑂𝑦,𝑏𝑔𝑟,𝑚𝑒𝑎𝑛,𝑑𝑖 𝑓 𝑓

)2
(3.21)

𝑠𝐶𝑂2,𝑏𝑔𝑟 =

√(
𝑠𝐶𝑂2,𝑏𝑔𝑟,𝑠𝑑𝑒𝑣

)2
+
(
𝑠𝐶𝑂2,𝑏𝑔𝑟,𝑚𝑒𝑎𝑛,𝑑𝑖 𝑓 𝑓

)2
(3.22)

For each plume the standard deviation is determined for a time-wise close background
sequence. In Subsection 3.3.1 it is explained that an interpolation of the background con-
centration is established to obtain background values during plume encounters. For this,
several background sequences between certain test points are selected to determine an average
concentration over a time of at least 30 s. For each plume encounter the closest of these
background sequences is chosen and the standard deviation is determined. This value is then
used for the respective plume to calculate the background uncertainty. The same procedure is
applied for both NOy and CO2 to determine the terms 𝑠𝑁𝑂𝑦,𝑏𝑔𝑟,𝑠𝑑𝑒𝑣

and 𝑠𝐶𝑂2,𝑏𝑔𝑟,𝑠𝑑𝑒𝑣 .
As the interpolated background is used to determine the plume enhancement of measured
concentrations, the local difference to the real background is considered to determine the back-
ground uncertainty of NOy and CO2. The mean value of the real background over three seconds
is determined directly before the plume encounter and directly after the plume encounter. Both
values are compared to the determined background concentration through interpolation for the
respective plume and the uncertainty terms 𝑠𝑁𝑂𝑦,𝑏𝑔𝑟,𝑚𝑒𝑎𝑛,𝑑𝑖 𝑓 𝑓

and 𝑠𝐶𝑂2,𝑏𝑔𝑟,𝑚𝑒𝑎𝑛,𝑑𝑖 𝑓 𝑓 are established.

3.3.3. Statistical Considerations
Known statistical methods are applied to support the interpretation of obtained data to answer
the posed research questions. Two distinguished hypothesis tests are of interest for this research:
the two-sided T-test and the Mann-Whitney U rank test.
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Two-sided T-test
The T-test according to Welch (1938) is applied to evaluate the statistic significance of experi-
mental observations of this research. It compares the means of two independent sample groups
of unequal variance. The according null hypothesis is that these groups have the same mean.
An important assumption for its application is that analyzed sample groups are normally
distributed. The so-called test statistic 𝑡 is determined according to Equation 3.23, where 𝑥1
and 𝑥2 are the means, 𝑠1 and 𝑠2 the variances, and 𝑛1, as well as 𝑛2 the amount of samples of the
two groups. The higher |𝑡 |, the more likely it is according to the T-test that the null hypothesis
is not true, meaning that there is a statistically significant difference between the means of the
sample groups. Based on the obtained t-value, a p-value 𝑝𝑇 can be derived, describing the
probability that observed sample groups would occur for the null hypothesis of equal means.
A significance level of 𝛼 = 0.05 is selected. Thus, the null hypothesis is rejected for 𝑝𝑇 < 𝛼.
For 𝑝𝑇 > 𝛼 however, the particular sample provides insufficient evidence for rejection. It is
important to note that this result does not prove the null hypothesis.

𝑡 =
(𝑥1 − 𝑥2)√
𝑠2

1
𝑛1

+ 𝑠2
2
𝑛2

(3.23)

Mann-Whitney U Rank Test
The Mann-Whitney U Rank test is another approach to check whether there is a significant
difference between two independent sample groups. Different than the T-test, it is a non-
parametric method, applied in this research to account for the low number of samples. It goes
back to the work of Wilcoxon (1992) and Mann and Whitney (1947). The null hypothesis states
that there is no difference in the tendency of the two sample groups. Hence, it slightly deviates
from the null hypothesis formulated for the T-test comparing the respective means.
The Mann-Whitney U Rank test establishes a ranking, resulting in the test statistic 𝑈 . Sam-
ples of both groups are combined and sorted according to their value. Equation 3.24 and
Equation 3.25 describe how often samples of one group are exceeded by samples of the
other group, where 𝑇1 and 𝑇2 are the sums of the positions in the ranking of the respective
group. Equation 3.26 describes the null hypothesis that there is no difference between the
sample groups, as ranks of both groups are exceeded equally often. Based on the lower 𝑈
value, a p-value 𝑝𝑀𝑊 is established. This value is again compared to the selected signifi-
cance level of 𝛼 = 0.05 and conclusions are drawn in the same manner as explained for the T-test.

𝑈1 = 𝑛1 · 𝑛2 +
𝑛1 · (𝑛1 + 1)

2 − 𝑇1 (3.24)

𝑈2 = 𝑛1 · 𝑛2 +
𝑛2 · (𝑛2 + 1)

2 − 𝑇2 (3.25)

𝑈1 = 𝑈2 (3.26)



42 Chapter 3. In-Flight Nitrogen Oxide Measurements

3.4. Far Field Measurements VOLCAN and ECO-Demonstrator
Near field results are compared to far field measurements. It is explained in Section 1.2
that due to a lack of experience with near field measurements, well-established far field
measurements are conducted for evaluation. This section outlines the applied methods during
two distinguished campaigns to obtain relevant data.
Some differences exist between near and far field tests. Emissions in the far field are measured
several kilometers behind the source aircraft, while near field emissions during VOLCAN
are investigated at a mean distance of about 98m. Due to the higher distance during far
field measurements, the plumes of the source aircraft’s engines are not clearly separated
anymore. Thus, both engines are investigated simultaneously, operating at the same engine
setting. Further, the Mach number during far field measurements is higher, since near field
measurements require a slightly reduced cruise speed due to performance limitations of the
Falcon.
Far field data is obtained during two distinguished emission measurement campaigns. As for
near field data, far field data is collected during the VOLCAN campaign, enabling a comparison
with the same source aircraft equipped with identical engines. In addition, a chase flight
with NASA’s measurement platform DC-8 is performed in the far field of a Boeing 737-10
as a part of the ECO-Demonstrator campaign. Cooperation partners include DLR, NASA,
Boeing and GE Aerospace. Both involved aircraft are shown in Figure 3.12. The Boeing 737-10
is powered by two LEAP-1B engines, incorporating the same combustion technology as the
LEAP-1A engine, investigated during VOLCAN. On board of the DC-8 the same measurement
techniques are applied to sample nitrogen oxide and carbon dioxide concentrations. Hence,
results obtained for VOLCAN can be set in contrast with measurements obtained independently
during a different campaign. In the following, experimental setup and sampling strategy of
both campaigns are presented.

(a) (b)

Figure 3.12: (a) Measurement platform DC-8 (Registration: N817NA) and (b) source aircraft Boeing 737-10
(Registration: N27601), equipped with two CFM LEAP-1B engines - own illustration.

VOLCAN
As a part of VOLCAN, one far field flight is performed to evaluate near field data. Airspace
above the northern Bay of Biscay is used. The route is illustrated in Figure 3.13. As Table 3.11
specifies, Jet A-1 and HEFA SPK are both tested in forced pilot-only, as well as in pilot+main
combustion mode. The chosen cruise combustor inlet temperature setting of both engines is
comparable with mid T3 setting of the near field flights, deviating by about 3 K. The purpose of
the measurements is to identify whether absolute emission indices of near and far field agree
and to analyze if uncertainties are reduced in the near field. During VOLCAN, the far field
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measurement distance ranges from 8.0 to 14.2 km, with a mean of 9.8 km.

Figure 3.13: Route of the Falcon during VOLCAN far field emission test flight (03/22/2023).

Table 3.11: Flight conditions in terms of Mach number 𝑀, flight level 𝐹𝐿 and total air temperature 𝑇𝐴𝑇, as well as
test points in terms of tested engine, tested fuel, combustion mode, T3 setting, mean normalized combustor inlet
temperature Δ𝑇3, mean normalized fuel flow Δ𝐹𝐹 and number of samples 𝑛 during VOLCAN far field test flight

(03/22/2023).

Flight Flight
Conditions

Tested
Engine

Tested
Fuel

Combustion
Mode

T3
Setting

Δ T3
/ K

Δ FF
/ kg h−1

n
/ -

Far Field
VOLCAN

M=0.76±0.007
FL=330±2 ft
TAT=244±1 K

Both
Jet A-1 Pilot only Cruise 3.2±0 49.9±16 18

Pilot+Main Cruise 3.2±0 57.4±10 11

HEFA SPK Pilot only Cruise 3.2±1 35.4±9 16
Pilot+Main Cruise 3.2±0 33.2±11 9

ECO-Demonstrator
During the ECO-Demonstrator campaign one dedicated flight is chosen for comparison with
VOLCAN results. The flight route extends along the Pacific coast of Oregon, United States
of America, as it can be inferred from Figure 3.14. As for the VOLCAN farifield flight, two
fuels are investigated: Jet A-1 and HEFA SPK. Finalized fuel sample analyses are not available
prior publication of this research. Thus, values for 𝐸𝐼(CO2) determined for VOLCAN are
applied. Emission indices are determined at cruise condition, as provided in Table 3.12.
However, it must be noted that engine specific data including combustor inlet temperature
and fuel flow are not available at this point, as the campaign took place in October 2023. Thus,
presented ECO-Demonstrator data is preliminary. Nevertheless, initial data analysis indicates
stabilized engine operating conditions during sampling. The purpose of the measurements
is to investigate if dependencies between engine operation and nitrogen oxides derived from
VOLCAN near field measurements can be confirmed.
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Figure 3.14: Route of the DC8 during ECO-Demonstrator far field emission test flight (10/26/2023).

