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Summary

With growing concerns about air quality around airports and runways, this research develops a jet plume
model to predict how pollutants disperse in these environments. Data from the model will be compared
with experiments conducted at Schiphol Airport to provide insight into the performance of the model.
The jet plume model was created using the COMSOL CFD multiphysics engine. This resulted in the
calculation of the velocity and pressure profiles of the flow. The specific species studied being NO,
NO2 and CO. The different operational and environmental variables are described and established as
input parameters for the model. A time-dependent study is chosen to be able to simulate the plume
over a given time period. Plume identification is performed using a threshold concentration limit value
set at 2.5% of the peak value. This allows the analysis of the plume. Two different characteristics of the
plume are examined. The first is the width of the plume, which can be determined using the previously
constructed concentration threshold. The second is the peak contaminant concentration. In addition,
different types of plume cross-sections were analysed and a mean value approach was chosen.

The complete model is subjected to a sensitivity analysis, where all the different parameters are ex-
amined to understand their effect on the model. The results showed that the ambient wind speed had
the greatest effect on the plume. For every 1m/s increase in wind speed, the plume width decreased
by an average of 3.49%. Another finding was that increasing the input concentration did not lead to a
wider plume. Only the plume peak became higher. In addition, another variable that strongly affected
the plume width and, thus, the concentration value was the aircraft velocity component. An increase of
1 m/s meant that the plume width increased by 3.36%.

The model plume widths were compared with the plume widths collected at the measurement site.
For both arrivals and departures, the mean plume widths of the model and experiments were in relative
agreement. The simulation of plumes from arriving aircraft resulted in a mean plume of 203.34 metres,
while the measurements showed a mean of 217.17 metres. The measurements of departing aircraft
show a mean width of 229.34 metres, and the simulations 234.33 metres. The discrepancies can be
seen by looking at the variance of the two sets of data. The standard deviation of the measurements is
86.05 metres for departures and 73.21 metres for arrivals. The model shows a much smaller variance,
i.e. the standard deviation is 17.33 for departures and 49.16 for arrivals. This discrepancy in variance
is probably due to the fact that variable parameters in real life are translated into constants in the model,
for example, wind speed and aircraft speed.

The results for the concentration values showed a specific flaw in the input concentrationmethod. When
considering medium and smaller aircraft, the results showed concentrations for all pollutants, CO, NO
and NO2, that were in the same range as the simulations. The method was unable to produce a work-
able approach for larger aircraft, as this resulted in a value well in excess of the measurements. This
was the case for both arrivals and departures. This indicates that this method has the potential to quan-
tify and simulate the pollutants associated with the landing and take-off cycles of small to medium-sized
aircraft.
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1
Introduction

According to the International Civil Aviation Organisation, the demand for air transport is expected to
show a steady growth of 4,3% per annum over the next 20 years [27]. This growth will also fuel an
increase in the emissions contributed by aviation. Aircraft emissions hurt the health and well-being of
human populations. It has been studied that 16000 premature deaths can be directly linked to emis-
sions of PM2.5 and ozone that are aviation-attributed [5, 66]. A quarter of these premature deaths are
caused by the Landing and Take-off (LTO) cycles [66]. These cycles account for high local peak levels
of air pollution near the airports as they are emitted at a low altitude and in relative proximity to the urban
areas. This phenomenon has been confirmed by multiple studies which describe the relationship be-
tween the growth in airport activity and the population density around the airport. It has been estimated
that if the activity at a specific airport would grow by 10% the population density would increase by 3.8%
within a 7.5 km radius of the airfield [12]. This highlights the significance of the research regarding local
air quality.

Airports do not only have negative effects. Airports are also important economic catalysts, bringing
in billions of dollars and boosting local and regional economies [21]. Air quality worries near airports,
however, can hurt the commercial climate and property prices. Due to worries about air pollution, busi-
nesses near airports may find it difficult to recruit and keep personnel, and property values in polluted
areas may decrease. This could result in a drop in economic activity, negating the airport’s beneficial
economic effects. The air around airports needs to be cleaner if sustainable economic growth is desired.
This may result in putting in place regulations to restrict emissions from planes and other ground-based
sources, encouraging the use of different forms of transportation, and making investments in clean en-
ergy technologies. Communities benefit from this as it still promotes economic growth while protecting
the health of the human residents.

Atmospheric and environmental conditions impact the emissions during Landing and Take-off cycles.
It is important to accurately assess the air quality near the airports to develop strategies to mitigate the
potential impact of aircraft emissions. This has to start at the origin of the pollutants: the jet engine.
The emissions from the jet engine develop into a plume consisting of gaseous pollutants such as HOx,
NOx, and CO. In addition, particulate matter is emitted through the plume [41]. Both of these aspects
must be evaluated carefully to quantify the air quality.

1.1. Thesis Objective
Quantifying the air quality near the airport can be seen as very significant. There are different ways to
tackle this objective. One of these is using jet plume models. This models the plume that is emitted
from the jet engine and predicts its development and evolution. There are many different methods for
modelling jet engine plumes, each with strong points and shortcomings [68, 4]. This project aims to
develop a model that accurately describes the jet plume development and dispersion of pollutants of
aircraft taking off and landing at Schiphol Airport. In addition to the plume model, data will be used with
the help of low-cost sensors placed along the runway at Schiphol to validate and compare the results
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from the model. This data will contain information about the concentration of the different pollutants
and particulate matter that are present in the air. The data can be used to further optimise and validate
the plume model. Improving the modelling of the plume results in the fact that projections of pollution
dispersion would be more precise, allowing for better strategies for mitigating air pollution around air-
ports. The low-cost sensor measurements thus play an important role in validating the jet plume model.
The main research objective will be as follows:

”How effectively does the jet plume model developed for quantifying aircraft-attributable emissions
replicate the observed experimental data collected at Schiphol?”

This research question will be supported by three research questions.

1. How sensitive is the model to variations in ambient and operational conditions, and what impact
do these factors have on the accuracy of its predictions?

2. Is the model able to accurately predict the plume width from the aircraft compared to the experi-
mental measurements at Schiphol Airport?

3. How well do pollutant concentration levels predicted by the jet plume model match the experimen-
tally observed concentrations for different types of aircraft pollutants?

1.2. Outline of the Report
The report can be seen as a summary of all the work done to carry out this research. Chapter 2 provides
the background information necessary to understand the context of this study. Chapter 3 consists of
the construction of the plume model. Subsequently, the model is subjected to a sensitivity analysis,
which can be seen in Chapter 4. In Chapter 5, the data from the model are presented, where the
plume widths and concentration values from the model are compared with the measurements. Finally,
Chapter 6 presents the conclusions drawn from the study and recommends improvements for future
research.



2
Background

This chapter aims to give the necessary background information for the thesis. Aviation Attributable
Emissions are discussed. The various pollutants that aeroplanes emit, such as carbon dioxide, nitrogen
oxides, sulfur dioxide, particulate matter, and others, are described. The chapter also looks at how
operational factors like aircraft type, altitude, and weather might affect the quantity and makeup of these
pollutants. The chapter concludes by exploring the effects of these pollutants on the environment and
public health and illustrating the importance of ongoing initiatives to mitigate aviation’s environmental
impact.

2.1. Types of Pollutants
Aviation emits two different forms of emissions into the atmosphere: gaseous pollutants and particu-
late pollution. Compounds like carbon monoxide, nitrogen oxides, and sulfur dioxide are examples of
gases that can be harmful to the environment and human health [36]. On the other hand, fine parti-
cles suspended in the air, like soot and dust, make up particulate matter. In particular, when inhaled,
these particles can be hazardous to both human health and the environment [5]. The main distinction
between particulate matter and gaseous pollutants in aviation is that particulate matter is frequently
created by the combustion of gasoline and other materials in the engine, whereas gaseous pollutants
are typically emitted from the engines themselves [50].

2.2. Gaseous Pollutants
The first type of pollutants that are studied are gaseous pollutants. The gaseous pollutants find their
origin in the engine of the aircraft. During the combustion process, various pollutants are formed and
emitted. To analyse this, it is important to understand the combustion process in the jet engine. When
fuel and air are combined in a jet engine and ignited, combustion takes place, the energy that is released
powers the turbine and moves the aircraft forward. Combustion can often be divided into ideal or
complete combustion and actual combustion. These two combustion processes refer to an idealized,
theoretical situation and the imperfect, real-world circumstances that can impact combustion in a jet
engine.

2.2.1. Combustion Process
The combustion process is the origin of most of the pollutants that are attributed to aviation. Therefore,
looking at what takes place during that process will help us understand the different chemical compo-
nents that are emitted. If a perfect fuel-air mixing and instantaneous burning of all the fuel molecules
were assumed, it would be considered ideal combustion. As a result, there are no waste products or
byproducts and all the energy will go towards forming the thrust the aircraft needs. The theoretical tem-
perature and pressure produced by ideal combustion serve as a standard against which to compare
actual performance [16].

On the other hand, actual combustion involves several variables that may have an impact on the com-
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bustion process, including incomplete fuel and air mixing and pollutants or impurities in the fuel. These
aspects may cause less effective combustion, which could result in pollutants such as carbon monox-
ide, unburned hydrocarbons, nitrogen oxides as well as certain fuel molecules that are not completely
burnt. The temperature and pressure of the combustion gases can also be lowered due to incomplete
combustion, which will reduce the turbine’s efficiency and the engine’s overall performance [51].

The ideal and actual combustion processes can be described using the following chemical formulas.
Important to note that these are not balanced as this depends on the fuel type.

CnHm + S+O2 + N2 −−→ CO2 + H2O+ N2 +O2 + SO2 (2.1)

Equation 2.1 illustrates the chemical formula of an ideal combustion process in the engine [36]. The
air intake of the engine is characterized by the moleculesO2+N2. The fuel is depicted as a combination
of carbon and hydrogen atoms: CnHm. The chemical compound S means sulfur, which can be present
in a low amount in aircraft fuel.

CnHm + S+O2 + N2 −−→ CO2 + H2O+ N2 +O2 + SOx + NOx + Soot+ HC+ CO (2.2)

Equation 2.2 shows what the combustion process of a jet engine actually looks like [36]. As can be
seen, there are more by-products compared to the ideal combustion process in Equation 2.1.

2.3. ICAO Modes
The amount of emissions an aircraft emits depends onwhich phase of flight it is. As with a take-off, some
pollutants are more present than others. To distinguish these different phases ICAO has constructed
four different modes [26]. These phases are linked to the Landing and Take-off cycle (LTO). An LTO
occurs at low altitudes and, therefore, has a significant impact on the local air quality [20]. Therefore,
this is the most important part of a flight to consider when evaluating the local air quality near airports.
The LTO cycle defined by ICAO is set below an altitude of 915 metres [26].

2.3.1. LTO Cycle Modes
The different modes are listed in Table 2.1. The mode with the highest thrust setting is the Takeoff
mode. Here the thrust is used to provide the aircraft with lift during takeoff and initial climb. In this
mode, the engine must be capable of providing the maximum amount of power while maintaining a
high level of efficiency. This is important to ensure that the aircraft can take off safely and reach a safe
altitude promptly. It is important to note that here, the thrust setting is set at 100%. However, in real-life
operations, this is often not the case. This is mainly due to engine lifetime and cost-efficiency reasons,
the take-off thrust could be as low as 60% [26]. The approach mode describes the aircraft descending
and approaching the runway, thus a low thrust percentage is needed. At the beginning of the flight,
the aircraft is in idle mode. During this mode, the engine operates at a low power setting to conserve
fuel and minimize noise. However, it must still provide enough power to operate the aircraft’s auxiliary
systems, such as air conditioning, hydraulic pumps, and electrical generators. In this mode, the engine
is also required to provide sufficient thrust for the aircraft to move forward and steer on the ground,
which is needed when the aircraft needs to taxi to the runway. The idle mode is combined with the taxi
mode of the aircraft taxiing to the runway. Both of these phases require a low amount of thrust, 7%.
Therefore, they are grouped [37]. The last mode is the climb mode, which happens after the aircraft
has taken off. The aircraft climbs to the cruise altitude, and the end of the climb mode is, as mentioned,
at an altitude of 915 metres. An important remark regarding these modes is that it is a simplification,
this can be seen that for example the change from take-off mode to climb mode is modelled with an
instantaneous change in thrust setting, from 100% to 85%.
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Operating phase Time-in-mode (minutes) Thrust setting (% of rated thrust)
Approach 4.0 30

Taxi and ground idle 26.0 (7.0 in, 19.0 out) 7

Take-off 0.7 100

Climb 2.2 85

Table 2.1: ICAO Modes [26]

The different modes thus describe how the thrust setting differs in the aircraft. The thrust setting, in
combination with the Time-in-mode, can help with the calculation of the exact emission of the plane.

2.3.2. Reverse Thrust
In addition to the different ICAOmodes, it is important to consider another phenomenon: reverse thrust.
To slow down an aircraft during landing, pilots can use reverse thrust, which allows them to direct the
engine’s thrust forward rather than backward. An airplane approaches the runway during a landing at
a relatively high speed, and it is the pilot’s job to slow the plane down before impact. To guarantee that
the aircraft can land safely within the allotted landing distance, the speed must be reduced. It is not
always used due to safety concerns, like a shorter runway. Sometimes, it is more efficient for aircraft to
use a taxiway that is positioned higher up the runway, which requires the airplane to reduce its speed
at a higher rate. Altering the angle of the engine exhaust provides a force that pushes back against
the plane’s motion, slowing it down, and this is used to apply reverse thrust. When reverse thrust is
activated, the air is pushed towards the front of the airplane. As a result, the engine thrust reduces the
aircraft’s speed by acting in the opposite direction of the aircraft’s motion. Depending on the type of
aircraft, its weight, and the landing circumstances, different amounts of thrust are used during reverse
thrust. However, the average amount of push used for reverse thrust is about 30%. There are also
more modern jet engines which can produce a reverse thrust of about 30-55% [1]. A study on landings
at a US airport concluded that the average time of reverse thrust is around 16 seconds [49]. This
phenomenon is important to consider as a reverse thrust sequence can drastically alter the amount of
pollutants emitted.

2.3.3. Fuel to Air Ratio
In addition to the different ICAO modes described in section 2.3 other factors are important when con-
sidering aviation-attributable emissions. Depending on the level of flight, aircraft engines are built to
operate at certain air-fuel ratios.

In aircraft, the fuel-to-air ratio (FAR) is important to understand. One of the key aspects that illustrate
this is the equivalence ratio (ϕ). The equivalence ratio is a dimensionless ratio used in combustion
engineering to compare the stoichiometric fuel-air mixture ratio. The stoichiometric mixture is the ideal
proportion of fuel and air needed to achieve complete combustion, which means that all of the fuel is
consumed by the air, leaving no unburned fuel [24]. The equivalence ratio is defined using Equation 2.3.

ϕ =
( FAR )Actual

( FAR )stoichiometric
=

(mfuel/mox)Actual
(mfuel /mox)stochiometric

(2.3)

In equation Equation 2.3 is shown how ratio can be calculated. To be able to compare both the
actual and stoichiometric ratios, the masses of both situations are needed. mfuel represents the mass
of the fuel used both in the stochiometric equation and the actual. The same is done for the oxygen,
mox. If the actual fuel-air ratio is less than the stoichiometric ratio, the equivalence ratio is less than
1, and the mixture is called lean. If the actual fuel-air ratio is greater than the stoichiometric ratio, the
equivalence ratio is greater than 1, and the mixture is called rich. If the actual fuel-air ratio is precisely
equal to the stoichiometric ratio, the equivalence ratio is equal to 1, and the mixture is called stoichio-
metric [24].
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The equivalence ratio plays a crucial role in determining the species and amount of pollutants emit-
ted from an aircraft engine. At lean equivalence ratios (less than one), the combustion temperature
is relatively low, resulting in incomplete combustion of the fuel. This leads to the production of high
amounts of unburned hydrocarbons (UHCs) and carbon monoxide (CO), which are harmful pollutants.
On the other hand, at rich equivalence ratios (greater than one), the combustion temperature is high,
leading to the production of nitrogen oxides (NOx), which are also harmful pollutants. Thus, it is es-
sential to maintain an optimum equivalence ratio during aircraft operations to minimize the emission
of pollutants and ensure better air quality. In taxi mode, the equivalence ratio used is relatively lean,
as the engine is operated at a low power setting to conserve fuel and minimize noise. This process is
shown in Figure 2.1.

Figure 2.1: Impact of the Equivalence ratio on the species of pollutants emitted [31]

The equivalency ratio is normally set to a value larger than 1, which is referred to as a fuel-rich mix-
ture, during the takeoff mode. To make sure the engine generates enough power to lift off the ground
and ascend to a greater height, this is done. A mixture that is high in fuel, however, also generates
additional pollutants, such as carbon monoxide and unburned hydrocarbons [25].

The equivalency ratio is normally set to a value around 1, which is referred to as a stoichiometric
mixture when the vehicle is in cruise mode. This is done to guarantee that the engine runs as efficiently
as possible while emitting as few emissions as possible. In this setting, the engine produces an equal
amount of nitrogen oxides and carbon dioxide, which are less damaging to the environment than other
emissions [25].

If the airplane is in idle mode, the equivalency ratio is normally adjusted to a value less than 1, also
known as a lean mixture. In doing so, it is possible to lower fuel use and pollutants while maintaining
auxiliary system functionality.

It’s important to keep in mind that for the aircraft to run safely and efficiently, the right air-fuel ratio
must be maintained. A poor air-fuel ratio can damage or even ruin an engine while also raising pollu-
tants and fuel consumption. There are strict operational protocols and maintenance practices in place
to make sure that the air-fuel ratio is always maintained within the right range.

2.4. Nitrogen Oxides
Now that the different pollutants have been identified, it is possible to individually analyse and further
describe the formation of the pollutants. The first pollutant is Nitrogen oxide or NOx. Vedeshkin et
al illustrate different mechanisms that result in the formation of NOx [62]. The first mechanism was
established by Zeldovich. This was characterized by the following set of chemical reactions.
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N2 +O
k1−−⇀↽−− NO+ N (2.4)

N+O2
k2−−⇀↽−− NO+O

N+OH
k2−−⇀↽−− NO+ H

Equation 2.4 describe how N2 oxides and how other nitrogen elements bond with OH radicals in
a set of equilibrium equations. This results in the formation of nitrogen monoxide. All these reactions
occur when the temperature is high enough, such as is the case in a jet engine [62]. The nitrogen oxide
that is formed can also react even further. Oxidation leads to the formation of nitrogen dioxide, which
in turn plays an important role in the formation of Ozone and smog [6].