Table 3.12: Flight conditions in terms of Mach number 𝑀, flight level 𝐹𝐿 and total air temperature 𝑇𝐴𝑇, as well as
test points in terms of tested engine, tested fuel, combustion mode and number of samples 𝑛 during

ECO-Demonstrator far field test flight (10/26/2023).

Flight Flight
Conditions

Tested
Engine

Tested
Fuel

Combustion
Mode n

Far Field
ECO-Demonstrator

M≈0.76
FL≈330
TAT≈218 K

Both
Jet A-1 Pilot+Main 15

HEFA SPK Pilot+Main 8



4
Results and Discussion

This chapter presents and discusses results of the conducted research. While Section 4.1
addresses the first research question with its four subquestions focused on dependencies
between engine parameters and nitrogen oxides, Section 4.2 compares obtained near field
emission indices with far field measurements to answer the second research question.

Disclaimer: Normalized values are used to describe this research’s outcome. As outlined
in Section 3.1, the combustor inlet temperature is proprietary and therefore, values relative to
mid T3 setting are provided. Fuel flow 𝐹𝐹 and nitrogen oxide emission indices 𝐸𝐼(NOx) are
described relative to representative values at mid T3 setting. For the latter, the chosen reference
value 𝐸𝐼(NOx)𝑟𝑒 𝑓 is given below. It is not disclosed in the public version of this thesis.

Continuous color- and shape coding is applied for presented figures. Colors specify the
fuel type burned during the plume sequence of the respective emission index. The circular
shape indicates measurements in forced pilot-only mode, while triangles mark pilot+main
combustion.

4.1. Observed Dependencies between Nitrogen Oxides and Engine
Parameters

This section aims to answer the first research question:

1. Do in situ near field measurements confirm expected dependencies between
engine parameters and NOx emissions?

Four subquestions are defined to investigate the problem, focusing on fuel type, T3
setting, combustion mode and engine degradation. Each subsection from Subsection 4.1.1 to
Subsection 4.1.4 is dedicated to one of these aspects.

4.1.1. Fuel Type
This subsection focuses on the first subquestion:

1.1 Does a change from Jet A-1 to Sustainable Aviation Fuel affect NOx
emissions?

As outlined in Section 3.1, three different SAF blends are compared to Jet A-1 as a part
of this research: 100% HEFA SPK, HEFA SPK+LA and HEFA SPK+HA. Their properties are
specified in Table 3.1. Emissions are measured for different T3 settings, as well as combustion
modes, defined in Table 3.3 and Table 3.4. In the following, normalized emission indices of
each alternative fuel are compared to Jet A-1 individually. A summary discussing the results
with relevant literature is provided.

45



46 Chapter 4. Results and Discussion

HEFA SPK
Nitrogen oxide emissions obtained burning Jet A-1 and HEFA SPK are compared during Flight
4 (03/27/2023). The fuels are tested at mid T3 setting in forced pilot-only and pilot+main
combustion mode. The test matrix with flight conditions is provided in Table 3.9.

At mid T3 setting in forced pilot-only combustion mode, agreement is found between
the normalized emission indices obtained for Jet A-1 and HEFA SPK. The six Jet A-1 plume
encounters shown in Figure 4.1 lead to a meanΔ𝐸𝐼(NOx)of 2.99 g NO2 kg−1. Four measurements
with HEFA SPK result in a mean of 1.76 g NO2 kg−1. As specified in Table 4.1, a deviation Δ

of 1.23 g NO2 kg−1 is identified. Considering that typical absolute values of nitrogen oxide
emission indices lay in the range from 12 to 17 g NO2 kg−1 (Lee et al., 2010), it can be concluded
that the difference is in the order of 7-10%. However, it is shown that combined standard
deviations 𝑠 and combined mean errors 𝐸𝑟𝑟𝑜𝑟 exceed observed discrepancies between the two
sample groups. Hence, no distinct differences can be inferred from presented data.

Figure 4.1: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK at mid T3 setting in
forced pilot-only combustion mode during Flight 4 (03/27/2023), including individual measurement errors 𝐸𝑟𝑟𝑜𝑟,

as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table 4.1: Comparison between Jet A-1 and HEFA SPK at mid T3 setting in forced pilot-only combustion mode
during Flight 4 (03/27/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx),
absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute

difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test
𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 6 2.99 0.74 1.01 1.23 0.187 0.257HEFA SPK 4 1.76 1.03 1.39

Statistical analyses support the described observations. As described in Subsection 3.3.3,
a T-test and a Mann-Whitney U rank test are performed to obtain an additional indication
whether investigated sample groups agree. Table 4.1 shows that a p-value 𝑝𝑇 of 0.187 is
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obtained for the T-test. This value is higher than the chosen significance level of 0.05. Therefore,
the null-hypothesis stating that there is no statistically significant difference between the means
of the two sample groups cannot be rejected. The same conclusion is drawn regarding the
Mann-Whitney U rank test, resulting in a p-value 𝑝𝑀𝑊 of 0.114 and hence, not suggesting that
the groups belong to different populations.

Statistically significant differences between emissions of Jet A-1 and HEFA SPK are observed
at mid T3 setting in pilot+main combustion mode. As illustrated in Figure 4.2, both sample
groups show similar Δ𝐸𝐼(NOx) scattering and two distinctive accumulations of emission
indices are visible. The mean index determined for HEFA SPK is by 1.38 g NO2 kg−1 lower
compared to the Jet A-1 value, as specified in Table 4.2. Engine data does not indicate significant
differences during the respective measurement sequences and both statistical tests suggest to
reject the null hypothesis of equal means, resulting in p-values of 0.006 and 0.014. Thus, even if
determined mean nitrogen oxide emission indices agree within combined standard deviations
and quantified mean measurement errors add up to the observed difference, discrepancies
between the sample groups are significant at the investigated engine setting.

Table 4.2: Comparison between Jet A-1 and HEFA SPK at mid T3 setting in pilot+main combustion mode during
Flight 4 (03/27/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute
mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute difference

between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test 𝑝𝑡 and the
p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 7 3.29 1.18 0.69 1.38 0.006 0.014HEFA SPK 6 1.92 0.79 0.76

Figure 4.2: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK at mid T3 setting in
pilot+main combustion mode during Flight 4 (03/27/2023), including individual measurement errors 𝐸𝑟𝑟𝑜𝑟, as

well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

In summary, Jet A-1 and HEFA SPK are investigated in two different combustion modes
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at the same combustion inlet temperature setting. For both conditions, determined nitrogen
oxide emission indices of the respective fuels agree within the standard deviation of the
sample groups. Considering estimated measurement uncertainties, no distinct discrepancies
can be inferred from the reported results. This interpretation is endorsed by measurements
with two different blends of Jet A-1 and HEFA SPK during Flight 1 (02/28/2023), provided
in Appendix A. However, in one of the two here presented cases, statistically significant
differences are indicated by statistical tests. Thus, minor deviations in nitrogen oxide emissions
between the fuels cannot be excluded. It is observed that normalized mean emission indices
for HEFA SPK are always lower than for Jet A-1.

HEFA SPK+LA
Jet A-1 and HEFA SPK+LA emissions are analyzed at three different T3 settings and in two
different combustion modes. In forced pilot+only combustion mode nitrogen oxides are
quantified at mid, low and high power setting. For pilot+main combustion only mid power
setting is tested. Conditions and test points during the with HEFA SPK+LA measurements
associated Flight 2 (03/11/2023) are provided in Table 3.7.

Very good agreement is found between emissions indices for Jet A-1 and HEFA SPK+LA
when testing the fuels at mid power setting in pilot-only combustion mode. The results
illustrated in Figure 4.3 indicate that the obtained mean values of both sample groups are
almost identical with a difference of 0.04 g NO2 kg−1 as specified in Table 4.3, recalling typical
absolute values for nitrogen oxide emission indices mentioned above. This observation is
underlined by the statistical tests, resulting in very distinctive p-values of 0.960 and 1.000 for
the T and Mann-Whitney U rank test. Shown standard deviations of the sample groups and
measurement errors of the individual indices support that based on the presented data no
significant difference between the emissions of the two fuels can be inferred at the analyzed
setting.

Figure 4.3: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK+LA at mid T3 setting
in forced pilot-only combustion mode during Flight 2 (03/11/2023), including individual measurement errors

𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.
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Table 4.3: Comparison between Jet A-1 and HEFA SPK+LA at mid T3 setting in forced pilot-only combustion mode
during Flight 2 (03/11/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx),
absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute

difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test
𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 4 0.13 1.19 1.03 0.04 0.960 1.000HEFA SPK+LA 4 0.09 1.21 1.26

Measurements at low and high combustor inlet temperature in forced pilot-only mode are
in good agreement with here presented results for mid T3 setting. In both cases the deviation
between the means is lower than 1 g NO2 kg−1 and exceeded by combined standard deviations
of the sample groups, as well as by combined errors of the individual indices. Statistical tests
suggest that there is no statistically significant difference between the compared sample groups.
Detailed results are provided in Appendix A.