2.5. Sulfur Oxides
Similarly to nitrogen oxides, sulfur oxides are also a product of the combustion process in a jet engine,
mainly because the combustion is incomplete. Sulfur oxides (SOx) typically do not form in jet engines
due to the very low sulfur content of aviation fuels. However, sulfur in fuel can react with oxygen during
combustion to form sulfur dioxide (SO2) and sulfur trioxide (SO3) [2]. The sulfur content in jet fuels has
been limited by regulations, however, the sulfur content is still allowed to be 0,3% of the fuel weight [58].
The sulfur in the fuel reacts with air due to the high temperature in the combustion chamber, which can
be seen in Equation 2.5.

S+O2 −−→ SO2 (2.5)
2SO2 +O2 −−→ 2SO3

The sulfur trioxides also play a role in the formation of acid rain. This compound will react with water
vapour in the atmosphere to form sulfuric acid, H2SO4. As is seen in Equation 2.6.

(2.6)
SO3 + H2O −−→ H2SO4

2.6. Carbon Monoxide
Carbon monoxide (CO) is produced during the combustion process because it is a byproduct of in-
complete combustion. In ideal combustion, the fuel reacts completely with oxygen to produce carbon
dioxide (CO2) and water vapour (H2O). However, in situations where there is insufficient oxygen, the
fuel cannot be fully oxidized and carbon monoxide is produced instead. The reaction is depicted in
Equation 2.7

2C+O2 −−→ 2CO (2.7)

2.7. Ozone
The last pollutant that also occurs through the emissions is ozone, O3. This pollutant is formed due to
the emission of NO2 by aircraft. NO2 can be broken down by photolysis, as is seen in Equation 2.8.
This causes a free oxygen atom to form. In turn, this atom can react with molecular oxygen, O2, to form
ozone. This can be seen in Equation 2.9.

NO2 + hv −−→ NO+O (2.8)

O2 +O −−→ O3 (2.9)
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2.8. Particulate Matter
Now that several gaseous pollutants have been discussed, the focus will be on another type of pollu-
tant attributable to aviation: Particulate matter. Particulate matter (PM) is a complex mixture of small
particles suspended in the air, which can have negative impacts on human health and the environment
[6, 66]. Aircraft engines are a significant source of PM emissions, and the PM produced by aircraft en-
gines can be categorized into two main types: primary PM and secondary PM. In addition to these two
categories, another important aspect is that the formation of primary PM can be influenced by several
factors, such as the type of fuel used in the engine, the engine design, and the operating conditions of
the engine. The size, composition, and quantity of primary PM can vary depending on these factors
[69, 53].

2.8.1. Primary Particulate Matter
Primary PM is directly emitted from aircraft engines and, therefore, impacts the local air quality of
airports. The incomplete combustion of fuel in the aircraft engine causes this phenomenon. Primary
PM falls into three main categories [31].

• Black/Elemental carbon (soot): This is a direct product of the incomplete combustion that takes
place in the aircraft engine. Due to this incomplete mixing of fuel and air, not all carbon from
the jet fuel has the opportunity to oxidize [57]. This results in the formation of Black/Elemental
Carbon or soot.

• Primary Organic Aerosol: This primary PM is mainly formed from the emission of volatile organic
compounds (VOCs) during the combustion process. These VOCs can condense and form par-
ticles through nucleation, which can be emitted directly from the aircraft engine. The chemical
composition of primary organic aerosols in aviation can vary depending on the type of fuel used,
the combustion process, and the engine design. However, typical compounds include: formalde-
hyde, benzene, tetrachloroethylene, trichloromethane, 1,2-dichloroethane, and naphthalene [67].

• Primary Sulfate: Aviation fuel contains sulfur in small amounts, as was discussed in section 2.5.
Most of this sulfur is emitted as sulfur dioxide (SO2) during combustion. However, as was shown in
Equation 2.6, some of the SO2 can be converted into fully oxidized sulfuric acid (H2SO4) through
chemical reactions with oxygen and water inside the engine [30]. The degree of conversion into
H2SO4 depends on various factors such as combustion conditions, turbine flow properties, blade
cooling effects, and mixing [30]. The sulfuric acid can then form clusters that lead to the formation
of primary sulfate.

These types of primary particulate matter are all related to the jet engine and exhaust of the air-
craft. However, there are also non-exhaust emissions caused by the wear and tear of different aircraft
components, such as brakes and tyres. The amount of these emissions depends on various factors,
such as aircraft weight and runway condition. The studies regarding this type of particulate matter are
limited. However, it is starting to develop in the transportation sector [47].

2.8.2. Secondary Particulate Matter
Secondary particulate matter (PM) is formed in the atmosphere as a result of complex chemical re-
actions between gases emitted by aircraft engines, such as nitrogen oxides and sulfur dioxide. The
formation of secondary PM involves several steps, including gas-phase oxidation of NOx and SO2 to
form nitric acid (HNO3) and sulfuric acid (H2SO4), respectively. These acids can then react with am-
monia (NH3) and other atmospheric compounds to form ammonium nitrate (NH4NO3) and ammonium
sulfate ((NH4)2SO4), which are two common types of secondary PM [32].

Other types of secondary PM can form due to the oxidation of VOCs, which are emitted by aircraft
engines and are precursors to the formation of secondary organic aerosols. These secondary organic
aerosols are complex organic compounds that can form through a series of reactions involving VOCs
and other atmospheric compounds and can contribute to the formation of fine particulate matter[65].

The formation of secondary PM can occur over a range of time scales, from hours to days, depending
on atmospheric conditions such as temperature, humidity, and sunlight. The formation of secondary
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PM can also be influenced by the altitude and location of aircraft emissions, as well as the composition
of the surrounding air [65].

In addition to the type of PM produced, the amount of PM emitted by aircraft engines can vary de-
pending on factors such as engine type, fuel type, and flight conditions. For example, older aircraft
engines tend to produce more PM than newer engines, and engines burning high-sulfur fuels tend to
produce more sulfur oxides (SOx), which can contribute to the formation of secondary PM [58].

2.8.3. Properties
The properties of particulate matter are needed to model the dispersion of the particles carefully. One
of the most evident properties is size. There are three main categories into which particulate matter
can be divided [60].

• PM10: Particles in this category have a diameter smaller than 10 micrometres (µm), these parti-
cles are also known as inhalable or coarse particles.

• PM2.5: Particles in this category have a diameter smaller than 2.5 micrometres (µm). Particles
of this size are seen as fine particles.

• PM0.1 or Ultrafine particles: Particles in this category have a diameter smaller than 0.1 microme-
tres (µm). This category consists of the finest particles, and therefore, all particles smaller than
the threshold can be seen as ultrafine particles.

In addition to size, there also is another aspect of particulate matter that is important to consider.
There is a distinction that can be made between non-volatile particulate matter (NVPM) and Volatile
particulate matter (VPM).

• Non-volatile particulate matter : This type is composed of particles that do not evaporate at the
temperature at which a jet engine typically operates. Due to this fact, NVPM is generally consid-
ered to be a significant contributor to air pollution, as it can remain in the atmosphere for long
periods and has been linked to a range of health and environmental impacts [6, 5].

• Volatile particulate matter : This type of particulate matter refers to particles that are formed when
volatile organic compounds are released from aircraft engines and react with other compounds
in the atmosphere. These particles can include secondary organic aerosols, for example. Com-
pared to NVPM, volatile particulate matter has a shorter lifetime. This does not mean it is less
harmful to the environment and human health. A shorter lifetime may result in the air quality far
away being less impacted, but at a local level can still contribute to the degradation of the air.
However, looking at the total amount of PM emitted by jet engines only 5% is classified as volatile
[36].

2.9. Air Quality Guidelines
In the last sections, the different pollutants that play a role in the aircraft’s attributable emissions were
discussed. In the thesis, the air quality will be quantified, but it is important to be able to put these into
context. This can be done through the World Health Organization’s (WHO) air quality guidelines [63].
These guidelines provide a benchmark for assessing the results that flow from this thesis. By aligning
the thesis with these international standards, the research obtains more credibility and relevance. The
guidelines are shown in Table 2.2.
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Pollutant Averaging time
Interim
target
1

Interim
target
2

Interim
target
3

Interim
target
4

AQG
level

PM2.5 (µg/m3) Annual 35 25 15 10 5
24-houra 75 50 37.5 25 15

PM10 (µg/m3) Annual 70 50 30 20 15
24-houra 150 100 75 50 45

O3 (µg/m3) Peak seasonb 100 70 - - 60
8-houra 160 120 - - 100

NO2 (µg/m3) Annual 40 30 20 - 10
24-houra 120 50 - - 25

SO2 (µg/m3) 24-hour 125 50 - - 40
CO (mg/m3) 24-hour 7 - - - 4

Table 2.2: The different recommended air quality levels per pollutant constructed by the WHO [64]

a 99th percentile (i.e., 3–4 exceedance days per year).
b Average of daily maximum 8-hour mean O3 concentration in the six consecutive months with the
highest six-month running-average O3 concentration.

In Table 2.2 the guidelines are shown per pollutant. In addition, the concentration is averaged over
both an annual and a daily time period. As can be seen in the table, different interim targets are shown.
Starting with Interim target 1, this target is the least stringent; for PM2.5, this value is equal to 35µg/m3

annually. The first target is for countries whose air is severely polluted and can work towards this first
value. As the interim targets move up the threshold becomes stricter and stricter. The most optimal
level of air quality is denoted with AQC (Air Quality Guidelines).

2.10. Sensors Used
The experiments at Schiphol are carried out using several sensors. The sensors are used to measure
and store the data. Therefore, it is important to understand the sensors. This helps ensure the accuracy,
reliability, and validity of the data that is used to compare the model. As mentioned in section 2.2 and
section 2.8, two main types of pollutants are present when assessing aviation-attributable emissions.
Thus, two types of sensors are needed to capture and quantify the air quality.

2.10.1. Naneos Partector
One of the sensors used is the Naneos partector, which can be seen in Figure 2.2. This device is a
portable nanoparticle counter developed by Naneos [43]. Most devices that use optical detection of
particulate matter are unable to detect particles smaller than 300 nanometers. The Naneos Partector
can detect particles down to 10 nanometers making it a suitable option for measuring particulate matter
from aircraft.
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Figure 2.2: The Naneos partector used for measuring particulate matter [43]

When looking at the working principle of the sensor, four key steps illustrate how the sensor can
detect particulate matter.

• Sampling: The sampling step is based on the fact that the air containing nanoparticles is sucked
using an integrated pump in the device, which ensures that the representative samples are col-
lected from the environment.

• Condensation: After the device has sucked in the air, the sample enters the measurement cham-
ber. In this chamber, the air encounters supersaturated vapour. This vapour rapidly condenses
on the the particles that are present in the air, which enlarges the size of the particle. This process
helps to detect even the smallest of particulate matter.

• Detection: The particles that are enlarged pass through the detection zone of the partector. Here,
using electrical currents, the system can accurately measure the properties of the particle.

• Analysis: The data collected from the particles are processed and analyzed in real-time by the
partectors onboard software. This software translates the measurements into insights that can
be used to draw conclusions about air quality.

Like all sensors, the partector has its limits and specifications as to what it is able to measure and what
not. These specifications are shown in Table 2.3.

Specifications Partector Range
Long Deposited Surface Area 0 - 12000 µm2/cm3

Number of Particles 0 - 106cm−3

Average particle diameter 10 - 300 nm
Surface area concentration 0 - 50000 µm2/cm3

Mass particle range 0 - 2500 µg/m3

Time resolution 1 second

Table 2.3: The specifications of the Naneos Partector [43]

2.10.2. Gas Sensor Boxes
The gaseous pollutants emitted by the aircraft aremeasured using gas sensor boxes. The sensor boxes
were created as part of a previous master thesis done by Jeff Maes [38]. The boxes can identify the
pollutants such as NOx and CO. The boxes were created using an Arduino and were set in a casing.
The box was not only able to capture pollutant concentration but also meteorological information such
as humidity, temperature, and pressure. The four boxes can be seen in Figure 2.3; here, they are
positioned at the Polderbaan at Schiphol.
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Figure 2.3: The 4 gas sensor boxes positioned next to the Polderbaan at Schiphol used for measuring gaseous pollutant

These boxes are the measuring equipment regarding the gaseous pollutants. Therefore, it is im-
portant to analyse the error margins of these sensors. The errors are important as the data is used
to validate and compare the jet plume model that will be created. These margins were calculated at a
setup in Wijk aan Zee. Here, different resolution times and specific species were tested to quantify the
error. It is important to note that these error margins were calculated at concentrations higher than the
90% quantile of the test. So, in other words, the error margins for more extreme or peak values of the
pollutants were analysed. The margins can be seen in Table 2.4.

CO 10 s CO 1 min CO 60 min NO 10 s NO 1 min NO 60 min NO2 10 s NO2 1 min NO2 60 min
Mean error µgm−3 219.17 220.24 9.77 4.91 3.00 1.65 5.06 4.36 1.43
Median error µgm−3 111.56 89.50 9.77 3.27 2.11 1.64 4.32 3.99 1.43

Table 2.4: The error margins of the gas sensor boxes for concentrations higher than the 90% quantile of the Wijk aan Zee
experiment [38]

2.11. Data Measurements
The focus of this research is on the plume modelling aspect. However, it is also necessary to compare
this model with measurements taken at Schiphol. This work has been carried out by students Jeff
Maes and Rik Goudswaard [38, 22]. They have implemented methods to measure the plumes and
compare them with subsequent aircraft landing and arriving at the Polderbaan. Part of their research
leads to the plots shown in Figure 2.4. This time series plot monitors the peaks of the pollutants, and
through the use of ADS-B, it is possible to identify which aircraft the plume belongs to. This is shown
for the pollutant CO. This type of data from the experiments is used in this research to understand the
accuracy and validity of the results from the jet plume model.

2.11.1. Plume Width Measurements
The data collected from the measurements were made on the sensors discussed in subsection 2.10.1
and subsection 2.10.2. The model is then used to calculate the width of the plume. This gives an idea
of how the plume has evolved during its journey to the monitoring site. The plume width in the model
is calculated using the method explained in subsection 3.6.1. A different method is required for the
width of the plumes in the measurements. The two main data points required are the plume arrival
time and the plume end time. The plume arrival time is defined as the time when the concentration of
the pollutant, either particulate or gaseous, rises above the background level. The time at which the
background pollution threshold is exceeded is recorded. Similarly, when the pollution level falls back
to background levels, the plume end time is recorded. Subtracting these two times from each other
results in the plume duration time as seen in Equation 2.10. An example of the plume arrival and end
times can be seen in Figure A.23.

Tduration = Tend − Tstart (2.10)

Equation 2.10 allows for the next step to be taken to calculate the plume width. The plume is
perpetuated alongside the runway by multiple flows. The velocity around the aircraft is due to its speed
as well as the velocity it gains from the combustion process in the jet engine. Perpendicular to the
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Figure 2.4: Time series plot containing plumes matched to the aircraft, part of the thesis of Rik Goudswaard [22]

runway, only one thing is affecting the plume; this is the crosswind component of the ambient wind.
This means that the plume width can be calculated by multiplying the crosswind component and the
plume duration time, shown in Equation 2.11. Here β is the wind angle in relation to the runway. Uwind

is the ambient wind speed.

Wplume = sin(β) ∗ Uwind ∗ Tduration (2.11)

2.12. Statistical Methods
Throughout this thesis, several statistical methods will be used to analyse and observe the type of
relationships seen in the data. These methods will be discussed in this section.

2.12.1. Paired t-test
The paired t-test is used to compare the means of two related data sets - in this case, the model
predictions and the experimental observations - to determine whether there is a statistically significant
difference between them. This test is particularly useful when each experimental observation has a
corresponding model prediction, ensuring the comparisons are directly matched—the paired t-test tests
whether the mean difference between these paired observations is significantly different from zero. The
formula for the paired t-test is seen in Equation 2.12.

t =
d̄

sd/
√
n

(2.12)

The different variables are as follows:
- d̄ is the mean of the differences between the paired observations (di = yi − ŷi)
- sd is the standard deviation of the differences di
- n is the number of pairs.

The steps involved include calculating the difference between each pair of observed (yi) and pre-
dicted (ŷi) values, finding the mean and standard deviation of these differences, and then using these
statistics to calculate the t-value. This t-value is then compared with the critical value from the t-
distribution table for n − 1 degrees of freedom to determine the p-value, which indicates whether the
differences are statistically significant.

This study uses the paired t-test to assess whether the discrepancies between the model predictions
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and the experimental results were statistically significant. This test helps to confirm the model’s validity
by identifying whether any observed differences are due to random variation or represent a systematic
bias in the model’s predictions.

2.12.2. Root Mean Square Error
The Root Mean Square Error is the first statistical variable to validate themodel. The Root Mean Square
Error (RMSE) is used to quantify the average size of the differences between the values predicted by
the model, in this case, the COMSOL model, and the values observed in the experiments at Schiphol.
The RMSE is particularly sensitive to large errors because it squares the residuals before averaging
them, giving more weight to more significant discrepancies. Therefore, it should be critically assessed
as the sensors’ data can also show large measurement discrepancies. This metric helps understand
how well the model can replicate the variation in the experimental data and highlights areas where the
model may be significantly out of line with actual observations. In this thesis, the RMSE was calculated
for each set of conditions using the formula seen in Equation 2.13

RMSE =

√√√√ 1

n

n∑
i=1

(yi − ŷi)2 (2.13)

In Equation 2.13, different variables can be seen starting with n, which is the number of observations,
yi represents the observed experimental values, and ŷi denotes the model’s predicted values. The
number of observations is shown with n.