As for the HEFA SPK measurements, highest differences between the fuels are obtained
in pilot+main combustion mode. The results provided in Figure 4.4 indicate that emissions
determined for HEFA SPK+LA are by 1.44 g NO2 kg−1 higher than the values for Jet A-1. Both
T and Mann-Whintey U rank test agree in their outcome that there is a statistically significant
difference between the two sample groups, as the p-values reported in Table 4.4 are below the
chosen significance level of 0.05. As for the comparison between Jet A-1 and HEFA SPK, this is
the case even if the mean values of both groups agree within combined standard deviations
and combined mean measurement errors exceed the observed deviation. Hence, as concluded
for measurements with HEFA SPK at the here investigated engine setting, data suggests a
statistically significant difference between the emissions of the tested fuels. A reason for
higher Δ𝐸𝐼(NOx) scattering while burning HEFA SPK+LA compared to Jet A-1 is not found in
available data.

Table 4.4: Comparison between Jet A-1 and HEFA SPK+LA at mid T3 setting in pilot+main combustion mode
during Flight 2 (03/11/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx),
absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute

difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test
𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 6 0.38 1.28 0.68 1.44 0.023 0.026HEFA SPK+LA 6 1.82 1.57 1.07
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Figure 4.4: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK+LA at mid T3 setting
in pilot+main combustion mode during Flight 2 (03/11/2023), including individual measurement errors 𝐸𝑟𝑟𝑜𝑟, as

well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

For all four analyzed engine settings determined nitrogen oxide emission indices of Jet
A-1 and HEFA SPK+LA agree within combined standard deviations and combined errors.
The performed statistical tests do not indicate statistically significant differences between the
fuels, except for measurements at pilot+main mode. Thus, based on the data acquired during
the presented research no difference in nitrogen oxide emissions can be inferred for the two
fuels at in-flight conditions. Nevertheless, minor differences below accuracy and scattering of
presented measurements are possible. These findings agree with the presented outcome for
HEFA SPK measurements. A difference is that here presented means are always higher for the
alternative fuel, while means for HEFA SPK are always lower than for Jet A-1.

HEFA SPK+HA
As for HEFA SPK+LA, HEFA SPK+HA is compared with Jet A-1 in two different combustion
modes at three different T3 settings. Again, mid, low and high power setting are investigated
in forced pilot-only mode and only mid power setting is tested for pilot+main combustion.
Measurements are performed during Flight 3 (03/16/2023). Conditions and test points are
provided in Table 3.8.

At mid power setting in forced pilot-only combustion mode, measurements with Jet A-1
and HEFA SPK+HA do not result in significant differences. Figure 4.5 indicates that emissions
measured while burning HEFA SPK+HA are slightly higher than for Jet A-1. However, the
difference of 1.11 g NO2 kg−1 as specified in Table 4.5 lays within combined standard deviations
of the sample groups. The mean values also agree within the average measurement errors
of the individual indices. Hence, no difference can be inferred from the presented data.
This interpretation is in line with performed statistical tests. P-values of 0.185 and 0.111 are
reported for the T-test and the Mann-Whitney U rank test, being both higher than the selected
significance level.
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Figure 4.5: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK+HA at mid T3
setting in forced pilot-only combustion mode during Flight 3 (03/16/2023), including individual measurement

errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table 4.5: Comparison between Jet A-1 and HEFA SPK+HA at mid T3 setting in forced pilot-only combustion
mode during Flight 3 (03/16/2023), including the number of samples 𝑛, normalized mean emission indices

Δ𝐸𝐼(NOx), absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the
absolute difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from

the T-test 𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 4 -0.38 1.48 1.14 1.11 0.185 0.111HEFA SPK+HA 5 0.73 1.45 1.09

Similar observations are obtained for T3 settings low and high. Statistical tests do not
suggest significant differences between nitrogen oxide emissions of the fuels and observed
differences are lower than combined standard deviations and errors. It must be noted that
for high T3 setting this difference is relatively high with a value of 2.81 g NO2 kg−1, however
it can be attributed to a single measurement point with higher engine instability during the
respective plume encounter.

Different than for previously discussed fuels, comparing nitrogen oxide measurements
with HEFA SPK+HA and Jet A-1 in pilot+main combustion mode indicates clear agreement.
With a difference in reported means of 0.22 g NO2 kg−1 as presented in Table 4.6, the smallest
deviation is obtained compared to the other investigated engine settings with these fuels. For
HEFA SPK and HEFA SPK+LA, discussed above, the difference to Jet A-1 is highest for the
here analyzed combustion mode. As shown in Figure 4.6, the means agree within individual
standard deviations and individual mean errors are higher than the observed discrepancy.
In this case also the statistical tests suggest to not reject the null hypothesis of no significant
difference between the fuels. The opposite is the case when comparing the other two alternative
fuels with Jet A-1 in pilot+main combustion mode.
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Figure 4.6: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK+HA at mid T3
setting in pilot+main combustion mode during Flight 3 (03/16/2023), including individual measurement errors

𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table 4.6: Comparison between Jet A-1 and HEFA SPK+HA at mid T3 setting in pilot+main combustion mode
during Flight 3 (03/16/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx),
absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute

difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test
𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 4 1.51 1.83 0.73 0.22 0.649 0.762HEFA SPK+HA 6 1.73 1.61 0.67

As for HEFA SPK+LA, four different cases are investigated to determine whether nitrogen
oxide emissions differ between burning Jet A-1 and HEFA SPK+HA. All analyzed engine
settings do not result in distinct differences between the two fuels. This is consistently in
agreement with performed T- and Mann-Whitney U rank tests. Thus, burning Jet A-1 or
HEFA SPK+HA does not affect the formation of nitrogen oxides according to the performed
experimental work. As concluded for the other fuels, minor differences below accuracy and
scattering of presented data cannot be excluded. HEFA SPK+HA nitrogen oxide mean indices
are higher than for Jet A-1 in all investigated cases. This behavior is also observed for HEFA
SPK+LA.

Summary Fuel Type versus Nitrogen Oxide Emissions
Three different fuels are compared with Jet A-1: HEFA SPK, HEFA SPK+LA and HEFA
SPK+HA. Measurements are performed at different engine settings in terms of combustor inlet
temperature and combustion mode. All results show that the respective sample groups agree
within the combined standard deviation with differences between the means ranging from 0.04
to 2.8 g NO2 kg−1. Considering that absolute mean measurement errors between 0.6 and 1.8 g
NO2 kg−1 are observed, supports this perspective. In addition, statistical tests are performed,
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not suggesting significant differences in nitrogen oxide emissions between the compared fuels
in eight of ten cases. Hence, based on data collected during this research no major differences
in nitrogen oxide emissions due to the combustion of different fuels can be derived. It is noted
that HEFA SPK mean emission indices are lower than Jet A-1 in all analyzed settings, while the
two HEFA SPK blends consistently lead to mean emissions higher than for Jet A-1.
The observation of no distinct differences in nitrogen oxide emissions for the tested fuels is in
line with ground-based experimental studies. Khandelwal et al. (2019) do not find significant
discrepancies testing Jet A-1, SPK and different blends of the two. Similar results are reported
by Fujiwara et al. (2020), not identifying effects on nitrogen oxide emissions burning HEFA
SPK and JET A-1 in different combustor types. Nevertheless, other publications identify slight
reductions in emitted nitrogen oxides comparing SPK fuels with Jet A-1. Lobo et al. (2012)
state by about 5% lower emissions for a coal-to-liquid SPK fuel. However, differences in the
order of 5% are not detectable with the applied methodology, given that mean errors lay in the
range from 3.5 to 15% when comparing the range of absolute error values specified above with
typical absolute emission indices between 12 and 17 g NO2 kg−1 (Lee et al., 2010). Thus, more
accurate nitrogen oxide or carbon dioxide emission measurement principles are necessary
to detect discrepancies in this order of magnitude by reducing systematic errors. Enhanced
chasing procedures with more distinct plume encounters can lead to better statistics.
Differences between the mean nitrogen oxide indices do most likely not result from fuel bound
nitrogen. The two exceptional cases with statistical tests indicating significant deviation between
the sample groups occur in pilot+main combustion mode (lean). At this mode differences due to
fuel bound nitrogen resulting from possibly lower nitrogen content in SPK fuels are most likely
according to theory presented in Subsection 2.2.2. Nevertheless, measurements in pilot+main
mode with Jet A-1 and HEFA SPK+HA disagree with this observation. Minor differences in
fuel bound nitrogen might exist as a result of the respective production procedures of Jet A-1
and HEFA SPK: while raw crude oil used for fossil fuels contains small amounts of nitrogen,
this can be avoided when converting feedstocks from biomass as for synthetic HEFA SPK
(Blakey, Rye and Wilson, 2011; Undavalli et al., 2023). However, Gleason and Martone (1980)
and Blakey, Rye and Wilson, 2011 argue that also for Jet A-1 fuel bound nitrogen is negligible.
Fuel sample analyses with regard to fuel bound nitrogen are not available for the presented
research, but can support the discussion in future experimental work.
Constant over- or undershooting of Jet A-1 mean nitrogen oxide emissions by the respective
alternative fuels in all analyzed settings is not explained by the fuels’ hydrogen content.
Experimental measurements by (Gleason and Martone, 1980) indicate a correlation between
fuels’ hydrogen to carbon ratio and emitted nitrogen oxides. The effect is assigned to the
ratio’s effect on flame temperature, influencing the dominant thermal NO formation path (see
Section 2.2). This path is sensitive to the activation energy required to break the strong bond of
nitrogen molecules (Warnatz, 2001). According to the hydrogen content of the here investi-
gated fuels, specified in Table 3.1, all alternative fuels should result in lower nitrogen oxide
emissions than Jet A-1 if there would be a significant effect. However, only measurements with
100% HEFA SPK undershoot Jet A-1 mean indices. Hence, no distinct correlation between ni-
trogen oxide emissions and hydrogen to carbon ratio can be established from the presented data.

The following answer to the first subquestion is formulated:

In situ measurements do not detect distinct differences in nitrogen oxide
emissions for the tested fuels. Minor differences below the measurement accuracy
cannot be excluded.
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4.1.2. Combustor Inlet Temperature
This subsection addresses the second subquestion:

1.2 Do measured NOx emissions increase exponentially with combustor inlet
temperature?

In this research normalized nitrogen oxide emission indices are determined for four different
T3 settings, specified in Table 3.3: very low, low, mid and high. While the mid setting is
investigated during all emission test flights, the remaining settings are tested during selected
flights only. Since Subsection 4.1.1 indicates no significant impact of fuel type on nitrogen
oxide emissions, determined means for the respective T3 settings do not distinguish between
the tested fuels. Presented measurements are performed in forced pilot-only combustion mode.
This subsection first presents observed dependencies between nitrogen oxide emissions and
T3 for each of the four conducted near field emission test flights individually. In the end, a
correlation is established covering all measurements.

Combustor Inlet Temperature Analysis Flight 1 (02/28/2023)
Measurements during Flight 1 (02/28/2023) confirm that a reduction in combustor inlet
temperature results in decreased formation of nitrogen oxides. The mean emission index
determined for seven plume encounters at mid power setting, illustrated in Figure 4.7, is by 3.77
g NO2 kg−1 higher than the mean of -4.24 g NO2 kg−1 obtained for six plume encounters at low
power setting, as it can be inferred from data reported in Table 4.7. The difference in combustor
inlet temperature is 28 K. Theory presented in Subsection 2.2.2 agrees with the outcome as a
reduction in combustor inlet temperature goes along with reduced flame temperature. Thus,
less nitrogen molecules of ambient air directed into the combustor are split up and available
for oxidation. The formation rate of thermal NO is lowered. Other NO formation paths are
affected by a change in flame temperature as well, however the effect on the thermal mechanism
is believed to be dominant (Warnatz, 2001). Therefore, measurements during Flight 1 confirm
that a reduction in combustor inlet temperature results in decreased formation of nitrogen
oxides.

Figure 4.7: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) at low and mid T3 setting in forced pilot-only
combustion mode during Flight 1 (02/28/2023), including individual measurement errors 𝐸𝑟𝑟𝑜𝑟, as well as the

mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each T3 setting.
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Table 4.7: Comparison between low and mid T3 setting in forced pilot-only combustion mode during Flight 1
(02/28/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute mean

emission index errors 𝐸𝑟𝑟𝑜𝑟 and absolute standard deviations of the sample groups 𝑠.

T3
Setting

n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

Very Low - - - -
Low 6 -4.24 0.77 0.95
Mid 7 -0.48 1.23 0.35
High - - - -

Combustor Inlet Temperature Analysis Flight 2 (03/11/2023) and Flight 3 (03/16/2023)
Results obtained for Flight 2 (03/11/2023) and Flight 3 (03/16/2023) agree with the outcome
of Flight 1. The flights are analyzed together, since the same combustor inlet temperature
settings are tested. As Figure 4.8 illustrates, a clear increase in nitrogen oxide emissions with
T3 is obtained for both emission test flights. It can be inferred from Table 4.8 that for Flight
2 emissions increase by 5.20 g NO2 kg−1 from a Δ𝐸𝐼(NOx) value of -5.09 g NO2 kg−1 at low
T3 setting to 0.238 g NO2 kg−1 at mid T3 setting. From mid to high T3 an increase of 9.53 g
NO2 kg−1 is quantified. For Flight 3 increments of 4.20 and 10.74 g NO2 kg−1 are determined,
respectively, as Table 4.9 shows. Differences in emission rise between the T3 settings observed
during the respective flights lay within standard deviations and errors. Thus, measurements of
both flights agree to a great extend. Further, the data reveals that the nitrogen oxide emission
gradient increases with rising T3, since for the same step size of 28 K, emission indices increase
more from mid T3 to high T3 than from low T3 to mid T3. This behavior is in line with
literature, as an exponential relation between the dominant thermal NO formation path and
flame temperature is suggested by Lefebvre and Ballal (2010).
It can be inferred from presented data that Δ𝐸𝐼(NOx) scattering increases with power setting.
For Flight 2 specified standard deviations increase from 0.70 g NO2 kg−1 at low power setting to
3.37 g NO2 kg−1 at high power setting. A similar behavior is observed during Flight 3. Engine
stability data does not indicate significant differences between the analyzed settings. The reason
can lay in the applied nitrogen oxide measurement technique, as absolute errors increase with
rising concentration. Further, higher vibrations and a slightly more dynamic chase procedure
with increasing T3 setting can contribute to the noted differences. Another explanation can be
a change in turbulent plume mixing with increasing combustor inlet temperature.

Table 4.8: Comparison between low, mid and high T3 setting in forced pilot-only combustion mode during Flight 2
(03/11/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute mean

emission index errors 𝐸𝑟𝑟𝑜𝑟 and absolute standard deviations of the sample groups 𝑠.

T3
Setting

n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

Very Low - - - -
Low 8 -5.09 1.02 0.70
Mid 8 0.11 1.20 1.06
High 8 9.64 1.71 3.37
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Table 4.9: Comparison between low, mid and high T3 setting in forced pilot-only combustion mode during Flight 3
(03/16/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute mean

emission index errors 𝐸𝑟𝑟𝑜𝑟 and absolute standard deviations of the sample groups 𝑠.

T3
Setting

n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

Very Low - - - -
Low 10 -3.96 1.01 1.13
Mid 9 0.24 1.47 1.19
High 7 10.98 1.67 3.30

(a) (b)

Figure 4.8: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) at low, mid and high T3 setting in forced
pilot-only combustion mode during (a) Flight 2 (03/11/2023) and (b) Flight 3 (03/16/2023), including individual
measurement errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each T3

setting.

Combustor Inlet Temperature Analysis Flight 4 (03/27/2023)
Nitrogen oxide emission indices for the very low T3 setting determined during Flight 4
(03/27/2023) are not fully in line with the expected correlation between emissions and
combustor inlet temperature. As Table 4.10 specifies, values of -6.75 g NO2 kg−1 and 2.49 g
NO2 kg−1 are reported for the T3 settings very low and mid - an increment of 9.24 g NO2 kg−1

for a step of 52 K. If previously reported increments in nitrogen oxide emission indices between
the settings low and mid, a change of 28 K, are compared to these values, it can be inferred that
the measurements of Flight 4, illustrated in Figure 4.9, do not support the expected increase in
nitrogen oxide emission slope with T3. However, it must be considered that as provided in
Table 4.10, the statistical basis for measurements at the lowest investigated power setting is
limited due to a lack of plume encounters.
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Figure 4.9: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) at very low and mid T3 setting in forced
pilot-only combustion mode during Flight 4 (03/27/2023), including individual measurement errors 𝐸𝑟𝑟𝑜𝑟, as well

as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each T3 setting.

Table 4.10: Comparison between very low and mid T3 setting in forced pilot-only combustion mode during Flight
4 (03/27/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute mean

emission index errors 𝐸𝑟𝑟𝑜𝑟 and absolute standard deviations of the sample groups 𝑠.

T3
Setting

n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

Very Low 3 -6.75 0.75 0.03
Low - - - -
Mid 10 2.49 0.85 1.27
High - - - -

Correlation
An exponential correlation between nitrogen oxide emission indices and combustor inlet
temperature can be established based on data acquired during the presented research. As
not all power settings are investigated during all flights and as a more extensive data basis is
preferred, weighted means covering pilot-only measurements of all flights at the respective
power setting are included to determine the relationship between emissions and T3. Very
similar flight conditions during the flights, specified in Table 3.6 to Table 3.9, support this
approach: maximum deviations in terms of total air temperature, pressure altitude and
Mach number are ≈ 4 K, 3000 ft and 0.04. It is expected that accuracy and precision of the
measurements exceed resulting discrepancies in emissions (Aygun and Turan, 2023). Figure 4.10
illustrates the logarithm of the obtained weighted mean emission indices in an arbitrary unit
due to confidentiality. A linear regression is established by applying the method of Least
Squares. Since all points lay very close to the regression curve, a linear relation between
combustor inlet temperature and the logarithm of determined emissions can be inferred. The
interpretation is supported by the quantified coefficient of determination 𝑅2 with a value of
0.98. Thus, experimentally determined emission indices increase exponentially with combustor
inlet temperature. The obtained correlation is provided in Equation 4.1, not being disclosed in
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the public version of this thesis.

Figure 4.10: Established linear regression (𝑅2 = 0.98) for the logarithm of weighted total mean emission indices in
an arbitrary unit at different T3 settings in pilot-only combustion mode covering all near field flights.

(4.1)

The established regression and measurements agree. Figure 4.11 shows each flight’s mean
emission indices relative to the reference value 𝐸𝐼(NOx)𝑟𝑒 𝑓 and weighted means covering all
measurements at the respective power setting. The curve resulting from the linear regression
matches the data. It overestimates two mean values, while underestimating the remaining
two slightly. For all points the curve lays within the standard deviation, except for the lowest
power setting with limited data basis. Thus, it is concluded that the collected data follows an
exponential relationship.