2.12.3. Mean Absolute Error
TheMean Absolute Error (MAE)measures the average size of the errors between themodel predictions
and the experimental data, regardless of the direction of the errors. Unlike the RMSE, the MAE does
not square the residuals, making it less sensitive to outliers and providing a simpler interpretation of the
average error size. This metric is particularly useful for getting a general sense of the model’s accuracy
in a more interpretable and less biased way. In this analysis, the MAE was calculated using the formula:

MAE =
1

n

n∑
i=1

|yi − ŷi| (2.14)

where n is the number of observations, yi is the observed experimental values, and ŷi is the pre-
dicted values from the COMSOL model. This formula provides insight into typical prediction errors and
guides further refinement to improve model accuracy.

2.12.4. Bland-Altman Analysis
The next statistical method used is the Bland-Altman analysis. This analysis is used to assess the
agreement between the simulations and the results from the model. A Bland-Altman plot is created
by plotting the differences between the simulations and the experiments against their averages. There
are several steps to take to execute this analysis.

• Calculating the Differences: The first step in creating a Bland-Altman Plot is to calculate the
differences between the simulations and experiments. This is shown in Equation 2.15. Here Xi

is the value from the simulation, and Yi is the value from the measurements.

Differencei = Xi − Yi (2.15)

• Calculating the Averages: The next step is to calculate the averages. Each pair’s average is
calculated using a measurement and a subsequent simulation. As seen in Equation 2.16.

Averagei =
Xi + Yi

2
(2.16)

• Mean Difference (Bias): In the first step the differences were calculated. These are averaged to
determine the bias of the model. The variable n shown in Equation 2.17 represents the number
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of measurement and simulation pairs.

Mean Difference(d) = 1

n

n∑
i=1

(Xi − Yi) (2.17)

• Standard Deviation of the differences: The standard deviation is calculated to help assess the
spread. This is done in Equation 2.18.

σd =

√
1

n− 1

∑
i = 1n((Xi − Yi)− d)2 (2.18)

• Limits of Agreement: In the analysis there a limits set. These limits are typically set at the mean
difference plus and minus 1.96 times the standard deviation. This is done to obtain a 95% con-
fidence interval, or in other words, to contain 95% of the measurements’ differences. The limits
are calculated in Equation 2.19 and Equation 2.20.

Upper Limit of Agreement = d+ 1.96× σd (2.19)

Lower Limit of Agreement = d− 1.96× σd (2.20)

Interpretation of the Bland-Altman plot involves examining the horizontal axis, which represents the
average of the measurement and simulation for each pair, and the vertical axis, which represents the
difference between the simulation and measurement for each pair. The plot includes a mean difference
line, a horizontal line at the mean difference value, limits of agreement lines, and two horizontal lines
at the upper and lower limits of agreement.

2.12.5. Linear Regression
The final statistical method used is linear regression. This technique models and analyses the relation-
ship between a dependent variable and one or more independent variables. The goal is to establish
a linear equation that best predicts the dependent variable based on the values of the independent
variables. In this case, the dependent variable will be the characteristics of the plume, such as the
width or the peak concentration. The independent variable can be any ambient or operational variable.

Linear regression models to say it simply model the relationship between a dependent variable y and
a single independent variable x using Equation 2.21:

ŷi = β0 + β1xi (2.21)

In Equation 2.21, the following variables are found. First is ŷi, which is the predicted value of the
dependent variable for the i-th observation. xi is thehe independent variable for the i-th observation.
The intercept of the regression line is denoted with β0, and β1 is the slope of the regression line. For
this thesis, only the single independent variable method is used.

Least Squares Method
The least squares method estimates the parameters (β0, β1, of the linear regression model by mini-
mizing the sum of the squared differences between the observed and the predicted values. These
differences are called residuals. For each observation, i, the residual, ei, is calculated using Equa-
tion 2.22. The sum of the residuals must be minimized, this is done in Equation 2.23.

ei = yi − ŷi (2.22)

S(β0, β1) =

n∑
i=1

e2i =

n∑
i=1

(yi − (β0 + β1xi))
2 (2.23)



2.12. Statistical Methods 16

Coefficient of Determination
The coefficient of determination, denoted R2, is an important measure in linear regression. This pa-
rameter quantifies the proportion of the variance in the dependent variable that is predictable from the
independent variable. It is calculated as seen in Equation 2.24.

R2 = 1− SSres
SStot

(2.24)

The variable SSres is the sum of squares of the residuals calculated in Equation 2.25. The other
variable SStot is the total sum of squares with ȳ being the mean of the observed values, as seen in
Equation 2.26.

SSres =

n∑
i=1

(yi − ŷi)
2 (2.25)

SStot =

n∑
i=1

(yi − ȳ)2 (2.26)

Calculating the coefficient of determination, R2, is possible using all these equations. A value of R2

close to one indicates that the linear regression has managed to find a good fit. A good fit means that
a stronger argument can be made about the effect of an ambient or operational variable on the model
or measurements. The relationship between the variables can be seen by β1; if the sign is positive, the
relationship is positive and vice versa. Similarly, a larger value of β1 means that the model found that
the independent variable studied severely influenced the simulation or measurement data.



3
Model

This chapter will introduce the COMSOL Multiphysics software and its application in making a model to
simulate the aircraft jet plume. COMSOL Multiphysics is a computational modelling tool that enables
engineers to simulate and analyse multiphysical phenomena across various disciplines. The theory
behind COMSOL is based on finite element methods, which break complex geometries into smaller el-
ements, enabling numerical simulations of physical phenomena by solving governing equations across
these elements. This chapter will provide an overview of the capabilities of the COMSOL model. The
different variables used will be discussed, as well as the domain in which the jet plume is simulated.
All the assumptions made will be clarified, and the identification method for extracting the plume will be
explained. In addition, a sensitivity analysis will be done. Here, the effect of various operating and am-
bient conditions will be studied to understand their impact on plume evolution and, thus, the dispersion
of pollutants.

3.1. Domain
In COMSOL Multiphysics, the domain refers to the space or region where the simulated phenomena
occur. It defines the boundaries and geometry of the system under study. This foundation is essential
as it provides the framework for specifying properties and boundary conditions. Therefore, accurately
defining the domain is crucial in creating effective results for the model. The domain must represent
the experimental setup used to gather the emission data from the aircraft. Most of the data has been
measured at the Polderbaan (180R - 360L) at Schiphol. In Figure 3.1, it can be seen that this runway is
positioned at the top left of the airport, which means it is relatively isolated compared to other runways.

Figure 3.1: The layout of the runways at Schiphol Airport, including the Polderbaan [3]

Now that it is determined which runway is used as a base, it is possible to zoom further into what

17
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the domain consists of. As individual aircraft plumes are analysed and a single runway is considered
logical, the next step would be to use this as a starting point. The location of the measurement station at
the Polderbaan is 190 meters perpendicular to the runway’s centre line. This can be seen in Figure 3.2,
where the aircraft can be seen taking off.

Figure 3.2: A schematic representation of the Polderbaan and the measurement station at Schiphol Airport

Due to the distance between the runway and the measurement equipment, a first sense of what the
domain size must be can be concluded. In order to create some margin between the measuring station
and the end of the domain, a width of 250 meters was chosen. To account for plume effects that might
occur at the other half of the runway, the entire width is set at 500 meters as is seen in Figure 3.2. The
length of the area that is researched heavily depends on the ambient conditions and is therefore not
set at a specific number; for example, a higher crosswind would result in the plume arriving faster at
the measurement station, thus needing a shorter length.

3.1.1. Boundary Conditions
Now that the rough size of the domain is constructed, it is essential to define its boundary conditions.
Properly defining boundary conditions ensures that the simulation accurately represents the LTO cycle
of an aircraft. Since the flow of the plume is modelled, there are assumptions about what the flow can
and cannot do when entering or exiting the domain. In section 3.1, a first estimate of the size of the
domain was proposed; this has now been translated into COMSOL, which can be seen in Figure 3.3.
The grey area is the area from which the jet plume is simulated, and eventually, concentrations can be
extracted.

Figure 3.3: The domain in COMSOL with the different boundaries labelled
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In Figure 3.3, four different boundaries are numbered, each with specific conditions to simulate the
plume accurately. The different boundaries are defined as follows:

1. Free flow edge: This boundary means that air can freely flow into the system with a specific
temperature, pressure and velocity. When comparing this to a real-life situation, this edge is
mostly used to feed air into the system because of the speed at which the aircraft is moving. In
addition, the ambient wind component can also be fed into the domain using this edge

2. Free flow edge: Free flow edge: Similar to boundary one, this edge is also a free flow edge. Air
can also flow freely; however, in comparison with edge 1, this edge is mostly used to incorporate
the crosswind that is blowing across the runway.

3. Outlet: Here, the air can exit the domain; no air can enter it again after it has left. It is also
important to mention that this edge does not act as a wall so that no flow can be bounced around.
Most of the time, the jet plume exits the domain using this edge.

4. Outlet: Similar to 3, this boundary also serves as an outlet. Ambient wind, as well as the plume,
can exit the domain here.

The left side of the domain is also where the jet inlets are positioned. Therefore, it is also relevant
to zoom in on that side. Two different boundaries are defined in Figure 3.4.

1. Free Flow Edge: Similar to the free flow edge in Figure 3.3, here it is also made clear that there
is a flow of air between the two inlets. Here, the airflow due to the aircraft’s speed is considered.

2. Jet inlet: The airflow from the jet engines can enter the domain here. In addition, the pollutants
are emitted through this flow.

Figure 3.4: The zoomed-in domain in COMSOL with position of the jet inlets

3.2. Flow Properties
A flow in COMSOL needs to be modelled according to specific key characteristics. These character-
istics govern the properties and assumptions that simplify the flow, allowing for a simulation. When
assessing the flow of the jet engine, there are two main parts into which the flow can be divided: the
high Mach number flow and the transport of diluted species. The high Mach number flow consists of
the velocity and temperature profiles as well as how the shape of the plume is affected by the ambient
and operational conditions. The transport of diluted species governs how the pollutants are dispersed
in the plume of the jet engine. These two aspects of the plume contain many different parts and are
discussed in the following sections.

3.2.1. High Mach Number Flow
The flow simulation in COMSOL is done through a High Mach number flow model, which is charac-
terised by fluid velocities that approach or exceed the speed of sound. In aerodynamics, Mach numbers
greater than approximately 0.3 Mach indicate supersonic flow regimes, where the flow velocity starts
to approach the speed of sound. This is in line with the modelling approach of COMSOL, which states
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that velocities around 0.3 Mach need to use said flow type [14]. The speed with which the air exits the
jet engine heavily depends on the thrust applied and the maximum thrust level of the jet engine. More
on this in subsection 3.3.1 variables.

High Mach number flows are known to be compressible, which means that changes in density due
to pressure variations occur, unlike in low Mach number flows where the flow is typically treated as
incompressible. In COMSOL, the high Mach number flow model incorporates compressibility effects.
While COMSOLmentions compressibility effects in their high Mach number flow, other sources indicate
that compressibility only occurs at speeds higher than Mach 1 [46]. Since the aircraft is considered to
be of a subsonic nature, this does not play a significant role in the results.

In addition to compressibility, another aspect plays a role. This is the isentropic relation, which de-
scribes the thermodynamic properties of high-speed flows in a simplified manner. This relation is built
on a few assumptions. The first is that the flow is adiabatic, and there are no irreversibilities in the
plume. This means that no heat transfer takes place and no phenomena such as shock waves occur.
Assuming that the flow is isentropic, it allows for a method of calculating the total air pressure and
temperature, more on this in subsection 3.3.1.

Spalart-Allmaras Model
A turbulence model is crucial to fully implementing a model simulating a jet plume. A turbulence model
is a mathematical framework used in computational fluid dynamics, and thus also in COMSOL, to simu-
late the behaviour of turbulent flows. Turbulence refers to the chaotic complex motion of fluid particles
characterised by fluctuations in velocity, pressure, and other flow properties. Unlike laminar flow, where
fluid motion is smooth and orderly, turbulent flow involves irregular turbulent shapes called eddies and
vortices at various scales.

There are different categories into which turbulence models can be divided. One of these categories
is RANS Modelling. RANS modelling stands for Reynolds-Averaged Navier Stokes. Based on these
models, the theory is that the Navier-Stokes equations are, as the name suggests, Reynolds-averaged.
The Navier-Stokes are a complex set of equations. These equations describe how various proper-
ties such as a fluid’s velocity, pressure, temperature, and density interact [45]. Due to these equations’
complexity, reducing and simplifying them is desirable. This is done through Reynolds-Averaging. This
method is built upon the separation of the time-varying variables. It simplifies the equation by averaging
the fluctuations over time, focusing on characteristics like mean flow and pressure. This results in less
computational complexity [59].

There are different types of turbulence models to choose from within RANS modelling. The COM-
SOL model is the Spalart-Allmaras turbulence model. Philippe Spalart and Steven Allmaras developed
the model in the early 1990s; this one-equation turbulence model is mainly known for its applicability to
a wide range of flow regimes, including attached and separated flows, transitional flows, and even su-
personic flows [34]. One key difference between more complex turbulence models that solve multiple
transport equations is that the Spalart-Allmaras model simplifies the turbulent flow problem by focus-
ing on the turbulent viscosity alone. Therefore, the model can be seen as a one-equation model. For
example, this gives it a computational cost advantage compared to the k-ϵ model. The equation that
the model is built on is shown in Equation 3.1.
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[
cw1fw − cb1

κ2
ft2

]( ν̂

d

)2

+
1

σ

[
∂

∂xj

(
(ν + ν̂)

∂ν̂

∂xj

)
+ cb2

∂ν̂

∂xi

∂ν̂

∂xi

]
(3.1)

The goal of Equation 3.1 is to calculate the ν̂ or the turbulent viscosity. In the equation, t is time
and xj and vj are the spatial coordinates and velocity components, respectively. The variables cb1, ft2,
fw and cw1 a e model constants provided by COMSOL. The rate of strain tensor is denoted with Ŝ; this
variable describes the stretching of the fluid analysed. The variable d is the smallest distance from the
field point to the nearest wall. The Von Karman constant is shown with κ.
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The reason for choosing this turbulence model is mainly focused on the domain in which the mea-
surements and, thus, the simulations take place as shown in section 3.1. This domain includes the
runway and a particular area around it. Combining this leads to a significant area. The larger this area,
the longer it takes for the simulation to compute. Choosing one equation turbulence model decreases
the c computation time. This could lead to less accurate simulations. However, the domain can also
be considered relatively simple. The area is considered flat and rural. No objects interfere with the flow
except the ambient wind. Therefore, this model will suffice.

3.2.2. Transport of diluted species
Now that the type of flow has been described, the next part of the plume can be discussed. This is the
transport of diluted species. In Comsol, this module is designed to simulate the transport and disper-
sion of various species, such as pollutants or chemical species, within the fluid domain or, in this case,
the runway area. For this module, two ways of transportation were chosen. The e are diffusion and
convection.

Transport through diffusion is based on a difference in concentration. This concentration difference
fuels the energy needed for transport. To model this type of transport, several diffusion coefficients are
required. These coefficients describe how quickly a particular pollutant will disperse in certain gasses;
that would be fair in this case. The coefficients for the pollutants considered can be found in Table 3.1.
It is important to note that the coefficients are also influenced by temperature and pressure, so this
table is just an example of how the coefficients could look. The coefficients are often the subject of new
studies and can be calculated through different methods; thus, they are always up for discussion. For
these, a review study of Massman et al. has been used [39].

Diffusivity in Air for various pollutants CO NO NO2

Diffusion Coefficients (cm2s−1) 0.1807 0.1988 0.1361

Table 3.1: The different diffusion coefficients for pollutants in Air at 20◦

The module is based on equations that can be seen in Equation 3.2 and Equation 3.3. The set of
equations is mainly built around the conservation of mass principle. The variable ∂ci

∂t represents the rate
of concentration (ci) of species i with respect to the time, t. This variable is needed when modelling a
time-dependent study. ∇·Ji is the divergence of the flux of species i. The concept of flux in this method
can be seen as the rate of flow of a pollutant species through a surface. The variable thus measures
howmuch the flow diverges or converges; if the flow diverges, the flux is seen as positive and, of course,
vice versa. The next variable, u · ∇ci, accounts for the advection of species i by the velocity field u.
Ri represents all the sources and sinks of pollutant i, in other words, the jet engines and the domain
outlets. In Equation 3.3, the flux is further defined. −Di∇ci consists of two components. −Di is the
diffusion coefficient of species i, as mentioned in Table 3.1. While ∇ci is the concentration gradient of
species i. This equation is also known as Flicks’law, which describes the movement of particles from
a higher concentration to a lower concentration and is directly related to the concentration gradient of,
in this case, the pollutant [61].

∂ci
∂t

+∇ · Ji + u · ∇ci = Ri (3.2)

Ji = −Di∇ci (3.3)

In addition, Transport through convection is modelled. This refers to the movement of substances
due to bulk motion or flow. In this process, particles are carried along with the moving fluid, leading to
the transfer of mass momentum from one location to another. The mechanism of convection involves
the transfer of heat or mass through the movement of fluid particles driven by temperature or concen-
tration gradients. This means that the different species are dispersed because of the high-velocity flow
exiting the jet engine.
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One aspect that is not included in the transport of diluted species is the chemical evolution of the
plume. When pollutants are emitted from the engine, they react with the ambient air, which alters the
concentration balance in the plume itself. For example, NOx concentrations would initially be high
directly from the engine. However, this decreases as the pollutant oxidises with the surrounding air,
causing a significant drop in concentration [35].

3.3. Variables
In this section, the different variables that are used in the COMSOL model will be discussed. The
variables can be seen as the model’s input parameters and, therefore, greatly impact the outcome of
the results. The model consists mainly of three types of variables:

• Aircraft Specific: These variables describe the operational conditions of the aircraft. These
include the geometry of the jet engine and the parameters describing the flow and velocities
that govern the engines’ thrust. The variables responsible for the emissions of pollutants are
also included in this category of variables. The aircraft-specific variables allow for an extensive
comparison of different types of aircraft that are taking off and departing Schiphol Airport.

• Ambient Conditions: The second category are the ambient conditions. These are mainly meteo-
rological factors that allow for a representation of the atmospheric state at the time that is specific
to the conditions of the measurement. These variables impact not only the plume evolution but
also the accuracy of the sensors used and are, therefore, of great importance.

3.3.1. Aircraft Specific
The aircraft-specific variables are described here. The units of the variable are also specified. Also,
where these variables can be found is discussed.

• Engine Diameter [m]: The engine diameter specifies how wide the aircraft engine is that is being
modelled. The diameter is shown in Figure 3.5; here, it can be seen that the two outmost points
from the exit diameter of the aircraft engine are considered. It is important to consider the exit
diameter as the flow contains the pollutants. This data on aircraft can often be found in a database
provided by the European Union Aviation Safety Agency (EASA) [19]. Here, the dimensions of
aircraft engines by different engine manufacturers can be found.

Figure 3.5: The engine diameter visualised with a top view of an aircraft jet engine

• Engine Separation distance [m]: The engine separation distance specifies how far the engines
are from each other. The distance between these two has an impact on how quickly the two
plumes merge into one. The exact representation of the variable is shown in Figure 3.6. The
origin of both points is in the centre of each of the jet engines. Obtaining this parameter is slightly
more complicated than obtaining the engine diameter. Manufacturers do not typically provide
these figures, so there is no one way of finding this. For example, a detailed description of the
dimensions of an A320 can be found in a modelling paper by Coetzee et al. [13].

• Aircraft Velocity [m/s]: The aircraft velocity is self-explanatory. This is the speed with which the
aircraft moves along the runway. For arrivals, this speed will be lower than for departures. This
speed will impact how quickly the plume evolves along the runway and how great the impact will
be from ambient conditions such as the wind.

• Exhaust Air Temperature [K]: Here, the temperature of the air leaving the exhaust is consid-
ered. This is needed not only to model the temperature gradient in the flow but also to compute
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Figure 3.6: The engine separation distance visualised with a top view of the aircraft

the pressure of the flow when it is leaving the jet engine. Also, the temperature must be analysed
to determine the air density under these conditions. Similar to the engine diameter information
on this variable, it can be found per engine on the (EASA) database.

• Exhaust Air Pressure [Pa]: In addition to the temperature, the exhaust air pressure is also taken
into account. There is no freely available information on how to obtain this data. Therefore, as-
sumptions must be made to get a relatively accurate pressure that describes the jet engine’s flow.

• Mass Flow Jet EngineOutlet [kg/s]: Themass flow from the flow exiting the jet engine is needed.
This figure becomes the starting point for calculating the jet engine exit speed, which is a signif-
icant parameter in the model. An important note is that with the mass flow, not the fuel flow is
used, as this parameter is often provided, but the complete mass flow, including the air, is needed.
The problem, however, is that these figures are seen as confidential, so while other parameters,
such as bypass and pressure ratio, are provided, the exiting mass flow is not. Therefore, it is
crucial to take this into account when assessing the results and incorporate this parameter into a
sensitivity analysis to quantify its effect on the plume.

• Jet Engine Exit Speed [m/s]: The exit speed of the aircraft’s engine is, as mentioned, calculated
using the mass flow of the engine’s outlet. To calculate this parameter, first, the density of air is
needed. This is calculated using Equation 3.4. Here, Pe and Te are, respectively, the pressure
and the temperature of the air at the exhaust.

ρ =
Pe

R ∗ Te
(3.4)

When the air density is known, it is possible to calculate the jet engine speed using the area of
the jet engine outlet. The area of the jet engine can be computed using the engine diameter (D)
and Equation 3.5. This gives the jet engine area denoted with A.

A = π ∗ (D
2
)2 (3.5)

Using the engine area (A), the last step can be taken to compute the exit velocity. Based on the
air density (ρ). The mass flow at the exit is me, and using Equation 3.6, the exit speed of the jet
engine can be computed, Ve.

Vexit =
me

ρ ∗A
(3.6)

In addition to this method, there is another way to get an estimate of the exit velocity. Therefore,
this method uses several assumptions and should be used with care. The first estimate is that it
assumes that the speed from the jet engine is uniformly spread. This is often not the case, as the
air exiting the core is usually higher than the speed leaving the fan section of the engine. It also
sets the air density equal to what it would be at sea level. The formula is used in Equation 3.7.
The same area of the jet engine is used as in Equation 3.5, denoted with A. Taircraft is the
amount of thrust produced by the air raft in N . As mentioned, ρ is the density of air at sea level.
Using this equation, it is possible to estimate the exit velocity of the jet engine’s air.
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Figure 3.7: The wind angle in relation to the runway

Taircraft = ρ ∗A ∗ Vexit (3.7)

• Pollutant Emissions [Parts Per Million]: This is the input parameter for the amount of pollu-
tants that are ’released’ into the plume using the transport of diluted species engine of COMSOL.
The units are, in this case, parts per million (ppm). However, the concentration can also be ex-
pressed in mol/m3. This is to be in line with the units that are used for the measurements. The
convergence formula is shown in Equation 3.8. Where again the exhaust temperature (Te) and
pressure (Te) and the ideal gas constant (Rg) which is 8.314 J/(mol∗K). The sensitivity analysis
will discuss how this can be calculated.

Cmol/m3 = ppm ∗ pe
Rg ∗ Te

(3.8)

3.3.2. Ambient Conditions
Now that the variables concerning the aircraft have been discussed, the next category is the ambient
conditions. The measurements at Schiphol were done on different days and times of the year. This
causes a significant change in meteorological circumstances. Therefore, it is necessary to include
these conditions in the model.

• Wind Direction [deg]: The first variable of the ambient conditions is the wind direction wind direc-
tion. The wind direction is transmitted by the METAR station at Schiphol. This station provides the
meteorological conditions every half hour, including the wind direction. The angle is translated to
the reference frame parallel to the runway, as seen in Figure 3.7. The wind angle is denoted with
β.

• Wind Speed [m/s]: The METAR station also provides the wind speed at Schiphol. The wind
speed, in combination, determines how quickly the plume reaches the measurement station and,
thus, how quickly the plume can be seen on the sensors. The wind direction is split up into the
part along the runway (x-value) and perpendicular (y-value). This is seen Equation 3.9, U is the
wind speed received from the METAR station and the same for the wind angle β.

Ux−wind = U ∗ cos(β), Uy−wind = U ∗ sin(β) (3.9)

• Speed of sound [m/s]: Since a high Mach number flow is chosen to represent the jet plume, the
speed of sound is needed. Most of the speeds that are input parameters must be done as a Mach
number. The formula for this is shown in Equation 3.10. Here γ is the heat capacity ratio, and for
air, this is equal to 1.4. The ideal gas constant is again needed, Rg, which is 8.314 J/(mol ∗K).
T is the temperature of the ambient air at the time of the measurement, andM is the molar mass
of air 28.9647 g/mol.

Vsound =
√

γ ∗Rg ∗ T ∗M (3.10)

• Corrected wind angle [deg]: The aircraft is moving at a certain speed along the runway. This
causes a deviation in the wind angle when trying tomodel the flow of air in the domain. This means
that not only the wind angle β is needed but also an additional angle α, which incorporates the
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velocity of the aircraft. The different velocities are shown in Figure 3.8. Here, it is seen that the
velocity of the plane is causing the air to move in the opposite x-direction, causing a deviation. It
is important to note that this angle is only needed to model the initial velocity and direction of air
that is already in the domain, not the air coming in through the boundaries.

Figure 3.8: A schematic representation of the air velocities in the domain

The angle α can then be calculated by adding the velocities in the x and y direction and taking
the arctan as is seen in Equation 3.11.

α = arctan( Uy−wind

Ux−wind + Uaircraft
) (3.11)

• Initial air velocity [m/s]: In the last variable, the corrected wind angle was needed for the initial
condition of the air that is already in the domain. This air also needs a velocity. Again, the wind
velocity and the aircraft’s velocity are required for both the x and y directions. The same schematic
can be used as in Figure 3.8. An absolute velocity must be calculated and corrected for the speed
of sound calculated in Equation 3.12.

Vair =

√
U2
y−wind + (Ux−wind + Uaircraft)2

Vsound
(3.12)

• Total Air Pressure [Pa]: The air pressure at the exhaust is a combination of ambient and aircraft
conditions; hence, it is placed here. The pressure at the exhaust of the jet engine can be cal-
culated using the isentropic relation. This relationship plays a role when flows start to approach
the speed of sound [44]. Therefore, it can be used to calculate the exhaust air pressure. The
complete relationship is found in Equation 3.13. The total air pressure is denoted with pt, and pe
is the pressure at the exhaust of the jet engine. The γ is again the heat capacity ratio. Mexit is the
velocity at the exit of the exhaust corrected for the speed of sound; this is done in Equation 3.14.

pt
pe

=

(
1 +

γ − 1

2
M2

exit

) γ
γ−1

(3.13)

Mexit =
Vexit

Vsound
(3.14)

• Total Air Temperature [K]: The same method can be used for calculating the total air temper-
ature. Again, the isentropic relation is used as in Equation 3.13. Equation 3.15 is the relation
between the temperature at the exhaust (Te) and the total air temperature (Tt).

.
Tt

Te
=

(
1 +

γ − 1

2
M2

exit

)−1

(3.15)

3.4. Time-Dependent Study
The type of study used in COMSOL to simulate the plume is a time-dependent study. This type of study
involves, as the name suggests, anal zing phenomena that evolve over time. The reason for starting
with a time-dependent study is to analyze when the plume becomes fully developed. A fully developed
plume is characterised by several properties:
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1. Stable Concentration Pattern: When the plume reaches its fully developed state, the concen-
tration pattern becomes stable and well-defined. This means that the plume maintains its shape
and has clear boundaries which separate the polluted air and the ambient air. Translating this to
the model means that the concentration inside the plume converges to a specific shape as time
passes.

2. Reduced Turbulence: As the plume is further away from the aircraft jet engine, the turbulence
within the plume reduces. This is mainly due to the initial kinetic energy from the engine dissipating
over time and distance. Therefore, the plume becomes smoother with fewer turbulent fluctuations
in velocity and concentration.

3. Horizontal and Vertical Spreading: A developed plume spreads both horizontally and vertically
as it moves across the domain. The crosswind accounts for the horizontal spread while. There-
fore, the wind must have time to play a constant role in the plume’s evolution to obtain a steady
shape.

The starting point of researching a fully developed plume is to determine the range of time steps
over which the plume is simulated. This is done by looking at the data from the measurement. This
data contains the time that the aircraft was close to the measuring equipment on the Polderbaan so
that it would be directly in front of the sensors. In addition, the time of the plume’s arrival is noted. T
is when the sensors start to indicate an increase in concentration, marking the start of the plume. A
snippet of what the data looks like can be seen in Figure A.2. Using these two-time points, an estimate
can be made of what would be an acceptable time range on which to base the study. The difference
between the time points indicates how long the plume has to evolve. This leads to the simple equation
shown in Equation 3.16, where tarrival is the time when the plume arrives at the measurement station
and tclosest the time when the aircraft was closest to the sensors.

tevolution = tarrival − tclosest (3.16)
When researching this evolution time through the use of the measurement data, a few key things

are noticed. First of all, time is heavily dependent on wind velocity and direction. For experiments with a
significant crosswind, for example, 8m/s, the evolution time lies between 30 seconds and 1.5 minutes.
When the crosswind drops to around 3.5m/s, the evolution time increases to around 3 minutes. This is
both for arrivals and departures. The data also includes plumes that arrive after around 6 minutes, so
there is a large spread. A range of 0 to 200 seconds is chosen to stay within the average evolution time,
as seen in Equation 3.17. This means the plume is simulated until 200 seconds, and each second, the
data is outputted; this is not the timestep that is used in the simulation.

Trange = (0, 1, 200) (3.17)

3.4.1. Relative Tolerance
When using a time-dependent study in COMSOL, there is a parameter that plays a crucial role in
controlling the accuracy of the simulation. This is the relative tolerance. This parameter governs the
permissible level of the relative error in the simulation result compared to the exact solution. The lower
the relative tolerance, the higher the computational cost and the accuracy of the simulation will be. For
this model, the relative tolerance is set at 0.005, which means that the relative error in the computed
solution does not exceed 0.5%. This number was chosen based on COMSOL’s suggestion. The
program analyses the different physics and domains u ed and then suggests a number.

3.4.2. Plume Visualization
Analysing when the plume is fully developed or not starts with visualisation. When looking at the domain
shown in Figure 3.2, a few things can be seen. The plume will be simulated for a total of 200 seconds,
and for each second, an output will be generated and stored in the data sets. Now, these data sets
cover the entire domain. However, these two surface plots are difficult to compare and analyse and,
more importantly, do not entirely explain what needs to be studied. The surface plot can be seen in
Figure 3.9. The plume must be assessed at a height of 190 meters from the centre of the runway of
the Polderbaan. Therefore, a horizontal line is drawn at 190 meters from the centre and at the same
height as the measurement station. This allows for an analysis of the concentration during the different
time points at that distance. Figure 3.10 illustrates how the line is setup.
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Figure 3.9: Concentration surface plot of the simulated plume

Figure 3.10: The horizontal line drawn in the domain at 190 metres from the centre,

The next step is to simulate the plume for a set of base variables, which can be found in Figure A.1.
This simulation is done for the pollutant CO2 with an input concentration of 200 ppm. The concentration
figure does not greatly matter as the geometry of the plume is assessed, not necessarily the values of
the concentration. If the plume is simulated for 200 seconds, this results in Figure 3.11
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Figure 3.11: The concentration of the plume simulated along the y=190 line for different time steps.

In Figure 3.11, the concentration plume can be seen at the same height as the measuring station.
At t=0 seconds, it is seen that the plume has not reached the measuring station, and therefore, the
concentration line is equal to 0. This changes after 25 seconds. Here, the first phase of the plume
can be seen. A small Gaussian shape is observed. At 50 seconds, the concentration peak is still
rising, and the overall shape has become much more significant, indicating that the plume has not yet
been fully developed. Looking at 75 seconds, the plume development is approaching a steady state;
the changes between the different time points are decreasing and converging to the same peak value.
This is confirmed by looking at the plumes from 100 seconds and later. The plume shape does not
drastically change, and the peak value can be seen as relatively constant. This also means that after
100 seconds, it does not significantly matter which time point is chosen. To ensure that the simulation
also suffices for measurement experiments at low wind speed, when the plume arrival time is larger,
the plume is selected to be evaluated at 200 seconds. Therefore, all the plumes extracted from the
model will be extracted after 200 seconds.

3.5. Plume Identification
Now that it has been determined that the plume will be simulated for 200 seconds, it is possible to start
the methodology on how the plume can be identified. Identification is meant to accurately depict the
cross-section of the plume that passes the measurement station.

3.5.1. Plume starting point
The plume starting point is essential as this defines from what point the plume in the simulation can be
seen as present. The beginning for this is the plume using the horizontal cross section at 190 meters
shown in Figure 3.12 known as the ’raw plume’. Looking at this figure, a few things can be seen. The
width of the plume is enormous, around 2000 metres. This indicates that this is not the correct way of
dissecting the plume. The cross-section that most accurately visualises how it passes the sensors is
likely to be a vertical cross-section.

The raw plume, however, needs to be identified when it first crosses the 190-meter mark, which
indicates when it has reached the sensors. This value along the arc length becomes the starting point
where a new cross-cross section can be created. To understand what the beginning of the plume is,
a threshold must be constructed. This threshold marks the start of the plume. As can be seen from
Figure 3.12, this threshold must be a concentration value. The method must be used on every plume;
thus, it needs to be relative to the maximum value of the plume. The maximum can be used to calculate
a threshold. When the plume has reached a percentage of the plume’s maximum, this can be used
as a benchmark. The percentage needs to be chosen somewhat arbitrarily and using more qualitative
than quantitative reasoning. The measurement equipment used is heavily affected by the background
pollution, while the methods used by Jeff in a previous thesis tried to completely isolate an aircraft
pollution plume from a background pollutant plume; this is not a simple task [38]. The starting domain
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Figure 3.12: The horizontal cross-section of the plume.

for the COMSOL model can be seen as completely clean air. Therefore, setting a tiny percentage
of the maximum concentration as the starting point of the plume would be unfair when looking at the
conditions of the experiments. Thus, the percentage is set at 2.5%. The threshold calculation can be
seen in Equation 3.18.

Cthreshold = 0.025 ∗max(Cplume). (3.18)

The starting point of the plume at the arc length is when this threshold concentration is reached.
Using interpolation, the point along the arc can be calculated. Interpolation is used because often,
no value on the concentration line is exactly 2.5% from the maximum. This is done using the SciP i
package in Python. When the interpolation process is finished, this results in Figure 3.13. The threshold
concentration value is reached at the red dot. The arc length at this point is equal to 1849 meters. This
value is used to identify the plume further.

3.5.2. Point and Direction
The starting point of the plume has been determined and can be used to evaluate further the plume’s
cross-section. The different cross-sections are extracted using a function built into Comsol called the
’Point and Direction’. This function requires two input parameters: a point through which the line passes
and a direction. This direction can be seen as an angle given to the line. The fact is set as the starting
point of the plume determined in section 3.5. Determining the direction requires a different method.
The method is built on the corrected wind angle, α, described in subsection 3.3.2. The corrected angle
is built on the speed of the aircraft and the ambient wind speed. These two factors greatly influence
how quickly the plume ’bends’ towards the measurement station. To create similar plots for plumes that
are subjected to different aircraft and wind speeds, the line plot must be drawn perpendicular to the
plume. This is shown in Figure 3.14. The red line along the plume indicates the direction which must
be taken into account when extracting a perpendicular plume. The red line that crosses the plume is
perpendicular towards its counterpart and illustrates that along this line, the plot must be created.
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Figure 3.13: The start of the plume marked with the red circle

Figure 3.14: The plume direction visualised for the extraction of the line plot

The direction is, as mentioned, computed using the corrected wind angle α. The direction needs
to be quantified in both the x and y directions in Comsol. This is done using Equation 3.19 and Equa-
tion 3.20.

xdirection = cos(α− π

2
) (3.19)

ydirection = sin(α− π

2
) (3.20)

The factor π
2 is used to create the perpendicular aspect. Now that both the point and direction of the

line plot are constructed, it is possible to develop the plot with the new plume. This is done in Figure 3.15.
The plume here is seen to have a width of about 150 metres and a relatively flat concentration peak.
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Figure 3.15: The plot created perpendicular to the edge of the plume

Now, this plume can be compared to the raw plume that was used until this point, shown in Fig-
ure 3.12. Figure 3.16 shows this. The newly created plume is shifted towards the middle of the raw
plume to create a better illustration of the differences between the plumes. The first thing that is noticed
is that the horizontal raw’ plume is much wider than its counterpart. Around 2000 metres versus 150.
As a result, the area of the raw plume is much larger. Also, the peak value of the perpendicular cross-
section is higher due to the way of extracting the middle of the plume being closer to the jet engine
inlet, thus containing a higher concentration gradient. The perpendicular cross-section will be used for
further analysis.