Findings agree with literature. Ground-based experimental studies find exponential
correlations between combustor inlet temperature and nitrogen oxide emissions. He, Chang
and Follen (2015) investigate a lean direct injection combustor. An exponential relationship
between combustor inlet temperature is reported and linear regression slopes are in the same
order of magnitude as the value presented in Equation 4.1. A summary of ground based
experimental measurements for different turbofan engines presented in Lipfert (1972) also
indicates a strong dependency between combustor inlet temperature and nitrogen oxide
emissions and an exponential relationship can be inferred from the presented correlation.
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Figure 4.11: Obtained exponential relationship between normalized nitrogen oxide emission indices and T3 setting
in pilot-only combustion mode covering all near field flights.

The following answer to the second subquestion is formulated:

Near field data collected during this work shows that measured nitrogen
oxide emissions increase exponentially with combustor inlet temperature when
operating in forced pilot-only combustion mode.

4.1.3. Combustion Mode
This subsection investigates the third subquestion:

1.3 Does lean combustion reduce NOx emissions?

Normalized emission indices for two different combustion modes are compared at mid T3
setting. The first investigated combustion mode is forced pilot-only. The combustor runs at
100% pilot injection, hence burning rich. As introduced in Section 3.1, the mode is normally
not active at the selected T3 setting. Hence, this operating condition is not reached along the
engine’s conventional operation envelope. The second tested combustion mode is pilot+main,
representing the normal operating condition of the combustor at the selected T3 setting. Pilot
and main injectors are active and combustion is primarily lean. In the following, the results
obtained during all four near field emission test flights are presented and discussed together.
As in Subsection 4.1.2, it is assumed that there is no significant difference between the fuels
when determining mean emission indices.
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(a) (b)

(c) (d)

Figure 4.12: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for forced pilot-only and pilot+main
combustion mode at mid T3 setting during (a) Flight 1 (02/28/2023), (b) Flight 2 (03/11/2023), (c) Flight 3

(03/16/2023) and (d) Flight 4 (03/27/2023), including individual measurement errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean
emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each combustion mode. Note different fuel flow axis

interval for Flight 4.

Mean emission indices indicate no distinct differences in nitrogen oxides between the
two combustion modes. Figure 4.12 compares normalized nitrogen oxide emissions obtained
for forced pilot-only and pilot+main combustion mode for all four conducted emission test
flights. Starting with Figure 4.12 (a), it is observed that during Flight 1 (02/28/2023) emissions
for the two combustion modes deviate by 1.89 g NO2 kg−1, with a mean Δ𝐸𝐼(NOx) value
of -0.48 g NO2 kg−1 for forced pilot-only and a mean Δ𝐸𝐼(NOx) value of 1.42 g NO2 kg−1

for pilot+main mode. The results of statistical tests, reported in Table 4.11, suggest that the
indices obtained for the two modes are not from the same population, since reported p-values
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are below the selected level of significance. Further, the means only agree slightly within
the standard deviation. However, taking a closer look at the distribution of the determined
emission indices in Figure 4.12 (a) shows very high 𝐸𝐼(NOx) scattering in the pilot+main
measurements compared to the forced pilot-only sample group. This can possibly be explained
by the two highest pilot+main indices obtained while burning Jet A-1, as comparably high
engine instability values in terms of combustor inlet temperature are determined. Hence, it
can be argued that emissions of both combustion modes might agree at continuous stable
conditions. Combined mean errors exceed the reported difference in mean Δ𝐸𝐼(NOx) between
the sample groups.

Table 4.11: Comparison between forced pilot-only and pilot+main combustion mode at mid T3 setting during
Flight 1 (02/28/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute
mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute difference

between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test 𝑝𝑡 and the
p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Comb. Mode n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Pilot-Only 7 -0.48 1.23 0.35 1.89 0.007 0.005Pilot+Main 10 1.42 1.08 1.71

Measurements of the remaining three flights are in line with observations from Flight
1. Results of Flight 3 (03/16/2023) indicate a similar difference between the mean emission
indices of the combustion modes. Table 4.13 shows by 1.4 g NO2 kg−1 higher emissions for
pilot+main combustion mode. As for Flight 1, statistical tests suggest no agreement even if
the discrepancy lays within combined standard deviations and each of the two mean errors
exceeds the observed difference. In this case however, engine stability data does not provide
any explanation. Nevertheless, measurements during Flight 2 (03/11/2023) and Flight 4
(03/27/2023) show lower differences in nitrogen oxide emissions between the combustion
modes, as specified in Table 4.12 and Table 4.14, while for both flights the two statistical tests
fail to reject the null hypothesis. Thus, it is concluded that all together, no significant difference
in nitrogen oxide emissions between forced pilot-only and pilot+main combustion mode can
be inferred from measurements conducted during the four emission test flights.

Table 4.12: Comparison between forced pilot-only and pilot+main combustion mode at mid T3 setting during
Flight 2 (03/11/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute
mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute difference

between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test 𝑝𝑡 and the
p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Comb. Mode n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Pilot-Only 8 0.11 1.20 1.06 0.99 0.0652 0.0979Pilot+Main 12 1.10 1.42 1.14
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Table 4.13: Comparison between forced pilot-only and pilot+main combustion mode at mid T3 setting during
Flight 3 (03/16/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute
mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute difference

between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test 𝑝𝑡 and the
p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Comb. Mode n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Pilot-Only 9 0.24 1.47 1.19 1.40 0.009 0.025Pilot+Main 10 1.64 1.70 0.66

Table 4.14: Comparison between forced pilot-only and pilot+main combustion mode at mid T3 setting during
Flight 4 (03/27/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute
mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute difference

between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test 𝑝𝑡 and the
p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Comb. Mode n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Pilot-Only 10 2.49 0.85 1.27 0.16 0.740 0.975Pilot+Main 13 2.66 1.00 0.99

Results do not agree with expectations from literature. From information provided in
Section 2.2 it can be inferred that the staging from rich combustion mode, with fuel injection only
through the pilot, to lean combustion, with fuel injection through both main and pilot, results
in a sharp drop in nitrogen oxide emissions (Foust et al., 2012). This behavior is confirmed by
ground based emission measurements for different settings of a LEAP-1B engine (Moore, in
preparation; Boeing ecoDemonstrator Science and Engineering Team, in preparation). Thus, it
is expected that lower emissions would be obtained for pilot+main combustion while operating
at the same combustor inlet temperature. This cannot be inferred from the presented data,
showing no distinct differences in emissions between a forced pilot-only and the conventional
pilot+main combustion mode. Hence, two hypotheses can be derived: either there is no staging
effect at flight conditions encountered during the measurements or the forced pilot-only mode
also results in reduced emissions at the selected T3 setting.
It is unlikely that the first hypothesis is true. There is no publication discussing the sensitivity
of reduced nitrogen oxide emissions through staging to certain flight conditions. Thus, it is
assumed that the principles described by Foust et al. (2012) and Stickles and Barrett (2013) are
valid for all ambient conditions and Mach numbers. It is possible that at constant combustor
inlet temperature, effects of pressure due to different flight levels or air speeds influence the
equivalence ratio distribution within the combustion chamber, but it is unlikely that the staging
effect in canceled completely due to the flight conditions during the measurements. As the
pilot+main mode is not forced, but normally active at the investigated engine setting, it is more
likely that similar emissions are obtained due to the forced nature of the investigated pilot-only
mode.
More insights are required to fully understand why no difference in emissions is observed
between the modes. It is possible that a reduction in nitrogen oxide emissions is also obtained
for forced pilot-only combustion. It is worth considering that also for rich combustion NO
formation rates are reduced due to a decrease in flame temperature, compared to stoichiometric
combustion (Lefebvre and Ballal, 2010). However, it is difficult to identify, how the equivalence
ratio is distributed within the combustion chamber, since all excess air is directed into the
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combustor in the primary zone and no continuous mixing with excess air along the combustion
chamber is present, as it would be the case for a Rich-Quench-Lean engine. Further, interaction
effects within the combustor at an operating condition outside the operation envelope cannot
be excluded. Hence, to completely understand the results, a simulation of both the forced
pilot-only and the conventional pilot+main mode might be helpful to establish a valid compari-
son between measurements and theory. A Computational Fluid Dynamics (CFD) analysis can
deliver useful insights.
To conclude, due to the setup of this study with a forced pilot-only mode for particular matter
emission quantification, it is not possible to confirm that the lean combustion mode of a
lean burn engine results in the desired reduction in nitrogen oxide emissions. Additional
measurements at operating points within the operation envelope just before and just after
staging are necessary to determine whether in situ measurements can confirm a drop in
nitrogen oxide emissions when switching from rich to lean.

The following answer to the third subquestion is derived:

Due to the measurement strategy, sampling emissions with engine settings
outside the operation envelope of the CFM LEAP-1A installed on an Airbus
A321neo, the results cannot confirm that pilot+main combustion reduces nitrogen
oxide emissions.

4.1.4. Engine Degradation
This subsection analyzes the fourth subquestion:

1.4 Does engine degradation affect NOx emissions?

As a part of this research emissions from two different, but technically identical engines are
investigated. While ENG 2 is the default engine used for measurements to discuss subquestions
1-3, ENG 1 measurements are only used to analyze the variability of emissions for two different
engines of the same type, but a different degree of degradation. The deviation in EGTM
is specified in Table 3.5. ENG 1 is exclusively tested burning Jet A-1. The data of ENG 2
includes measurements of both Jet A-1 and HEFA SPK. As motivated before, plume encounters
with both fuels are assigned to the same sample group to increase statistics, since no distinct
differences in NOx emissions are identified in the presented study. In the following, both
engines are compared in forced pilot-only and in pilot+main combustion mode.