Figure 3.16: The different cross sections of the plume compared
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3.6. Plume Analysis
Now that the plume cross section has been constructed, the next step can be taken. That is to identify
characteristics of the plume that can be used for further analysis and comparison with the results from
the measurements. A plume is considered that will be used for the rest of his section to illustrate how
the method for analysing will be set up. This plume is seen in Figure 3.17.

Figure 3.17: The starting plume used for further analysis

3.6.1. Plume Width
One aspect of the plume that can be used to compare plumes from simulations and measurements is
the width. This is based on whether the model can accurately model the dispersion of pollutants and
the evolution of the plume. If the width of the plumes from the simulation and the measurements differ
significantly, this could explain why the concentration values differ. A more enormous plume would
lead to a lower peak concentration value. If the plume widths were similar but the concentration values
differed significantly, this would indicate that the input parameters surrounding the concentration values
would need to be reviewed. Now, to determine the plume’s width, the plume’s beginning and end points
must be computed. This is done in the same way as was done for the starting point. The start of the
plume is set at themoment when the concentration reaches 2.5% of themaximum value, and the ending
is set at the same point but then after the peak. The formula for the width is seen in Equation 3.21. The
length of which the concentration reaches 2.5% after the peak (L(Cend)) is subtracted with the starting
point (L(Cstart)).

Lwidth = L(Cend)− L(Cstart) (3.21)

The plume width is visualised in Figure 3.18. The area marks both the start and the ending of the
plume, which will used in the comparisons.
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Figure 3.18: The plume width used for analysis is shown within the plot.

3.6.2. Maximum Concentration
In addition to plume width, another aspect needs to be considered. This is the maximum concentra-
tion value. This value can be used to assess whether the model can accurately model the pollutants’
dispersion and whether the methods for calculating the input parameters regarding the pollutants are
without flaws. The maximum can simply be used through a Python command which is marked in the
plot, shown in Figure 3.19. The maximum value is a critical value in the model and, therefore, is prone
to numerical inaccuracies inherent to the model’s method, such as the relative tolerance and the mesh
chosen for the domain.

Figure 3.19: The plume with the maximum value marked in the plot.



4
Model Sensitivity Analysis

In this chapter, a sensitivity analysis of the model will be performed. The mode will be subject to
changes in different ambient and operating conditions to evaluate its effects on the plume geometry
and concentration gradient. This can be used in the analysis of the results when the model is compared
with the measurements to explain any discrepancies that are found. The sensitivity analysis will be
done with several base parameters, which can be found in Figure A.1. The ambient conditions are also
stated. The wind direction will be set to 90 degrees, thus perpendicular to the runway. The speed of the
wind will be equal to 5m/s. All the variables will be kept constant during the sensitivity analysis except
for the parameter investigated; this ensures that the results only reflect the influence of the variable
studied.

4.1. Curve Fitting
Before delving into the different variables for analysis, curve fitting must be discussed. Curve fitting is a
technique that can be used to find the best fitting curve or function to represent a set of data. In this case,
the data is from the plumes. The function that is used is chosen to closely match the behaviour of the
data set. Due to the fact that the results from the sensitivity analysis vary in relationship, it is essential
to select a versatile function. The chosen curve fit is seen in Equation 4.1. This function is defined
as an exponential decay model; as was said, this is chosen as it can represent all kinds of different
datasets. Here, the y represents the dependent variable, for example, the maximum concentration or
the plume width. The x is seen as the independent variable, for example, the wind speed. In addition,
there are three other parameters, a, b, and c, which determine the amplitude, decay rate, and offset
of the exponential decay curve. These parameters are adjusted to capture the relation of the various
data points carefully and to be able to draw conclusions from the sensitivity analysis.

y = a ∗ e(−b ∗ x) + c (4.1)

4.2. Mesh Analysis
The first aspect that is used for the sensitivity analysis is the mesh. The mesh in COMSOL refers to
the discretisation of the domain into smaller elements. These elements can have different geometric
shapes depending on if the domain is 2d or 3d. For 2d, these elements have a triangular shape.
Dividing the domain into these smaller shapes allows numerical solutions to calculate the plume at
each component. An example of the mesh is shown in Figure 4.1.

34
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Figure 4.1: The domain shown with a mesh applied

A few things need to be discussed before delving into the analysis. Looking at Figure 4.1. At the
beginning of the domain, especially the area surrounding the outlet of the jet engines. The mesh is finer.
A finer mesh provides a higher spatial resolution. This allows for a more accurate representation of the
physics that takes place in the model as the smaller elements capture finer gradients in the parameters
flowing through the model. The refinement at the beginning of the flow is done by CO SOL self and
can be seen as an automatic step to ensure a sense of accuracy. The rest of the mesh in the domain
can be seen as uniform, as each element has the same size throughout. COMSOL offers different
preset resolutions. The resolution ranges from extremely coarse to extremely fine. These can be seen
in Table 4.1.

Mesh Type Number of elements (#)
Extremely Coarse 1715
Extra Coarse 3497
Coarser 5660
Coarse 12119
Normal 19563
Fine 29854
Finer 133579
Extra Fine 509210

Table 4.1: The different preset resolutions offered by COMSOL

Table 4.1 shows the name of the preset that is used on the domain, and the number of elements
indicates how many triangles the domain is divided into. Note that this is also dependent on the length
of the domain, which varies with the crosswind. The number of elements from this table originates
from a domain with a length of 4500 meters. In section A.3, the domains with different resolutions can
be seen. Different mesh types are tested to investigate the effect of the mesh on the plumes in the
simulation. The plumes are simulated and plotted in Figure 4.2.
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Figure 4.2: The plumes simulated with different mesh resolutions applied to the domain

Several things are to be seen in Figure 4.2. The first is that the plume becomes much thinner as
the mesh increases in number of elements. The finest mesh results in the highest peak of concen-
tration measured. Another aspect is that the jaggedness of the line increases as the mesh resolution
decreases. This is because a lower mesh results in larger elements, which causes more significant
concentration differences between each component.

A plot can also be created only to show the maximum concentration. This plot can be seen in Fig-
ure 4.3. A few things can be seen here, such as the converging nature of the curve. The steepness
of the curve in the first few points does not continue throughout and is seen to flatten, especially con-
sidering the last two points of the plot. This means that refining the mesh has its limits in obtaining a
more accurate solution. The difference between the peak concentration of the extra fine mesh and the
extremely coarse is around 300%. This illustrates the effect the mesh has in the early stages.
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Figure 4.3: The maximum concentration of the plumes simulated with different mesh resolutions applied to the domain

The same thing is done for the plume width. Figure 4.4. For the lowest mesh, the plume starts
with a width of 236 and for the finest mesh, this results in a width of 83 meters. The same converging
relation can be seen as it was with the maximum concentration values. The width cannot endlessly
decrease and, therefore, is seen to travel to its stable point.

Figure 4.4: The plume width of the plumes simulated with different mesh resolutions applied to the domain

Now, looking at the conclusions from the plot, it could be said that a mesh should be applied as fine
as possible to the domain. However, it should be noted that a fine mesh has consequences for the
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applicability of the model. The mesh is one of the most significant drivers of the computational cost.
Therefore, it is vital to research its effects. A plot is created that shows how long it took for a plume to
be computed for the different meshes, seen in Figure 4.5. The finest mesh results in a simulation which
takes around 2 hours and 40 minutes. This needs to be accounted for when trying to model a large set
of aircraft arrivals and departures. A side note is that computational time is particular to the computer
used and the RAM available. When simulations are done on other computers, they may result in faster
or slower simulations.

Figure 4.5: The time needed for the model to simulate the plume

4.3. Adaptive Mesh Refinement
The meshes that have been used until now are seen as uniform meshes (except for the small area
surrounding the jet outlet); however, there are also other methods to construct a mesh that is more
appropriate to the physics simulated. One of these methods is adaptive mesh refinement. This tech-
nique can be done through COMSOL, which adjusts the mesh resolution based on the characteristics
of the simulation. These simulation characteristics include the geometric features of the domain and
the parameters defined by the user. The most used method in adaptive mesh refinement is similar to
the uniform mesh. This method involves the division of elements into smaller subelements. However,
this time, COMSOL monitors the simulation by analyzing parameters such as velocity and concentra-
tion gradients and deciding where additional mesh refinement is most beneficial. COMSOL calculates
errors between the elements and uses this to refine the mesh further. The method can be seen in
Figure 4.6. The mesh is refined at the locations where the plume travels across the domain, resulting
in a more accurate simulation.
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Figure 4.6: The adaptive mesh refinement shown in the domain

The comparison between the uniform mesh and the adaptive refinement method allows for a bet-
ter understanding of the effect of using this type of method. The same plume characteristics can be
compared: plume width and maximum concentration. Starting with the maximum concentrate, which
is seen in Figure 4.7. A note that due to the computational cost of the last two mesh categories, these
have been removed in this plot. The data resulting from the adaptive mesh follows the same trend as
that from the uniform mesh. However, all the values of the adaptive mesh are higher than those of the
uniform one. This is because the mesh is even more refined at the location where the plume is or was,
and a more accurate solution, in this case, leads to a higher peak concentration. From this plot, it can
be calculated that, on average, per mesh type, the adaptive mesh refinement method leads to a 24.0%
higher peak concentration.

Figure 4.7: The maximum concentration of the plume when comparing the adapted mesh to its uniformly shaped counterpart

The same comparison is done for the plume width. It is resulting in Figure 4.8. Similar to Figure 4.7,
a clear difference can be seen from starting from the first mesh type. Again, both follow the same
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converging trend, and the difference stays stable. The plume width of the adaptive mesh is smaller
throughout. The average difference per mesh type is equal to 21.6%.

Figure 4.8: The plume width of the plume when comparing the adapted mesh to its uniformly shaped counterpart

From this mesh analysis, a few things can be concluded. A uniform mesh has a significant influence
on the evolution of the plume and can result in triple the maximum concentration and width measured
in the simulation. In addition, an adaptive mesh refinement method can be used. This influences both
values by around 20%, which is quite significant. This confirms that from now on, this method should
be incorporated into the simulations that are done. To create a balance between the computational
cost and accuracy, a normal mesh category is chosen. How this might affect the results is as follows:
In Figure 4.7 and Figure 4.8, the normal mesh category can be seen as the 1st to last point. Comparing
this with the point at the next mesh category, the following is seen. The plume width differs by 9.1%
while the peak concentration differs by 12.9%. These figures indicate how a finer mesh might impact
the result and can be used when looking at ways to improve the results.

4.4. Engine Separation Distance
The next variable studied is the engine separation distance, as discussed in subsection 3.3.1. First, a
suitable range must be found that accurately represents the type of aircraft landing at the Polderbaan.
The data on the exact separation distance is not as easy to find as one may think. As this metric is often
not shown, data like wingspan, height, and length are mostly found. The data from the ADS-B collected
at the measurements also includes the Icao code with which the aircraft type can be found. One of the
smaller aircraft that can be seen in the data is the Embraer 175. This is the smallest aircraft in the fleet
of KLM [33]. While in the drawings, an exact figure is given to determine the separation distance, it is
possible to extrapolate using the dimensions that are given. This gives a distance of around 6 meters.
Another aircraft that is often seen in the data is the Boeing 737. For the Boeing 737 MAX, the distance
is 9.64 meters [7]. There are also larger aircraft, such as the Boeing 787 Dreamliner. Here, a distance
of 18.9 meters is shown [8]. Using the different data obtained, the range can be set. This is seen in
Table 4.2.

Similar to themesh analysis, the plots based on the plume width and peak concentration are created.
This results in Figure 4.9. What can be seen from this plot is that the width increases as the distance
between both engines increases. When the engines are farther apart, a few things happen. Then, the
engine closest to the runway causes its own plume to reach the measurement station quicker as less
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Engine Separation
Distance (m) 8 10 12 14 16 18 20

Table 4.2: The different engine separation distances considered in the sensitivity analysis

distance has to be travelled. In addition, the engine that is farther from the station requires more time
to travel. This effect causes an increase in plume width. If the effect is quantified, it can be seen that
for each distance increase of 2 meters, the width becomes 1% larger on average. The plot regarding
the effect on the concentration can be seen in Figure A.19.

Figure 4.9: The plume width when comparing the distances between the engines

The same can be done with the peak concentration. The plot is seen in Figure A.19. The larger
distance allows for more mixing with the surrounding air. This causes more dilution of the pollutants,
which results in a lower peak concentration, resulting in Figure A.19. Another way of looking at it is that
due to the fact that the engines are farther apart, pollutants are less likely to accumulate in the middle,
resulting in a lower peak concentration. On average, the peak concentration decreases with 1.2%.

4.4.1. Non Gaussian Shape
The engine separation distance allows for an extra property that can be investigated. Until now, all the
plumes simulated took a Gaussian shape. This meant that each plume had a single peak concentration
value. When the engine separation distance increases, there becomes a point when the plumes of each
engine do not have enough time to merge before reaching the measurement station. This would then
result in a double-peak plume. Looking at the normal separation distances seen in aircraft, no non-
gaussian shape can be found. Therefore, an extreme value is looked at to see when this phenomenon
happened. Through trial and error, the distance is increased until two peaks can be observed in the
concentration plot. This method leads to a separation distance of 73 meters, far larger than any aircraft
that is landing at the Polderbaan. The plot can be seen in Figure 4.10. The plot clearly shows the two
different peaks, each caused by the different engines.
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Figure 4.10: The concentration plot for a separation distance when the curve first shows a non-gaussian shape

4.5. Engine Diameter
When studying the various jet engines used in aircraft, one of the most obvious parameters is the
engine diameter. The diameter determines the size of the flow entering the domain and is, therefore,
an influential parameter. The different diameters of aircraft can be found in various sources, such as
databases maintained by the EUSA or open source [19, 42]. In addition to finding the diameters of
the engines, the first step is to determine which aircraft type has which engine. Aircraft engines are
often updated, and newer models allow for greater efficiency, so aircraft may change engines from
time to time. This means that it is important to establish which exact engine the aircraft is using when
it lands at the Polderbaan. This can be done using the ICAO code; this code can be used to track
the aircraft type and engine using the open source databases [52]. In order to obtain the range to
be used for the analysis, the different aircraft are evaluated. When looking at the smaller aircraft that
land at Polderbaan, one stands out: the Embraer 175. This aircraft has two CF34-8E6 engines with a
diameter of 53 inches. This is the smaller end of the spectrum. On the other hand, if you look at the
larger engines, the GE90-115B has the largest diameter at 157 inches. This type of engine is used by
the Boeing 777-306ER [52], also seen at the Polderbaan. Now that the smallest and largest diameters
are established, a range can be created, as seen in Table 4.3.

Engine Diameter (Inch) 50 60 70 80 90 100 110 120 130 140 150 160

Table 4.3: The various engine diameters used for the sensitivity analysis

The relation of plume width and engine diameter can be seen in Figure 4.11. A clear linear relation
is observed as the plume increases with the diameter, as is expected; however, maybe not as much
as was thought before. For each increase of 10 inches of diameter, the plume width increases by
around 2.20%. The reason that this is not extremely large is likely due to several causes. Since the
engine diameter stands at the origin of the plume, it has a long time to evolve before arriving at the
measurement station. During this time, other effects such as wind speed and aircraft velocity have a
significant amount of time to play a dominant role in the evolution.
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Figure 4.11: The width of the plume when comparing the different engine diameters

4.6. Aircraft velocity
The aircraft’s velocity impacts the airflow around the aircraft itself. Therefore the air that is already inside
the domain. This will influence the plume as this speed is added to the initial momentum given by the jet
engine. Therefore, it is essential to include this in the sensitivity analysis. The aircraft’s speed is heavily
dependent on whether the aircraft is arriving or departing. The speed, like many other parameters, can
be extracted from the ADS-B data. An example of the data snippet is shown in Figure A.10. It can
be seen that, as expected, the velocity is significantly lower for arrivals as opposed to departures. In
addition, the spread of the velocities for arrivals is lower. It can be seen that smaller aircraft like the
Embraer 175 approach with a speed of 45 m/s while a Boeing 737 approaches with 70 m/s. This
spread is not as present for departures. Here, aircraft mainly take off with a speed between 70 and 80
m/s. This leads to the following range being used for the analysis, as in Table 4.4.

Aircraft Velocity (m/s) 50 55 60 65 70 75 80

Table 4.4: The range of speed of the aircraft used

The plume width evolution can be seen in Figure 4.12. A clear correlation can be seen. The plume
width increases with the aircraft speed, as is expected when looking at the peak concentration values.
Each interval in velocity causes a 3.36% increase in plume width. At the same time, the largest delta
in the set is 22.17%.
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Figure 4.12: The width of the plume when comparing the different speeds aircraft travel at

Now, what causes this relationship? From an intuitive standpoint, one could argue that the plume
should become thinner as the velocity increases because the air blows the plume faster down the
runway. However, this is not what is seen in the plots. The plots illustrate a phenomenon that plays
a crucial role in the shaping and evolution of the plume, called entrainment. This process describes
how surrounding air is drawn into the jet exhaust [40, 55]. At lower velocities, the plume stays relatively
narrow. However, when the velocity of the aircraft increases, a few things happen. Due to the velocity,
a lower air pressure is created in the wake of the plane. This wake then serves as a vacuum, causing
the surrounding air to be drawn into the exhaust. The surrounding air then mixes with the exhaust
plume, causing an increase in width and a decrease in peak concentration. This is the entrainment
phenomenon. The entrainment here is thus unrelated to the engine operating settings and solely on
the aircraft speed. The results show that the entrainment plays a crucial part in the dispersion of the
jet plume. As with previous parameters, the complete plumes can be found in Figure A.14, as well as
the peak concentration plot in Figure A.15.

4.7. Pollutant Concentration
Themain parameter that dictates the pollutant dispersion is the input parameter surrounding the amount
of pollutants exiting the aircraft. Until now, the pollutant CO2 was set at 200 ppm. This number was
based on evidence found in the literature. However, since different engines are used, these include
different emission factors and thus a varied input parameter of pollutants emitted. At this moment, the
exact number of contaminants does not significantly influence the results of this section. The plume
geometry and peak concentration are mainly studied, and how this relates to the change in parameter.
Therefore, absolute value is not the main focus here. This leads to a quite straightforward range shown
in Table 4.5.

Concentration Pollutant (ppm) 100 200 300 400 500 600 700 800 900 1000

Table 4.5: The amount of pollutant emitted by the engine

The plot containing the maximum concentrations seen in Figure 4.13 is less critical in this analysis.
This is mainly shown to see that a linear relation can be seen as expected when increasing the input
concentration. The complete plumes are in Figure A.17. Each increase of 100 ppm results in a peak
value that is 31% higher than its predecessor.
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Figure 4.13: The maximum concentration of the plume when comparing the different pollutant input parameters

The more relevant figure for this variable analysis is Figure 4.14. As can be seen, no trend line
has been drawn. This is because this can be seen as a relatively stable relationship. The amount of
pollutants does not impact how wide the plume becomes. This is confirmed by looking at the largest
delta between the widths. This is equal to 4.3%. However this could also be caused by themethodology
in which the 2.5% of the peak concentration is used to create the boundaries of the plume width. This
could be seen as a flaw in how the plume width is perceived when looking at aircraft with different input
concentrations.

Figure 4.14: The plume width when comparing the different pollutant input parameters
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4.8. Jet Engine Exit Speed
Staying in the category of aircraft-specific variables, the following parameter is the exit speed of the jet
engine’s air. This parameter is, of course, significantly dependent on the type of jet engine used. This
speed influences how fast the air travels across the runway and, thus, when it bends across to reach
the measuring station. Two main things need to be looked at to determine an acceptable range. Firstly,
if it is considered arrivals or departures, as mentioned in Table 2.1 for an approach, the thrust setting
is around 30% of the maximum, while for take-off, this is equal to 100%. This greatly influences the
speed at which the air leaves the turbine. In addition, larger aircraft need to use a jet engine, which in
turn has a higher maximum thrust, allowing for an increase in the velocity with which the air is pushed
out, as established in Equation 3.7. The first step is to construct a range of thrust boundaries for the
aircraft landing at the Polderbaan. For this, the emissions databank of ICAO is used [28]. This databank
consists of a large set of information on emission factors from jet engines used on various aircraft. This
also includes the maximum thrust, seen in Figure A.13. Filtering the data on what engine produces
the largest thrust, the following is seen: The engine is made by General Electric Company and has
the engine identification ’GE90-115B’; it has a maximum rated thrust of 513,9 kN . This type of engine
is used on a Boeing 777, which can be identified in the measurement data and, therefore, serves as
an upper boundary. A sidenote for this is to be used as an upper boundary. It is considered to be a
departure, as only then all of the possible thrust is used. The same can be done to estimate the lower
boundary, looking at the engines with the lowest thrust. One of these engines is the CF34, which is
often used on Embraer 170 jets This aircraft is also seen landing on the Polderbaan. The thrust is
equal to 64 kN ; this time, an approach is considered, so around one-third of the thrust is used Using
Equation 3.6, the following can be computed: the lower exit speed is equal to 50 m/s, and the highest
is 290 m/s These numbers are rounded off to ensure a smooth analysis Using these boundaries the
total range is seen in Table 4.6.

Exit Speed (m/s) 80 110 140 170 200 230 260 290

Table 4.6: The different exit velocities of the air leaving the jet engine

Starting with the plot of the different plume widths. As seen in Figure 4.15. When looking at Fig-
ure 4.15, it can be seen that the width decreases as the velocity of the air leaving the jet engine in-
creases. A higher velocity means the flow carries more momentum and thus causes the pollutants to
spread out less. The following can be seen when looking at how much the width is affected. For each
increase of 30m/s, the plume decreases by 2.22%. The complete plumes are seen in Figure A.20 and
peak concentration values in Figure A.16.

Figure 4.15: The plume width for different exit velocities
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Figure A.16 illustrates the relationship between the exit velocity and the peak concentration. As
expected from the results from Figure 4.15, an increase in peak concentration can be seen. The
concentration does seem to increase significantly more compared to the width. The peak value grows
to 8.43% with each step. Looking at the plots generated, it can be seen that the velocity has a large
impact on the evolution of the plume. However, this has to be put into context, as the range of velocities
considered is extreme. Starting with the approach engine velocity of the smallest aircraft and ending
with the departing velocity of the largest aircraft engine. Taking this into consideration, the effect of this
variable is considerable but not extreme.

4.9. Wind Speed
One of the most essential ambient parameters is the wind speed. This parameter dictates the trajectory
of the plume and governs how quickly the plume reaches themeasuring station This, in turn, determines
how long the plume has to develop, which can be seen in the geometry and the peak concentration The
wind is also the only force that works perpendicular to the plume and is, therefore, attractive to test As
mentioned before, the wind direction is set at 90 degrees This is done as the wind in other directions can
also be translated into a crosswind component and, therefore, is indirectly also in this analysis From the
measurements, a wide range of wind speeds can be seen These are both for arrivals and departures
Looking at the maximum wind speed of a measurement day, which lies around 9,7m/s at the top value,
can be seen on which the parameter range is based On the lower side, this value lies at around 2.5
m/s however this is not solely crosswind Most often, the wind is not completely perpendicular to the
runway Therefore, the lower range is set at 1 m/s This results in Table 4.7.

Wind Speed (m/s) 1 2 3 4 5 6 7 8 9

Table 4.7: The amount of pollutant emitted by the engine

Several things can be seen when investigating the effect of the wind speed on the plume width.
Figure 4.16 shows the results. The relationship is relatively linear and can be seen as quite strong.
Per step that the wind speed increases, the plume width decreases by 3.49%. The largest delta in
this data set is equal to 29.1%. This is a significant amount and illustrates that the wind speed has a
crucial impact on the development of the plume.Figure A.11 and fig: Figure A.12 show the results of
the complete plumes and peak concentration values respectively.

Figure 4.16: The plume width of the plume for different crosswind velocities
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4.10. Concentration Threshold
Unlike the other sections of the sensitivity analysis, this portion does not involve an operational or
ambient variable. In subsection 3.5.1 and subsection 3.6.1, the starting point and width of the plume
were discussed. This used a concentration threshold tomark the starting and ending points of the plume
to start the analysis. In addition, the starting point was also used in the point and direction function
and thus where the plume was ’cut’ through. Using this methodology affects the geometric properties
of the plumes, which leads to a possible deviation from the results compared to the measurements.
Therefore, it is important to quantify these effects. As was seen, a threshold concentration of 2.5% was
used for the sensitivity analysis until now. Smaller and larger thresholds will be used to evaluate how
they affect the plume identification and extraction method. The different thresholds as a percentage of
the maximum concentration used can be seen in Table 4.8. For example, a threshold of 0.5% means
that where the plume concentration is 0.5% of its peak, it will be seen as the location where the point
of direction function will be used to create a perpendicular view to the plume. In addition, the same
threshold will be used to calculate the plume width. Therefore, it cannot be said that a 1% threshold
change results in a 1% plume width change.

Concentration Threshold 0.5% 1% 1.5% 2% 2.5% 3% 3.5% 4% 4.5% 5%

Table 4.8: The different percentages used to calculate the concentration threshold .

The effect of the concentration threshold on the plume width is seen in Figure 4.17. The plume
width decreases as the threshold increases. This is as expected. The main point of this analysis is
to research how much the width decreases. Each half percentage point makes the width decrease by
2.66%.

Figure 4.17: The plume width when using the various thresholds to extract the plume

Now, for this variable, it is also interesting to observe the peak concentration value, as this also
varies. This is due to the fact that the threshold determines where it is decided that the plume has
reached the measuring station. Therefore, a change can be seen in Figure 4.18. The effect of the
threshold chosen on the concentration is less significant than that of the plume width. Each step ac-
counts for a 0.77% decrease. This is caused by the fact that a larger threshold means that the plume is
extracted at a location further along the runway, giving the pollutants a chance to disperse even more.
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Figure 4.18: The peak concentration when using the various thresholds to extract the plume

The results show that, especially for plume width, the threshold used matters significantly. However,
it must be used with caution as taking a small threshold can only be done when the data collected from
the measurements is accurate and unaffected by other background pollution, which is almost never the
case.

4.11. Concentration Input
As is the case with almost all models, the results are only as good as the input parameters. Now, when
assessing the air quality and evaluating the peak concentration, the input parameters surrounding this
play a crucial role. The parameter was briefly discussed in subsection 3.3.1. However, this did not
include how the parameter is quantified. The method that is used is done through using the ICAO emis-
sions databank [28]. The databank contains the emissions factors of different pollutants, specifically
NOx and CO. In Figure A.21, a table is found. Here, it is also seen that the emission factor depends
on the operating condition of the engine. In Table 4.9, the different modes are defined. As can be seen,
the focus will be on the take-off (T/O) and the approach (App).

Operating Conditions Specified
T/O Take-off
C/O Cruise
App Approach
Idle -

Table 4.9: The different engine operating modes defined in the ICAO databank

The next step is to determine how the emission factor can be used to compute the input parameter.
The emission factor is defined as how much gram pollutant is emitted per kg fuel burned. Therefore,
the fuel usage must be used to determine this. To do this, it is possible to use the same databank as
is used for the emission factor. For each operating condition and engine, the fuel flow in kg/sec can
be seen. This means that if it is known how long the engine is running, an estimation can be made for
how much is emitted. This is shown in Equation 4.2.

Ci,j,k = EIi,j,k ∗ FFi,j,k ∗ Ti ∗ n (4.2)

The variables in Equation 4.2 are as follows. C is the concentration emitted. EI is the emission
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factor in g/kg and FF the fuel flow. Lastly, the T is the time the engine spends in a specific mode.
These parameters are specific to certain characteristics. The mode the engine is in is denoted with i.
The type of engine is defined by j, and k shows which pollutant is considered. Finally, n is the number
of engines on the aircraft.

Almost all the variables used in Equation 4.2 can be found in the ICAO emissions databank. An excep-
tion is the time the engine spends in a specific mode Ti. This time is difficult to define. The problem is
to translate a dynamic event, an aircraft landing or taking off, to a static plume. The starting point is to
investigate the dimensions of the Polderbaan further. This is seen in Figure 4.19.

Figure 4.19: The different geometric distances defined needed for the analysis

Figure 4.19 shows the Polderbaan in relation to the measurement station. In order to be able to
estimate the Ti, two different cases are created. The two different cases are as follows:

• Full Runway: The first case is to base the time in mode on the total length of the runway. The
total length of the Polderbaan is 3800 metres [54]. This distance can be used as a starting point
when evaluating Ti and is the same for arrivals and departures.

• Runway Cutoff: The second case is to base the time in mode on the relative cut of the length
of the runway in relation to the measurement station. In other words, the length of the runway is
equal to the distance up until the aircraft is parallel to the measurement station. This is dependent
on whether the aircraft is departing or approaching since the measurement station is not exactly
in the middle. For approaching aircraft, this distance is set at 1600 meters, and it is done by
analyzing the Polderbaan through Google Maps. For departing aircraft, the distance is 2200
meters.

After using one of the different cases, the samemethod can be used to calculate. The velocity of the
aircraft is needed to determine how long it is on the runway. This is as mentioned in subsection 3.3.1
able to be extracted from the ADS-B data. For this, it is assumed that the velocity is constant. While
this is a hefty assumption, it is necessary to have a validated comparison between the static plume,
in which a constant aircraft velocity is needed, and the real-life LTO cycle. If a variable velocity were
chosen, the results from the model would be less valuable; thus, it is chosen not to. Using the aircraft
velocity, Vaircraft, the time in mode can be computed using in Equation 4.3. The length of the runway,
Lrunway, depends, as mentioned, on which case is used and if the aircraft is departing or arriving.

Ti =
Lrunway

Vaircraft
(4.3)

Now that all the information is gathered to calculate the concentration one more thing is needed.
The concentration that flows from Equation 4.2 is in grams. For the model, this input must be in ppm.
This can be done in the equation seen in Equation 4.4. From Equation 4.2 the Ci,j,k can be recognised,
which is also used in Equation 4.2. R is the ideal gas constant and T the ambient temperature. The
molar mass of pollutant k is denoted with Mk. The volume, V , is the volume of the jet engine.

ppm =
R ∗ T
P ∗Mk

∗ Ci,j,k

V
(4.4)
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4.12. Influence of reverse thrust
From the measurements done in Schiphol, it is known that some aircraft use reverse thrust. This
influences the number of pollutants emitted by the aircraft. On average, the aircraft uses reverse thrust
for around 16 seconds [49]. During this period, the thrust of the engine is increased to around 60%,
resulting in needing an emission factor that cannot be categorized as an approach. This means that
this influences the input concentration parameter. The equation to calculate the parameter under the
influence of reverse thrust is seen in Equation 4.5. The average duration of the reverse thrust process
is subtracted from the entire time in mode, Ti. This 16 seconds is then added in the second part of the
equation; here, the fuel flow and emission factor are set at the take-off mode. The two parts are added
to create a new input concentration parameter.

Ci,j,k = (EIi,j,k ∗ FFi,j,k ∗ (Ti − 16) + EIT/O,j,k ∗ FFT/O,j,k ∗ 16) ∗ n (4.5)

While in the experiments, no note is made which aircraft when used reverse thrust, it is still valuable
to quantify this effect and see the difference in the results of the model. This is done for both cases
of determining the runway length. In order to analyse this effect carefully an aircraft must be chosen
for which the different parameters can be established. The aircraft considered is a Boeing 737NG; the
engine used on this aircraft is a CFM567-B24. This is shown in Table 4.10.

Boeing 737NG Parameters Arrivals Departures
Aircraft Velocity (m/s) 71 82
Fuel Flow (kg/s) 0.316 1.103
EI CO (g/kg) 2.2 0.4
EI NOx (g/kg) 10.1 25.3

Table 4.10: The different input parameters of the Boeing 737NG

The parameters used in Table 4.10 can be used to calculate the pollutants emitted in grams, for
both the entire runway and the cutoff case. Using Equation 4.2 and Equation 4.5.

Full Runway Case No Reverse Thrust Reverse Thrust
Approach
CO (g) 37.166 33.10
NOx (g) 170.62 566.05
Departures
CO (g) 20.57 N.A
NOx (g) 1325.53

Table 4.11: The concentration calculated for the full runway case .

In Table 4.11 the full runway case is considered. Reverse thrust results in a higher amount of NOx

emitted, while for CO, this number decreases. This is as expected as CO is only produced in higher
amounts when a lean fuel mixture is used. Reverse thrust uses a rich fuel mixture, and thus, the total
amount of CO decreases when looking at the entire runway.

Runway Cut-off Case No Reverse Thrust Reverse Thrust
Approach
CO (g) 19.11 15.05
NOx (g) 87.78 483.19
Departures
CO (g) 8.824
NOx (g) 558.117

Table 4.12: The concentration calculated for the runway cutoff case

For the runway cutoff case, the pollutant parameters are shown in Table 4.12. As expected, these
values are lower compared to the full runway, as less time is modelled for the aircraft to emit pollutants.
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The results of both cases also show the ratio of how much pollutant is emitted less or more when
reverse thrust is observed. Note that this is only done for a single aircraft type, so figures may differ
when various engine types are considered. However, for this test, reverse thrust causes a 10.9% drop
in emitted CO when considering the full runway case. Looking at NOx, a more extreme difference is
observed. This shows that around 3.3 times more NOx is produced. The full runway case was chosen
to calculate the amount of species emitted.

4.13. Ratio NO2/NO
The ICAO emissions database only provides information on the emission factors ofNOx, so it is neces-
sary to understand the ratio of NO2 to NO. As NO leaves the engine, it has the opportunity to oxidise
and turn into NO2, the longer the plume has to travel, the higher the ratio of NO2/NO will be [23]. This
means that considering the experimental setup, it is necessary to look at the ratio when the plume is
about 190 metres from the runway. Several studies have looked at the ratio at this distance. Including
the work of Rik Goudswaard [22]. The results of the different studies are shown in Table 4.13. The
results show that the ratio should be between 0.6 and 0.7. As the study by Stacey et al. covered most
of the plumes, a ratio NO2/NO of 0.6 is chosen.

Ratio NO2/NO Location Measurement Author
0.6 170 meters from the runway at London Heathrow Stacey et al. [56]
0.6 200 meters from the runway of Athens International Airport Bossioli et al. [9]
0.7 190 meters from the Polderbaan runway at Schiphol Rik Goudswaard [22]

Table 4.13: Different studies to establish the ratio of NO2/NO that can be used for this project

4.14. Plume Cross-section
In subsection 3.5.1, the starting point of the plume was determined. This was done using a horizontal
line 190 metres parallel to the runway to identify the plume’s beginning. This was set at 2.5% of the
maximum concentration value. However, the plume can also be drawn through different points of the
plume. This means the point which is used for the point and direction function is not necessarily the
starting point. In Figure 4.20 three different points are shown. The first point (F) is used before 2.5% of
the peak concentration. The endpoint (E) is calculated using the same method as the beginning but is
set after the peak of the plume. The middle point (M) is, as the name suggests, precisely in the middle
of the beginning and end points. These three points will result in plumes that differ in plume width and,
thus, in concentration. Therefore, it is valuable to try to quantify this effect.