Comparing nitrogen oxide emission indices of ENG 2 and ENG 1 at mid power setting in
pilot-only combustion mode results in notable differences. The measurements are presented in
Figure 4.13 (a). It is shown that the mean index quantified for ENG 2 exceeds the representative
value by 2.49 g NO2 kg−1, while a value of 6.46 g NO2 kg−1 is determined for ENG 1. The
difference of 3.96 g NO2 kg−1 does not lay within the combined standard deviation of both
sample groups and the results of performed statistical tests, specified in Table 4.15, indicate
that the measurement points do not belong to the same sample group, both undercutting
the significance level of 0.05. Also the combined mean errors do not add up to the observed
deviation in emissions. Thus, ENG 1 with a 15 K lower EGTM emits more nitrogen oxides
than ENG 2, according to reported data. Nevertheless, it must be considered that with only
four plume encounters the statistical basis for emissions of ENG 1 is relatively small together
with a significant 𝐸𝐼(NOx) scattering. This scattering possibly occurs due to higher engine
instability for the measurement sequence with the highest reported emission index of 8.78 g
NO2 kg−1. For this specific plume encounter standard deviations of fuel flow and combustor
inlet temperature are about three times higher than for the remaining samples of the group.



64 Chapter 4. Results and Discussion

Table 4.15: Comparison between ENG 2 and ENG 1 at mid T3 setting in forced pilot-only combustion mode during
Flight 4 (03/27/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute
mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute difference

between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test 𝑝𝑡 and the
p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Engine n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

ENG 2 10 2.49 0.85 1.27 3.96 0.013 0.002ENG 1 4 6.46 1.30 1.77

(a) (b)

Figure 4.13: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for ENG 2 and ENG 1 obtained from
measurements at mid T3 setting during Flight 4 (03/27/2023) in (a) forced pilot-only and (b) pilot+main

combustion mode, including individual measurement errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx)
and the standard deviation 𝑠 for each engine.

In pilot+main combustion mode smaller differences in nitrogen oxide emissions are observed
between the two engines. The mean obtained for ENG 1 measurements exceeds the mean of
ENG 2 by only 1.336 g NO2 kg−1, compared to 3.964 g NO2 kg−1 in forced pilot-only combustion
mode, as it can be inferred from Figure 4.13 (b) and Table 4.16. Agreement is found within
combined standard deviations and measurement errors. This interpretation is underlined by
the p-value of 0.110, reported by the T-test. However, the Mann Whitney U rank test suggests
that the measurements belong to two different populations, resulting in a p-value below
the chosen significance level. As it is found for the engine comparison in forced pilot-only
combustion mode, the measurements for ENG 1 show higher 𝐸𝐼(NOx) scattering. In this case
no distinct reason arises from engine stability data. Considering that the observed difference
in 𝐸𝐼(NOx) is smaller than in forced pilot-only mode and the disagreement of the statistical
tests, pilot+main data does not provide an explicit indication whether there is a difference in
nitrogen oxide emissions between the two engines.
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Table 4.16: Comparison between ENG 2 and ENG 1 at mid T3 setting in pilot+main combustion mode during
Flight 4 (03/27/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx), absolute
mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute difference

between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test 𝑝𝑡 and the
p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Engine n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

ENG 2 13 2.66 1.00 0.99 1.34 0.110 0.036ENG 1 6 3.99 1.26 1.65

Results agree with expectations from literature. Apostolidis and Stamoulis (2021) describe
that exhaust gas temperature margin is an indicator for the thermal efficiency of an engine. Since
thermal efficiency is affected by contamination inside the engine and mechanical deterioration,
the amount of emitted nitrogen oxides can increase with a decreasing exhaust gas temperature
margin value: Lukachko and Waitz (1997) model nitrogen oxide emissions of turbofan engines
and simulate deterioration effects through adapted engine component efficiencies. It is found
that fan, LPC, HPC and LPT degradation can lead to an increase in emitted nitrogen oxides,
while aging of the HPT can result in a reduction. Further, nitrogen oxide increments are related
to increased fuel flow at reduced cycle efficiency. The here reported data for forced pilot-only
mode is in line with this understanding: significantly higher emissions are obtained for ENG 1,
having a lower exhaust gas temperature margin. Thus, it is likely that degradation is the reason
for the observations. Higher fuel flow values for ENG 1 support this interpretation, indicating
higher efficiency for ENG 2. Operating at the same combustor inlet temperature, more energy
is needed by ENG 1, resulting in a higher flame temperature at the same T3 setting. Hence, the
thermal NO production rate increases and higher nitrogen oxide emission indices are obtained.
The presented results for pilot+main mode indicate the same tendency. However, according
to quantified standard deviations and the performed T-test, the outcome is not significant.
More certainty can be achieved through detailed analysis of engine components and individual
engine history, providing more specific insights than exhaust gas temperature margin only.
Investigating literature shows that there is need for further research on this topic. No publica-
tion comparing experimentally determined nitrogen oxide emissions of engines with a different
degree of degradation is found. Nevertheless, it is essential to quantify in how far emissions
among technically identical engines can vary due to aging to determine more accurate emission
inventories. Thus, more experimental work dedicated to the described effects is suggested to
increase availability of empirical data.

The following answer to the fourth subquestion is formulated:

Based on performed measurements it is likely that engine degradation affects
nitrogen oxide emissions, noting that available engine status information is
limited.

4.2. Comparison with Far Field Measurements
Previously, only near field measurements at a mean distance of 98m between chase and source
aircraft are analyzed. This section compares obtained results with well-established far field
chase flights at distances of several kilometers, to answer the second research question:

2. Do near field measurements agree with observations in the far field?
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Far field measurements are conducted as a part of two different campaigns: VOLCAN
and ECO-Demonstartor. During VOLCAN, far field data is acquired for the exact same
engines investigated in the near field. It is analyzed whether the absolute emission indices
obtained in the two setups agree. Additional measurements are performed as a part of the
ECO-Demonstrator campaign in October 2023. It is checked whether dependencies between
nitrogen oxides and engine operation obtained during VOLCAN can be confirmed by another,
independent emission test campaign.

4.2.1. VOLCAN Far Field Results
This subsection covers the first subquestion of the second research question, focusing on
VOLCAN far field measurements:

2.1 Do emission indices derived from near and far field measurements during
the VOLCAN campaign agree?

An extensive set of near field measurements is performed as a part of the VOLCAN campaign.
During the same campaign, one dedicated far field flight is performed for comparison.
Differences between the methods are outlined in Section 3.4. Jet A-1 and HEFA SPK are
investigated and results obtained for both methods are set in contrast for forced pilot-only
mode and for pilot+main combustion. Error contributors are analyzed. Near field Flight 1
(02/28/2023) is chosen for comparison, as ambient conditions are most similar to the conducted
far field flight.

Forced Pilot-Only Mode - Near Field versus Far Field
Near field results of Flight 1 agree with measurements in the far field. Figure 4.14 presents
emission indices obtained in forced pilot-only mode while burning Jet A-1 and HEFA SPK.
Near field results are illustrated in Figure 4.14 (a), while the outcome of the dedicated far
field flight is provided in Figure 4.14 (b). As specified in Table 4.17, obtained mean values
only deviate slightly by 0.562. Considering very high errors along with very high standard
deviations for reported far field measurements, exceeding the respective values of the near
field by factors of ≈4.6 and ≈13.0, results are in very good agreement. This can also be inferred
from presented p-values of the performed T- and Mann Whitney U rank test, being higher than
the selected significance level of 0.05. A more detailed analysis of estimated errors is provided
below.

Table 4.17: Comparison between VOLCAN near field measurements during Flight 1 (02/28/2023) at mid T3 setting
in forced pilot-only combustion mode and VOLCAN far field measurements (03/22/2023) at cruise T3 setting in

forced pilot-only combustion mode, including the number of samples 𝑛, normalized mean emission indices
Δ𝐸𝐼(NOx), absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the
absolute difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from

the T-test 𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Setup n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Near Field 7 -0.48 1.23 0.35 0.56 0.459 0.544Far Field 34 -1.04 5.59 4.31
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(a) (b)

Figure 4.14: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for (a) VOLCAN near field measurements
during Flight 1 (02/28/2023) at mid T3 setting in forced pilot-only combustion mode and (b) VOLCAN far field

measurements (03/22/2023) at cruise T3 setting in forced pilot-only combustion mode, including individual
measurement errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each

experimental setup.

Presented results are in line with expectations. It can be inferred from Table 3.6 and
Table 3.11 that conditions during the flights in terms of pressure altitude, total air temperature
and Mach number deviate by 1000ft, 0.5K, and 0.16. Since the power setting is selected in terms
of combustor inlet temperature, deviating by 3 K between near and far field measurements,
no significant changes in emissions are expected due to temperature. However, changes in
total pressure at the engine’s inlet might affect emissions. Lower static pressure due to the
slight increase in cruise altitude for far field measurements reduces nitrogen oxide emissions,
while an increase in Mach number by 0.16 increases dynamic pressure at the inlet and hence,
emissions. According to findings by Aygun and Turan (2023), applying P3-T3, as well as fuel
flow methods, the effect of increasing Mach number is dominant and higher emissions in the
order of 1-2 g NO2 kg−1 are likely for far field measurements. Nevertheless, it is not expected
to detect distinct discrepancies, considering measurement accuracy and precision, especially of
the far field setup.
No differences in measured nitrogen oxide emissions are expected due to deviations in plume
age. As presented in Table 4.18, the mean far field plume age is significantly higher than for the
near field. This leads to more oxidization of emitted nitrogen oxides due to mixing with ambient
air (Schumann, 1997). However, as a converter is implemented in the measurement setup as
described in Section 3.2, species resulting from oxidization are still detected. Considering the
converter efficiency of 99.1% determined by instrument calibrations, no differences in measured
emissions are expected due to plume aging.

Table 4.18: Mean plume age during VOLCAN near and far field measurements.

Setup Mean Plume Age / s
Near Field 0.5
Far Field 47.9
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Pilot+Main Mode - Near Field versus Far Field
A comparison between near- and far field measurements in pilot+main mode provided in
Figure 4.15 agrees with the outcome for forced pilot-only mode. Table 4.19 specifies by 1.941
g NO2 kg−1 lower emissions for far field measurements. However, as for forced pilot-only
plume encounters, determined errors and standard deviations are relatively high in the far
field. Therefore, agreement is found within standard deviations and errors. This perspective is
underlined by performed statistical test, both not suggesting statistically significant differences
between the two sample groups. As explained above, this outcome is expected and agrees
with literature (Aygun and Turan, 2023; Schumann, 1997).

Table 4.19: Comparison between VOLCAN near field measurements during Flight 1 (02/28/2023) at mid T3 setting
in pilot+main combustion mode and VOLCAN far field measurements (03/22/2023) at cruise T3 setting in

pilot+main combustion mode, including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx),
absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute

difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test
𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Setup n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Near Field 10 1.42 1.08 1.71 1.94 0.062 0.129Far Field 20 -0.52 6.19 3.76

(a) (b)

Figure 4.15: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for (a) VOLCAN near field measurements
during Flight 1 (02/28/2023) at mid T3 setting in pilot+main combustion mode and (b) VOLCAN far field

measurements (03/22/2023) at cruise T3 setting in pilot+main combustion mode, including individual
measurement errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each

experimental setup.

Estimated Uncertainties - Near Field versus Far Field
Boundary conditions lead to higher measurement errors in the far field setup. The presented
comparative analysis between near- and far field emission indices shows that significantly
higher scattering and measurement errors are obtained for the latter. Figure 4.16 quantifies the
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relative error contribution of measurement accuracy and background uncertainty for both NOy
and CO2 concentrations. Their quantification is outlined in Section 3.3. Errors due to estimates
for molar masses and the assumed carbon dioxide emission index are negligible. It is shown in
Figure 4.16 (a) that for near field errors main contributors are the CO2 background uncertainty
and measurement accuracy of both CO2, as well as NOy concentrations. However, for far field
errors characterized in Figure 4.16 (b), NOy related uncertainties are insignificant. The reason
is that due to a relatively low increase in concentrations above the background in the far field
plume and an in general lower relative rise in CO2 compared to NOy, local CO2 background
fluctuations are in the same order of magnitude than the plume increase. This leads to very
high background uncertainties. Further, the constant error in CO2 concentration gains weight
with reduced emission intensity compared to the concentration-dependent NOy error. Higher
absolute measurement errors in the far field can be attributed to the described effects.

(a) (b)

Figure 4.16: Relative contribution of uncertainty terms to total error of individual emission indices during (a)
VOLCAN near field Flight 1 (02/27/2023) and (b) VOLCAN far field flight (03/22/2023), including data for both

forced pilot-only and pilot+main combustion mode.

Summary Near Field versus Far Field
Emission indices based on measurements in the far field are compared with results obtained
for near field Flight 1. For both forced pilot-only mode and pilot+main mode agreement is
found. Compared to determined errors and obtained standard deviations in the far field,
the difference in mean emission indices is relatively low. Statistical tests do not suggest
statistically significant differences between the two measurement setups. The outcome fulfills
the expectation that there are no distinct differences in emissions between near and far field,
since slight discrepancies in power setting and ambient conditions cannot be identified with
the applied methodology. Hence, it is proven that near field measurements are suitable to
investigate nitrogen oxide emissions. Further, it is shown that due to higher signals relative to
background concentrations, higher accuracy with less scattering is enabled. The following
answer is formulated to the first subquestion of the second research question:

Absolute nitrogen oxide emissions of near and far field measurements agree
during VOLCAN. The near field setup leads to lower uncertainties.
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4.2.2. ECO-Demonstrator Far Field Results
This subsection focuses on the second subquestion:

2.2 Are NOx dependencies observed during VOLCAN confirmed by far field
emission measurements during the ECO-Demonstrator campaign?

Four different factors are investigated regarding their impact on nitrogen oxide formation
by conducting near field in situ measurements during the campaign VOLCAN: fuels, T3,
combustion mode and engine degradation. This subsection analyzes if far field data acquired
for a comparable engine during the ECO-Demonstrator campaign confirms established de-
pendencies. The focus is on fuel type only, since data availability does not allow for an
investigation with regard to other parameters at this point. Section 3.4 outlines the setup of the
ECO-Demonstrator campaign.

Disclaimer: Provided results are preliminary. To avoid wrong conclusions in comparison
with VOLCAN data, a not specified reference value is applied for normalization.

Determined emission indices for Jet A-1 and HEFA SPK do not indicate significant differences
in nitrogen oxide emissions. Figure 4.17 illustrates determined preliminary emission indices
for both fuels and their respective means. As specified in Table 4.20, the means deviate by
0.61 g NO2 kg−1. This difference is comparable with values obtained for VOLCAN near field
measurements, presented in Subsection 4.1.1. Considering provided standard deviations, it
can be inferred that emission indices of both fuels agree. This interpretation of the data is
supported by reported p-values for performed statistical tests, clearly exceeding the chosen
significance level of 0.05 and hence, not indicating significant differences between the sample
groups. Thus, as for discussed near field measurements, it can be concluded that within
accuracy and precision of the applied methods, no statistically significant differences between
nitrogen oxide emissions of the tested fuels can be inferred.
Absolute nitrogen oxide emission indices based on measurements agree with predictions. An
analysis is performed by GE Aerospace, comparing not normalized values of the here presented
data with values derived by a not disclosed, internal prediction method. For the investigated
flight configuration, experimental and predicted emissions are in line.

Table 4.20: Comparison between Jet A-1 and HEFA SPK in pilot+main combustion mode during a dedicated
ECO-Demonstrator far field flight (10/26/2023), including the number of samples 𝑛, normalized mean emission

indices Δ𝐸𝐼(NOx), absolute standard deviations of the sample groups 𝑠, the absolute difference between
normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test 𝑝𝑡 and the p-value
resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 . Note that a different reference value is applied for emission

index normalization than for VOLCAN results.

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 15 0.32 1.98 0.61 0.331 0.651HEFA SPK 8 -0.29 0.94
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Figure 4.17: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK in pilot+main
combustion mode during a dedicated ECO-Demonstrator far field flight (10/26/2023), including the mean

emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel. Note that a different reference value is
applied for emission index normalization than for VOLCAN results.

Comparing obtained standard deviations of the analyzed VOLCAN and ECO-Demonstrator
far field flights indicates differences in scattering. Taking a closer look at determined standard
deviations shows that for ECO-Demonstrator measurements less spread in NOx emission
indices is present. The reason is a more stable CO2 background with more distinguished
concentration enhancements during plume encounters. The significance of this parameter
during far field flights can be inferred from Figure 4.16 (b), providing its contribution to
estimated uncertainties during VOLCAN. For ECO-Demonstrator, uncertainty terms are not
quantified at this point. It must be noted that for both campaigns only one selected far field
flight is investigated. During other flights this might not be true, as background stability
depends on meteorological parameters.

The following answer to the second subquestion is formulated based on the presented
results:

For investigated dependencies between nitrogen oxide emissions and fuel
type, VOLCAN near field measurements agree with ECO-Demonstrator far field
results.





5
Conclusions

In this work, dependencies between engine parameters and nitrogen oxide emissions are
investigated to simplify design choices for future, climate-friendly propulsion concepts. For
the first time, in situ near field measurements are performed for different settings of a
CFM LEAP-1A engine at cruise conditions, using DLR’s research aircraft Falcon. Nitrogen
oxide emission indices are determined and correlations regarding fuel type, combustor inlet
temperature, combustion mode and engine degradation are analyzed. Well-established far
field measurements are conducted for comparison.

5.1. Answers to Research Questions
Two research questions are defined with their respective subquestions and the following
answers are derived:

1. Do in situ near field measurements confirm expected dependencies between
engine parameters and NOx emissions?

1.1 Does a change from Jet A-1 to Sustainable Aviation Fuel affect NOx emissions?
→ In situ measurements performed within the framework of this thesis do not reveal distinct

differences in nitrogen oxide emissions comparing different SAF blends with Jet A-1.
Minor deviations below the measurement accuracy cannot be excluded.

1.2 Do measured NOx emissions increase exponentially with combustor inlet temperature?
→ Data collected during this work clearly shows that in a forced rich burn mode measured

nitrogen oxide emissions increase exponentially with combustor inlet temperature, as
expected based on literature.