Figure 4.20: The different points that can be used as a starting point

The starting point to evaluate this is to simulate a plume which can be used for the analysis. For this
plume, a windspeed of 5m/s is chosen exactly perpendicular to the runway. Then, the different points
are used, which are used in the point and direction function of COMSOL in order to extrude the section
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perpendicular to the edge of the plume as was shown in Figure 3.14. This leads to Figure 4.21. It can
be clearly seen that the plume which uses the first point for the cross section is much thinner compared
to the other plumes. The plume becomes wider as the point moves along the horizontal axis of the
plume. The plume that uses the endpoint can be seen as the widest. In line with this is the decrease
in peak concentration.

Figure 4.21: The different cross sections of the plumes

From Figure 4.21, the difference in width can be clearly seen. The exact widths are shown in
Figure 4.22. The starting width using the first point extraction is equal to 198 meters. When moving
up to the midpoint, the width increases to 344 meters. Finally, the largest width is as expected when
the endpoint of the plume is used, this results in a width of 484 meters. This shows that choosing a
different cross-section can result in almost a doubling of the plume width.

Figure 4.22: The different plume widths when different cross-section points are applied
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The same plot can be generated to determine the effect on the peak concentration value. This leads
to Figure 4.23. The peak concentration for the first point equals 8.731E-5 mol/m3 CO2, while for the
mid and endpoint, this is respectively 1.997E-4 and 1.1164E-4 mol/m3 CO2.

Figure 4.23: The different peak concentration values when different cross-section points are applied

As was seen in the section 4.9, the wind speed most significantly impacted the plume width from all
the different parameters. This makes it interesting to create an analysis of the effect of the crosswind
on the different cross sections. The difference for one wind speed shown in Figure 4.21, illustrates the
large variance. The same range is chosen as in section 4.9, seen in Table 4.14.

Wind Speed (m/s) 1 2 3 4 5 6 7 8 9

Table 4.14: The amount of pollutant emitted by the engine

The entire plumes can be seen in Figure A.22. Firstly, the plume width is looked at. Figure 4.24
shows the relation. As expected, the plume becomes wider as the crosswind is lower. It also can be
seen that the spread between the points used for intersection increases as the wind speed decreases.
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Figure 4.24: The different plume width values when various cross-section points are applied

When looking at the plumes at 2m/s and 9m/s the difference in spread can be clearly seen if. The
relationship can be more carefully observed in Figure 4.25. The plot shows how the growth in plume
width differs for the various wind speeds. In Table 4.15. The increase in plume width from using the
first point compared to the midpoint is 36.8 % when the wind is equal to 9m/s. When the velocity drops
to 2 m/s, the growth in plume width is 82.8%. Comparing the first point method with the endpoint, the
growth in plume length for 2m/s results in a plume that is 2.75 times larger when the endpoint is used.
For 9 m/s the increase is equal to 85.96%.

Figure 4.25: A bar chart with the plume width values when various cross-sections and wind speed points are applied
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Plume Width 2 m/s 9m/s
First Point 232 153
Mid Point 425 210
Endpoint 642 285

Table 4.15: The plume widths extracted from the bar chart in Figure 4.25



5
Model Comparison With

Measurements

In this chapter, themain aim is to validate the accuracy of the created COMSOLmodel by comparing the
simulation outcomes with the experimental data collected at the Polderbaan in Schiphol. The insights
gained here will illustrate the efficacy of the model. The results will consist of two main sections: Plume
width and Concentration. Each of these sections will be subdivided into arrivals and departures. The
data will be subjected to different statistical tests to conclude the effects of the other ambient and
operational conditions.

5.1. Plume Width
In this section, the plumewidths of the simulations andmeasurements are compared to assess howwell
the model can evaluate the plume evolution in terms of geometry. The plume widths for the simulation
are calculated using the methodology described in subsection 3.6.1 with a threshold of 2.5% of the
maximum concentration value. The methodology used is described in subsection 2.11.1, which is
based on the plume duration time and the crosswind speed. An important note to remember is that
the data on which this methodology is based is the particulate matter data collected by the partector
as seen in subsection 2.10.1. Similar to the sensitivity analysis, the plume widths are plotted against
different ambient and operational conditions to observe the possible effects.

5.1.1. Departures
The plumes of 94 different departures from the Polderbaan are simulated and compared with the mea-
surement. Each simulation is modelled according to the aircraft specifications and ADS-B data ob-
tained during the measurement. The ambient conditions obtained from the METAR station at Schiphol
are added. The full list of different aircraft can be seen in Figure B.1. All aircraft analysed are of
twin-engine type.

Wind Velocity
The experiments and the simulations were conducted under various wind conditions. The plume widths
of the model and measurements can be seen in Figure 5.1. In this plot, it can be immediately seen that
the model cannot reflect the measurements perfectly.

57
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Figure 5.1: A comparison of the plume width under various wind conditions

The aim of Figure 5.1 is to be able to reflect on what influence the wind has on the plume width.
Each measurement point (denoted with the X’s) is a different aircraft departing under a different set of
ambient conditions; as mentioned, the full list can be seen in Figure B.1. In this figure, it looks like the
wind does not have a significant effect, but to be sure, a linear regression line is created for both the
simulations and the measured data. The methodology behind this can be seen in subsection 2.12.5.
The regression lines can be seen in Figure 5.2. The red line is the regression line calculated for the
simulation data, and the blue line is the measured data. The coefficients of the regression lines can
be found in the legend of the plot. Starting with the regression line for the simulations. This line shows
a decreasing trend for the plume width as described in section 4.9. The data shows that wind speed
is a dominant factor in determining the plume width in the model. The coefficient of determination
(R2) is also given, which is 0.58. There is some disagreement in the literature as to what value can
be considered acceptable, meaning that the regression curve accurately represents the data [18, 15].
However, as wind speed is not the only variable used in the model, a coefficient of determination of
0.58 indicates a relatively strong relationship. The same cannot be said for the regression line for the
measurements. The line shows a slight increasing trend, which would be remarkable given the results
of the model. However, the coefficient of determination is 0.01, which means that the fit is not optimal,
and therefore, no conclusions can be drawn from this relationship.
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Figure 5.2: A comparison of the plume width under various wind conditions with added regression lines

Now that the effect of the wind speed has been discussed for departures, it is possible to look at
the other variables regarding the operating conditions.This is seen in Figure 5.3.

(a) A comparison of the plume width under various engine
diameters with added regression line

(b) A comparison of the plume width under various aircraft
velocities with added regression line

(c) A comparison of the plume width under various engine
maximum thrust levels with added regression line

(d) A comparison of the plume width under various engine
separation distances

Figure 5.3: The effect of different aircraft operating conditions on the plume width simulated and measured for departures
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Engine Diameter
The next variable to be examined is engine diameter. Looking at the departures, there is a range of
18 different diameters. It is important to note that this does not mean 18 different engines, as many
versions of engines are designed to have the same diameter. The different diameters that occur in
the measurements and simulations are shown in Table B.1. Using the same method as for the wind
speed and adding a regression line to the identified possible relationships, this gives Figure 5.3a. The
first observation is that the linear regression line for the model is almost flat, with β1 of -0.05. This
would suggest that there is no relationship. This is supported by the coefficient of determination of
0.01, which means that a good fit was not found. The same can be seen for the measurements, while
the regression line has a β1 of 0.38, the coefficient of determination shows that no good fit was found.
Therefore it can be said that the engine diameter does not have a significant effect on the plume width.

Aircraft Velocity
Within departures, aircraft tend to have small speed differences during take-off. This is confirmed by
the ADS-B data received. It is therefore included in this analysis. The sensitivity analysis showed that
it had a significant effect on the plume. So it would be interesting to see if this is the case here. The
results are shown in Figure 5.3b. The model does not show a clear relationship. However, there is a
slight trend in the measurements. It can be seen that the plume width increases as the aircraft speed
increases. The fit is not perfect, as the coefficient of determination is only 0.11, but considering that
there are many different variables involved, it does carry some weight.

Thrust Level
This variable was not included in the sensitivity analysis as it was indirectly observed through the effect
of the engine exit velocity in section 4.8 on the plume. However, it was decided not to include engine
exit speed in this analysis as the speed is relatively the same for all aircraft in the same mode (arriving
or departing). Therefore thrust is used to see if it has an effect on plume width. Thrust values are
taken from the ICAO emissions database [28]. It is important to note that the thrust levels shown are
the maximum possible thrust, which is consistent with the ICAO Mode Directions [26]. The resulting
plot is shown in Figure 5.3c. The regression line is flat, similar to Figure 5.3a. This indicates no clear
relationship, again supported by a coefficient of determination of 0.01 and 0.04; in other words, no fit
was found.

Engine Separation Distance
As shown in Figure B.1, there are many different types of aircraft used for departing plume width anal-
ysis. The design of the aircraft results in different engine separation distances. The set of aircraft used
for this section of the results leads to 17 different engine separation distances. These can be seen in
Table B.2. Exploring the possible relationship of this parameter to plume width leads to Figure 5.3d.
The plot is consistent with the results from thrust level and engine diameter, and no real effect is ob-
served. The regression line is flat, and a coefficient of determination of 0.00 is found for the model and
0.04 for the measurements. This indicates that no fit has been found.

Box Plot
Now that the different effects of the different variables have been identified, the next step is to directly
compare the results obtained from the measurements and the simulations. This is done using a box
plot. A box plot is a graphical representation that summarises the distribution of a set of data. It shows
the variability and trend of the data. The body of the plot, called the box, represents the interquartile
range, which extends from the first quartile (Q1) to the third quartile (Q3). Within the box, a line shows
the median value of the data. Extending from the box are whiskers that reach the smallest and largest
values within 1.5 times the interquartile range of Q1 and Q3, respectively, representing the range of
the bulk of the data. Points outside the whiskers are considered outliers; these outliers are significantly
higher or lower than the so-called bulk of the data. The plot is shown in Figure 5.4. At first sight, the
variability in plume widths is much greater in the experiments than in the simulations. This is confirmed
by looking at the standard deviation of both datasets. For the simulations, the standard deviation is
17.33 metres. For the measurements, it is 300.46 metres. The median of both datasets is very close
to each other; for the simulations, it is 233.86 metres, and for the experiments, it is 229.34 metres. The
different statistical values of both datasets can be seen in Table 5.1.
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Figure 5.4: A box plot of the plume widths regarding departures

Statistics Plume Width Departures Mean (m) Median (m) σ2 (m2) σ (m)
Simulation 234.33 233.36 300.46 17.33
Measurements 229.34 208.86 7404.92 86.05

Table 5.1: The different statistical values of the plume widths regarding departures

Errors
Now that an overview of the plume widths of both simulation and measurement has been established,
it is time to examine the error between the two sets. We start with the mean absolute error. This
parameter is one of the easiest ways to observe how well the simulation is able to capture the plume
width. Themean absolute error (MAE) between themodel and the simulations is 72.96metres. Another
error that is looked at is the mean squared error (MSE); this method is more sensitive to larger errors.
This is also seen in the result, the MSE is equal to 8232.15 metres, meaning that the larger errors have
heavily influenced it. The last error considered is the Root Mean Squared Error (RMSE). This is 90.73
metres. In addition to the errors, it would also be interesting to see if the model has a tendency to over
or under-estimate the plume width. This can be done using the mean bias error (MBE). If this deviation
is positive, then the model is more likely to overestimate the plume width than vice versa. Looking at
the mean bias deviation, it can be computed to be equal to 4.99, which means that for departures, the
model overestimates the width by an average of 4.99 metres. All values can be found in Table 5.2.

Error & Bias Plume Width Departures MAE (m) MSE (m2) RMSE (m) MBE (m)
72.96 8232.15 90.73 4.99

Table 5.2: Table with the different errors and bias of the model considering plume width and departures

While the mean bias error gives some indication of how the model is performing there, it would also
be valuable to see how the model performs when looking at different plume sizes. This can be seen
using the Bland-Altman plot shown in Figure 5.5. From this plot, it can be seen that the model tends
to overpredict when the plumes are smaller, as the difference in the lower left-hand area becomes
negative when the mean widths of the measurement and simulation are also smaller. This trend is
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reversed when the mean width of the pair increases. In this case, the model starts to underpredict the
plume width compared to the measurements. This means that there is no clear systemic bias.

Figure 5.5: The Bland-Altman plot of the different plume widths for departing aircrafts

5.1.2. Arrivals
The plumes of 118 different arrivals from the Polderbaan are simulated and compared with the mea-
surement. The same method is used as for departures, which means that each simulation is modelled
according to the aircraft specifications and ADS-B data obtained during the measurement. The envi-
ronmental conditions obtained from the METAR station at Schiphol have also been added. The full list
of different aircraft can be seen in Figure B.1. The results of the plume width comparison can be found
in Figure 5.6.



5.1. Plume Width 63

(a) A comparison of the plume width under various wind
conditions

(b) A comparison of the plume width under various engine
diameters

(c) A comparison of the plume width under various aircraft arrival
velocities (d) A box plot of the plume widths regarding departures

(e) fig: width arrivals separation regression

Figure 5.6: The effect of different aircraft operating conditions on the plume width simulated and measured

Wind Velocity
The analysis for the arrivals is started again with the crosswind wind speed. The plume widths of the
model and the measurements can be seen in Figure 5.6a. Similar to the departures, the discrepan-
cies between the model and the measurements are clearly visible. The linear regression line shows
a downward trend, which is in line with the results for departures. The coefficient of determination is
0.33, indicating that the regression line is not perfect. However, when combined with the results from
the departures, it can be said that the crosswind is a dominant factor for the model in controlling the
plume width. The results from the measurements show an upward trend. A similar trend was found
for the departing plumes. Contrary to the trend found in Figure 5.2, for arrivals, a downward trend can
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be observed. This seems logical as the crosswind increases, the plume would pass the monitoring
station more quickly and, therefore, have a smaller width. The coefficient of determination is equal to
0.29, meaning the relation found manages to describe the dataset accurately to some degree. How-
ever, since this relationship was not found for departures, one should be cautious when trying to draw
conclusions from it.

Engine Diameter
Investigating the influence of the engine diameter is next. Looking at the arrivals, a range of 14 different
diameters can be found. The different diameters that occur in the measurements and simulations are
shown in Table B.3. The plot with the regression lines is shown in Figure 5.6b. As expected, there is
no clear relationship. This is consistent with the results for departures. Both regression lines show an
almost flat curve with a β1 of 0.18, indicating a slight upward trend. However, the two exit coefficients
show that no good fit was found. Combining these results with those from the departures, it can be
said that engine diameter does not significantly affect plume width.

Aircraft Velocity
A slight trend was observed in the measurements when analysing departures. Although the trend was
not supported by a high R2, it would be more relevant if a similar trend were found for arrivals. The
results are shown in Figure 5.6c. The first thing to notice is that the range of aircraft velocities is much
wider when compared to departures. For departures this range was between 70-85 m/s. For arrivals,
the range is 20-80 m/s. The trend for the model is clearly seen, with increasing velocity the width
becomes larger. This is consistent with the results of the sensitivity analysis. Due to the smaller range
for departures, this trend was not observed. It can also be seen that the regression line has a relatively
strong coefficient of determination of 0.47, which means that the fit is acceptable. The regression
line for the measurements shows no influence from speed. Combining this with the results from the
departures, it can be said that speed has no real influence at this time.

Engine Thrust Level
The different thrust levels did not affect the plume width for departures. So we now need to look at
arrivals. This can be seen in Figure 5.6d. There is no significant relationship, as shown by the flat
regression line and the low coefficient of determination.

Engine Separation Distance
Table B.4 shows the different engine separation distances that occur. The results are plotted in Fig-
ure 5.6e. Again, the regression curve can be seen to be flat with a low coefficient of determination,
meaning that engine separation distance has no real effect on plume width.

Box Plot
The influence of the different operating and environmental conditions on the arrival plume width is
similar to that for departures. Except for wind speed, no real relationship is found, and the dominant
parameter, especially for the model, is the crosswind. Looking at the overall distribution of plume widths
for arrivals produces the same box plot. This can be seen in Figure 5.7. One thing that can be seen
when comparing this figure with Figure 5.4 is that the spread of simulation widths is greater. Looking
at the reasons for this, a couple of things can be seen. Firstly, the speed spread of arriving aircraft
is greater than that of departing aircraft. Smaller aircraft are able to break more quickly, resulting in a
lower speed. In addition, the use of reverse thrust can reduce the speed of an aircraft even faster. The
statistics can be seen in Table 5.3. The mean and median of both data sets are close together, similar to
the departures. However, as mentioned above, the variance and standard deviation of the simulations
are larger. For arrivals, the variance is 2417.23, and the standard deviation is 49.16. Similarly to
departures, the mean and median of the two simulations are relatively close. The standard deviation
and variance of the measurements are close to those of the departures.
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Figure 5.7: A box plot of the plume widths regarding arrivals

Statistics Plume Width Departures Mean (m) Median (m) σ2 (m2) σ (m)
Simulation 203.14 201.92 2417.23 49.16
Measurements 217.17 217.54 5360.66 73.21

Table 5.3: The different statistical values of the plume widths regarding arrivals

Errors
The errors of the plume widths for arrivals can be seen in Table 5.4. The mean absolute error is equal
to 79.04 metres, which is slightly larger than the MAE of the departures, 72.96. As a result, the MSE
and RMSE are also significantly larger. The MBD for departures was calculated to be 4.99, which
means that, on average, the plume width was overestimated. For arrivals, it is -14.03, which means it
underestimates the plume width.

Error & Bias Plume Width Arrivals MAE (m) MSE (m2) RMSE (m) MBD (m)
79.04 10226.77 101.12 -14.035

Table 5.4: Table with the different errors and bias of the model considering plume width and arrivals

It has been established that the model underestimates the plume width. Incorporating the Blant-
Altman analysis allows for a more nuanced view of whether the model does this for larger or smaller-
sized plumes. Table B.3 shows that the bias is not really clear. Due to the increased variance in width
for both the simulation and measurement, no significant relation can be found. For smaller plumes, the
model could overpredict or underpredict the width, and the same could be true for larger plumes.
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Figure 5.8: The Bland-Altman plot of the different plume widths for arriving aircraft

5.1.3. Discussion
Starting with the results of the arriving and departing aircraft seen in Table 5.5. The mean of the sim-
ulation and the measurements are very close to each other, with values of 203.34 and 217.17 metres,
respectively. This shows that the model is able to accurately predict the width over multiple arrivals.
The same can be seen for departures, where the mean difference is only 5.33 metres, indicating a high
level of accuracy. Where the difference begins is when looking at the variance and standard deviation.
The variance for the simulation of departures is 300.46, whereas for arrivals, it is 2417.23. One reason
for this significant difference is the wide range of different aircraft speeds observed in the experiments.
For departures, these values were much closer together than for arrivals. The measurement shows
a very significant variance for both arrivals and departures, with departures being larger at 7404.92
compared to 5360.66. This shows that the model is not able to correctly simulate the variance in the
different plumes that occur. There could be several reasons for this. One reason is that the parameters
in the model are constant, i.e. wind speed and direction are constant, as are aircraft speed and engine
speed. The changes in these parameters could affect the evolution of the plume and cause a large
variance which is seen. The standard deviation follows this trend as expected. The measurements
have a significant standard deviation and for the simulation this is only the case for the arrivals.