1.3 Does lean combustion reduce NOx emissions?
→ This subquestion cannot be fully answered based on available data. Due to the measure-

ment strategy, which involves sampling of emissions with engine settings outside the
operation envelope of the LEAP-1A installed on an Airbus A321neo, the results cannot
confirm that lean combustion reduces nitrogen oxide emissions.

1.4 Does engine degradation affect NOx emissions?
→ Based on performed measurements it is likely that engine degradation affects nitrogen

oxide emissions, noting that available engine status information is limited.

⇒ In situ measurements confirm expected NOx emission dependencies regarding
fuel type, combustor inlet temperature setting and engine degradation. The
results indicate that the sampling strategy must be adapted to study the effect of
lean combustion.

73
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2. Do near field measurements agree with observations in the far field?

2.1 Do emission indices derived from near and far field measurements during the VOLCAN
campaign agree?

→ The comparison between absolute nitrogen oxide emissions of near and far field mea-
surements during VOLCAN shows very good agreement. The near field setup leads to
significantly lower uncertainties.

2.2 Are NOx dependencies observed during VOLCAN confirmed by far field emission
measurements during the ECO-Demonstrator campaign?

→ ECO-Demonstrator far field results confirm that similar to VOLCAN near field mea-
surements, no dependency between nitrogen oxide emissions and fuel type can be
inferred.

⇒ This work shows that results from near field measurements agree very
well with observations in the far field. The near field setup allows for a
significant reduction in measurement uncertainties due to higher concentration
enhancements.

Reported results provide relevant insights in nitrogen oxide dependencies. It can be
concluded from conducted in-flight measurements that introducing SAFs is not compromised
by nitrogen oxide emissions, since no distinct differences are observed compared to Jet A-1.
For the first time, the exponential relationship between combustor inlet temperature and the
formation of nitrogen oxides is confirmed based on in-flight measurements, underlining the
significance of the thermal NO formation mechanism to the design of low emission combustors.
An attempt is made to confirm the reduction in nitrogen oxides through fuel staging. Analysis
reveals that the applied sampling strategy is not suitable and must be improved. Comparing
emissions of two different but technically identical engines indicates that aging processes must
be considered to improve inventories. The presented study adds significant data to extremely
rare in-flight nitrogen oxide emission measurements and is besides one additional publication
in preparation the only work reporting near field nitrogen oxide emission data.
A comparison to well-established far field measurements shows that the applied near field setup
is suitable to reduce uncertainties when quantifying nitrogen oxide emissions. Showing very
good agreement in terms of absolute values, less scattering and reduced mean uncertainties by
more than 78% are observed in the near field. Hence, it is the preferred method to be applied
for future nitrogen oxide emission measurements. Preliminary ECO-Demonstrator far field
data shows a very similar outcome comparing emissions while burning Jet A-1 and HEFA SPK.
Thus, results of two distinguished campaigns agree that based on in situ measurements, no
difference in nitrogen oxide emissions can be inferred due to a change in fuel type.

5.2. Recommendations
Several recommendations are derived based on the presented research. Increased accuracy
is required to quantify minor differences in nitrogen oxide emissions between certain engine
settings. Results show that even if uncertainties are reduced through measuring in the near
field, possible differences in emitted nitrogen oxides between the fuels are below measurement
accuracy. For future studies, nitrogen oxide and carbon dioxide measurement instruments
optimized for high concentrations in near field plumes are suggested. Currently, the same
instrumentation is applied for far and near field measurements, requiring coverage of an
extensive emission range. In addition, an increase in measurement time and number of
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plume encounters would allow for better statistics and hence, facilitate the detection of minor
differences.
An improved sampling strategy is suggested to investigate the effect of fuel staging on nitrogen
oxide emissions. It is shown that a forced pilot-only mode designed for a different testing
purpose is not suitable to assess whether emissions are reduced through lean combustion. It is
recommended to perform measurements at power settings along the engine’s conventional
operation envelope. With test points just before and just beyond staging, it can be quantified if
there is a difference between pilot-only and pilot+main injection. Parallel carbon monoxide
measurements are of interest, as a possible reduction in their oxidation due to lean premixed
combustion can result in increased emissions.
Further experimental work is recommended to increase insight in nitrogen oxide emission
variability among technically identical engines. Provided data indicates differences in emissions
for engines deviating in their exhaust gas temperature margin. To establish a correlation, the
number of investigated engines at different degradation states must be increased. Detailed
engine component analysis along with measurements can provide useful insights.
It is important to expand available in-flight emission data. Due to the high complexity of in situ
measurements at cruise conditions and required capabilities, there is a lack of statistics. It is
suggested to conduct further measurements covering as many engine types as possible. As for
a thorough analysis of data collected during the ECO-Demonstrator campaign, it is expected
that additional measurements increase certainty in aviation’s climate impact.
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A
Fuel Type versus Nitrogen Oxide
Emissions: Additional Analyses

Jet A-1 and HEFA SPK Blends

Figure A.1: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK blends at mid T3
setting in forced pilot-only combustion mode during Flight 1 (02/28/2023), including individual measurement

errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table A.1: Comparison between Jet A-1 and HEFA SPK blends at mid T3 setting in forced pilot-only combustion
mode during Flight 1 (02/28/2023), including the number of samples 𝑛, normalized mean emission indices

Δ𝐸𝐼(NOx), absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the
absolute difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from

the T-test 𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 Dominant 4 -0.29 1.15 0.30 0.45 0.089 0.114HEFA Dominant 3 -0.73 1.33 0.25
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Figure A.2: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK blends at low T3
setting in forced pilot-only combustion mode during Flight 1 (02/28/2023), including individual measurement

errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table A.2: Comparison between Jet A-1 and HEFA SPK blends at low T3 setting in forced pilot-only combustion
mode during Flight 1 (02/28/2023), including the number of samples 𝑛, normalized mean emission indices

Δ𝐸𝐼(NOx), absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the
absolute difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from

the T-test 𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 Dominant 3 -3.76 0.63 0.99 0.96 0.303 0.700HEFA Dominant 3 -4.72 0.91 0.26
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Figure A.3: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK blends at mid T3
setting in pilot+main combustion mode during Flight 1 (02/28/2023), including individual measurement errors

𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table A.3: Comparison between Jet A-1 and HEFA SPK blends at mid T3 setting in pilot+main combustion mode
during Flight 1 (02/28/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx),
absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute

difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test
𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 Dominant 6 2.03 0.98 1.90 1.53 0.132 0.352HEFA Dominant 4 0.50 1.22 0.95
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HEFA SPK+LA

Figure A.4: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK+LA at low T3 setting
in forced pilot-only combustion mode during Flight 2 (03/11/2023), including individual measurement errors

𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table A.4: Comparison between Jet A-1 and HEFA SPK+LA at mid T3 setting in forced pilot-only combustion
mode during Flight 2 (03/11/2023), including the number of samples 𝑛, normalized mean emission indices

Δ𝐸𝐼(NOx), absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the
absolute difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from

the T-test 𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 4 -5.16 1.04 0.47 0.15 0.791 0.486HEFA 4 -5.01 1.00 0.96
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Figure A.5: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK+LA at high T3
setting in forced pilot-only combustion mode during Flight 2 (03/11/2023), including individual measurement

errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table A.5: Comparison between Jet A-1 and HEFA SPK+LA at high T3 setting in forced pilot-only combustion
mode during Flight 2 (03/11/2023), including the number of samples 𝑛, normalized mean emission indices

Δ𝐸𝐼(NOx), absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the
absolute difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from

the T-test 𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 4 9.41 1.69 2.73 0.45 0.868 1.000HEFA 4 9.86 1.74 4.35
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HEFA SPK+HA

Figure A.6: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK+HA at low T3
setting in forced pilot-only combustion mode during Flight 3 (03/16/2023), including individual measurement

errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table A.6: Comparison between Jet A-1 and HEFA SPK+LA at low T3 setting in forced pilot-only combustion mode
during Flight 3 (03/16/2023), including the number of samples 𝑛, normalized mean emission indices Δ𝐸𝐼(NOx),
absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the absolute

difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from the T-test
𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 5 -4.35 0.96 0.59 0.79 0.311 0.600HEFA 5 -3.56 1.06 1.45
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Figure A.7: Normalized nitrogen oxide emission indices Δ𝐸𝐼(NOx) for Jet A-1 and HEFA SPK+HA at high T3
setting in forced pilot-only combustion mode during Flight 3 (03/16/2023), including individual measurement

errors 𝐸𝑟𝑟𝑜𝑟, as well as the mean emission index Δ𝐸𝐼(NOx) and the standard deviation 𝑠 for each fuel.

Table A.7: Comparison between Jet A-1 and HEFA SPK+HA at high T3 setting in forced pilot-only combustion
mode during Flight 3 (03/16/2023), including the number of samples 𝑛, normalized mean emission indices

Δ𝐸𝐼(NOx), absolute mean emission index errors 𝐸𝑟𝑟𝑜𝑟, absolute standard deviations of the sample groups 𝑠, the
absolute difference between normalized mean emission indices of the sample groups Δ, the p-value resulting from

the T-test 𝑝𝑡 and the p-value resulting from the Mann-Whitney U rank test 𝑝𝑀𝑊 .

Fuel n
/ -

∆EI(NOx)
/ g NO2 kg−1

Error
/ g NO2 kg−1

s
/ g NO2 kg−1

∆
/ g NO2 kg−1

pT
/ -

pMW
/ -

Jet A-1 3 9.38 1.79 0.97 2.81 0.266 0.400HEFA 4 12.19 1.56 4.09
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