The errors shown in Table 5.6 illustrate the performance of the model. The model is slightly better
at predicting the plume width of departing aircraft. The MAE is lower and the MSE is lower, indicating
that not only is it performing better on average, but the size of the errors is smaller compared to arrivals.
For both models it is difficult to say whether there is a systemic bias or not. For arrivals, the width is
underpredicted by an average of 14.035 metres, and for departures, it is overpredicted by an average
of 4.99 metres. As the variance of the measurements is so large, it cannot be said that the model has
a tendency to over- or underpredict.
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Results Plume Width Analysis Operating Mode Statistics
Mean (m) Median (m) σ2 (m2) σ (m)

Simulation Arrivals 203.34 201.92 2417.23 49.16
Departures 234.33 233.36 300.46 17.33

Measurements Arrivals 217.17 217.54 5360.66 73.21
Departures 229.34 208.86 7404.92 86.05

Table 5.5: The results of the plume width simulation and measurements.

Results Plume Width Analysis Operating Mode Errors (Simulation versus Measurements)
MAE (m) MSE (m2) RMSE (m) MBD (m)

Simulation Arrivals 79.04 10226.77 101.12 -14.035
Departures 72.96 8232.15 90.73 4.99

Table 5.6: The errors of the simulations compared to the measurements regarding plume width.

5.2. Concentration
After completing the plume width analysis, the next step is to assess how the model is able to predict
the concentration values. The concentration values compared are the maximum values of the plume
seen in both the simulation and the measurements. Similarly to the plume width results, different
engine types and aircraft types were considered. All the aircraft types in this analysis are twin-engine
airplanes. As was mentioned earlier, three main pollutants are used for analysis: CO and NO and
NO2. The input concentration parameter is calculated using the method described in section 4.11 and
specifically Equation 4.2. The rest of the parameters are the same as those used for the plume width
analysis.

5.2.1. Arrivals
Starting with the arrivals. A total of 40 arrivals were studied in order. The different aircraft models can
be found in Figure C.1.

CO concentration values
The first pollutant that is looked at is CO. The different measured and simulated values can be seen in
Figure 5.9. The spread in values measured is larger than is seen in the simulated values. This trend is
similar to what was seen in the plume width results. A large spread in plume widths was seen, which
logically results in a larger spread of concentration values. The opposite is the case for the simulation
results, as similar plume widths will lead to a smaller bandwidth of concentrations measured.
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Figure 5.9: The Box plot illustrating the distribution of the concentration CO measured and simulated

The initial trend of the box plot can be seen in Table 5.7. It is seen that both the mean and the
median of the measurements are around 20 µg/m3 higher as opposed to the simulation. The spread
can be best seen through the standard deviation. For the measurements, this is almost twice as high
compared to the simulation.

Statistics Concentration CO Arrivals Mean (µg/m3) Median (µg/m3) σ2 (µg2/m6) σ (µg/m3)
Simulation 57.19 56.17 1.44e−5 12.01
Measurements 78.21 74.34 5.31 e−5 23.05

Table 5.7: The different statistical values of CO concentration regarding arrivals

The errors between the different simulation andmeasurement pairs are seen in Table 5.8. Themean
average error is 25.72 µg/m3. It is also seen that the model has a stronger tendency to underpredict
the concentration values. The mean bias deviation is equal to 25.72 µg/m3.

Error & Bias CO Concentration MAE (µg/m3) MSE (µg2/m6) RMSE (µg/m3) MBD (µg/m3)
25.72 83.88e−4 28.96 -21.02

Table 5.8: Table with the different errors and bias of the model considering CO and arrivals

NO concentration values
The next pollutant is NO as was mentioned in Table 4.13. A ratio is needed as the ICAO emissions
database only provides information on NOx emittance. In contrast to CO, this pollutant undergoes
chemical evolution. In the model, this is not taken into account, and therefore, it should be taken into
account when assessing and discussing the results. The box plot of the simulations and measurements
is seen in Figure 5.10; some outliers have been removed from this box plot, which will be explained
later. The trend that can be observed is that the concentration of NO is simulated to be higher than
can be seen from the measurements.
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Figure 5.10: The Box plot illustrating the distribution of the concentration NO measured and simulated

The mean NO concentration of the model is equal to 86.534 µg/m3, see Table 5.9. This is consid-
erably higher than the results of the measurements. This is also due to the fact that the measurement
results of CO are similar to those of NO, while the emission factor of NOx for each engine is signifi-
cantly higher than the emission factor of CO. This change is seen in the model but not necessarily in
the measurement results.

Statistics Concentration NO Arrivals Mean (µg/m3) Median (µg/m3) σ2 (µg2/m6) σ (µg/m3)
Simulation 86.53 83.94 1.10e−4 33.18
Measurements 66.42 53.79 2.11 e−5 14.53

Table 5.9: The different statistical values of NO concentration regarding arrivals

The errors shown in Table 5.8 are also considerably higher compared to the CO errors in Table 5.8.
This is as expected as the model is driven by higher emission factors while this is not observable in the
measurements.

Error & Bias NO Concentration MAE (µg/m3) MSE (µg2/m6) RMSE (µg/m3) MBD (µg/m3)
37.93 18.52e−4 43.05 20.08

Table 5.10: Table with the different errors and bias of the model considering NO and arrivals

NO2 Concentration values
The last pollutant is NO2. For this pollutant, similar results are expected as for NO. This pollutant
is also driven by higher emission factors, which will lead to higher results from the model. The ratio
established in Table 4.13 is used to create the distinction between NO and NO2. This leads to the
distribution seen in Figure 5.11. The estimated emissions are indeed higher than the measurement
suggests.
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Figure 5.11: The Box plot illustrating the distribution of the concentration NO2 measured and simulated

The model computes a higher mean concentrationNO2, 52.31 µg/m3, which is 13.31 µg/m3 higher
than the average, which can be seen in the measurements. Both the measurements and model show
a lower concentration NO2 as is in line with the ratio NO2/NO.

Statistics Concentration NO2 Arrivals Mean (µg/m3) Median (µg/m3) σ2 (µg2/m6) σ (µg/m3)
Simulation 52.31 50.61 74.10e−5 8.61
Measurements 38.99 38.69 12.02 e−5 14.53

Table 5.11: The different statistical values of NO2 concentration regarding arrivals

The errors are seen in Table 5.12; the mean average error is smaller; this is likely due to the ratio of
the pollutants that were established. This means that less NO2 is emitted, resulting in a smaller error.

Error & Bias NO2 Concentration MAE (µg/m3) MSE (µg2/m6) RMSE (µg/m3) MBD (µg/m3)
13.31 2.54e−4 15.96 13.31

Table 5.12: Table with the different errors and bias of the model considering NO2 and arrivals

5.2.2. Discussion
In the beginning, it was stated that certain outliers were excluded. During the process of simulating
and comparing results, a discrepancy was found. It was briefly touched upon already but the pollutant
levels of the model are severely driven by the emission factor and fuel flow, as was seen in Equation 4.2.
This leads to a very significant disagreement between the model and the measurements. This is best
shown through the comparison of the data from two engines. The first engine is a CF34-8E5, this is a
smaller engine with a diameter of 62.7 inches and is used for the Embraer 190STD. The other engine
is the GE90-94 used on a Boeing 777. All data from the emissions databank for both engines can be
seen in Table 5.13. There are several things that are important to notice. For the GE90-94B, a larger
fuel flow is seen almost 6 times as large as for the CF34-8E5. In addition the emission factor for NOx
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is almost 4 times as big. This means that per second, the GE-94B emits 198.22 grams of NOx while
for the CF34-8E5, this is only 9.6304. The large engine emits around 20.5 more pollutants per second.

Engine Type EICO EINOx Fuel Flow
CF34-8E5 0.64 14.77 0.652
GE90-94B 0.12 56.41 3.514

Table 5.13: The emissions data of the CF34-8E5 and GE90-94B engine

Taking into account the insights from Table 5.13, the next step is to see what these differences have
on the simulated and measured data. This is seen in Table 5.14. It is seen that the simulated plume
value for the GE90-94B is drastically larger for NOx emissions compared to the CF34-8E5 engine.
However, this is not the case for the measurements. A similar plume concentration is measured for
both engines. This causes a severely skewed analysis. This skewness is not limited to the GE90-94B
engine but all engines which are relatively large pollutant emitters. These outliers are removed from
the analysis. This means that a natural maximum thrust limit of 120kN for engines occurs, which is
used for the analysis. This limit allows for a meaningful comparison of smaller engines. A side note is
that this effect does not seem to occur for CO. No outliers for this pollutant are observed meaning that
the input concentration method works more sufficiently when assessing CO.

Engine Type CO NO NO2

CF34-8E5 Measured (µg/m3) 63 154 45
Simulated (µg/m3) 56 82 50

GE90-94B Measured (µg/m3) 56 48 38
Simulated (µg/m3) 74 580 349

Table 5.14: Simulation and Measurement data of the two engines that are being compared

The need for this time limit on engines shows that the model is extremely sensitive to the input
parameter. This, combined with measurements that seem to show that a large engine does not neces-
sarily mean a high concentration value, results in data that are difficult to compare.

5.2.3. Departures
From the arrivals, it can be seen that the model can produce plumes that carry significantly more pollu-
tants compared to the measurements. This is due to the method surrounding the input concentration
parameter. Therefore, it is interesting how this affects departures, where certain emission factors are
even higher. A total of 38 departures have been looked at in this analysis. The aircraft types are seen
in Figure C.2.

CO Concentration Values
The results in Figure 5.9 showed the model underpredicted the CO concentrations compared to the
measurements. The results for Figure 5.12 are shown. The model shows that it produces less CO
compared to arrivals. This is in line with the theory that for departures, a richer fuel ratio is used,
resulting in less CO. The measurements are also lower compared to arrivals. Indicating that both
values are in line with as to what is expected. The model is however lower in its estimation.
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Figure 5.12: The Box plot illustrating the distribution of the concentration NO measured and simulated

The initial observations are confirmed by looking at the statistics seen in Table 5.15. The mean
concentration at the experiments is around 7 µg/m3 lower when assessing departures versus arrivals.
The simulation mean has decreased significantly more with around 40 µg/m3. The standard deviation
is smaller for both simulations and measurements. This can be seen as logical due to the fact that less
pollutant is expected to be emitted.

Statistics Concentration CO Departures Mean (µg/m3) Median (µg/m3) σ2 (µg2/m6) σ (µg/m3)
Simulation 16.83 16.37 6.52e−5 8.07
Measurements 50.40 47.09 4.50 e−4 21.22

Table 5.15: The different statistical values of CO concentration regarding arrivals

The errors have increased for CO compared to arrivals. The MAE is now equal to 33.35 µg/m3 as
seen in Table 5.16. For arrivals, the MAE is 25.72 µg/m3. This is mainly driven by the model, which
used lower emission factors for CO while the experiments showed a slight but not extreme decline.
This is supported by a significant mean bias deviation of -33.56 µg/m3.

Error & Bias CO Concentration MAE (µg/m3) MSE (µg2/m6) RMSE (µg/m3) MBD (µg/m3)
33.35 16.44e−4 40.55 -33.56

Table 5.16: Table with the different errors and bias of the model considering NO2 and arrivals

NO Concentration Values
The results fromNO are expected to also cause outliers for engines that produce a significant amount of
pollutants. When assessing the amount of pollutants, departures should show an increase of pollutants
as is predicted in subsection 2.3.3. The box plot is shown in Figure 5.13. The box plot originally
contained outliers caused by the large turbofan engines. This was around 15% per cent of the total
data. When removing these leads to this box plot. It is also important to consider this when quantifying
the errors.
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Figure 5.13: The Box plot illustrating the distribution of the concentration NO measured and simulated for departures

The amount of NO emitted has drastically increased for both the measurement and simulations
when comparing it to arrivals. The mean NO of the model is 343.66 µg/m3, seen Table 5.17. The
experiments show a similar figure with 313.89 µg/m3 of NO. This is as expected as for departures, a
higher fuel-to-air ratio is used, leading to more formation of NO. The standard deviations are larger
compared to arrivals, which can be seen as a result of an increase in pollutants, thus magnifying the
error.

Statistics Concentration NO Departures Mean (µg/m3) Median (µg/m3) σ2 (µg2/m6) σ (µg/m3)
Simulation 343.66 333.79 1.77e−2 133.06
Measurements 313.89 282.12 3.83 e−2 195.76

Table 5.17: The different statistical values of NO concentration regarding arrivals

The errors are shown in Table 5.18. Due to the fact that the spread of the measurement values was
larger than for the simulation, the errors are enlarged. The model had a relatively small tendency for
overprediction when considering the total amount of pollutants. On average, the model overpredicted
the concentration with 29.76 µg/m3.

Error & Bias NO Concentration MAE (µg/m3) MSE (µg2/m6) RMSE (µg/m3) MBD (µg/m3)
136.74 32.39e−3 179.97 29.76

Table 5.18: Table with the different errors and biases of the model considering NO and departures.

NO2 Concentration Values
The same large turbofan engines are removed from the dataset. This leads to the box plot seen in
Figure 5.14. It is seen that even after the outliers are removed, the model and measurements are
not in total alignment. The model significantly overestimates the amount of NO2 compared to the
measurements.
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Figure 5.14: The Box plot illustrating the distribution of the concentration NO measured and simulated

The observation of the box plot is confirmed when looking at the mean of both datasets. The mean
of the model shows 133.24 µg/m3 of NO2. This is almost double that of the measurements. Also, it is
interesting to see that even without the outliers, the whiskers of the box plot are still significantly large,
especially when comparing it to the box of the experiments.

Statistics Concentration NO2 Departures Mean (µg/m3) Median (µg/m3) σ2 (µg2/m6) σ (µg/m3)
Simulation 134.72 133.24 2.58e−3 50.87
Measurements 68.39 67.67 1.77 e−4 13.32

Table 5.19: The different statistical values of NO2 concentration regarding arrivals

The overprediction is also reflected in the errors shown in Table 5.20. TheMAE is equal to 69.41µg/m3.
Combining this with the fact that the bias of the model is a positive quantity of 66.31µg/m3 shows that
almost all errors were due to overprediction.

Error & Bias µg/m3 Concentration MAE (µg/m3) MSE (µg2/m6) RMSE (µg/m3) MBD (µg/m3)
69.41 7.07e−3 84.11 66.33

Table 5.20: Table with the different errors and bias of the model considering NO2 and departures.

5.2.4. Discussion
As was seen for the arrival analysis, the outliers of significantly large engines posed a problem for the
methodology. These were removed in order to sustain a viable comparison for the rest of the depar-
tures. Therefore, it can be said that the current method of calculating the input concentration is not a
feasible solution for all types of engines. Continuing the data set with engines that are applicable to
the method, several insights can be gained.
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Looking at the performance of the model regarding CO, a few conclusions can be drawn. For both
arrivals and departures, it can be seen that the model has a tendency to underpredict concentration.
Since it is an underprediction, chemical evolution is not a suitable reason, as this would only explain
if the measured concentration was lower than the model. In addition, in the model, no chemical de-
pletion is present. However, the depletion rate of CO in the atmosphere is in the range of months, so
this is unlikely to explain the difference. This means that it could be that certain operating or ambient
conditions are not well integrated into the model.

NO concentration shows that the model predictions and experimental measurements align closely for
departures, with the mean NO concentration from the model being 343.66µg/m3 and from measure-
ments being 313.89 µg/m3. The similar values suggest that the model accurately illustrates the primary
initial dispersion processes ofNO. However, for arrivals, the model has a tendency to overpredict. This
is not expected. During arrivals, it is expected that aircraft make use of reverse thrust, and therefore, an
increase inNO could be observed. This is not the case, and themean of the model is around 20 µg/m3.

For NO2, a significant discrepancy between model predictions and experimental data is seen for de-
partures, with the model greatly overestimating the concentrations. The mean NO2 concentration
from simulations is 68.39 µg/m3 compared to 313.89 µg/m3 from measurements. This significant
overprediction highlights potential issues with how the model and methodology handle the chemical
transformation of NO to NO2 or possibly an overestimation of initial NO emissions. The removal of
large turbofan engine outliers improves the alignment but still leaves a significant overestimation by the
model.

Finally, the sensors used in the experiments were low-cost devices. This means that they are likely
to have some sort of bias and error. They are also susceptible to environmental factors such as
temperature and humidity, which vary from experiment to experiment. The sensors may, therefore,
overestimate or underestimate pollutant concentrations, leading to inaccuracies in the data collected.
When comparing experimental results from these sensors with model predictions, such inaccuracies
can make the model appear less accurate or hide certain trends.
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Conclusion & Recommendations

6.1. Conclusions
In this Thesis, a computational fluid dynamics model was created using COMSOL multiphysics. The
aim of this model was to simulate a plume leaving the engine during an LTO cycle. A domain was
created to replicate the experimental setup accurately. The model consists of several modules, each
controlling different aspects of the flow. A high Mach number flow was chosen to replicate the velocity
and pressure profiles of the jet engine flow. The dilute species transport model was chosen for pollutant
dispersion. After establishing a plume extraction methodology, the plume characteristics studied are
the plume width and the peak concentration value. The width is chosen using qualitative rather than
quantitative measures, so it is important to take this into account when evaluating the results.

The model was subjected to a sensitivity analysis, and different operating and environmental condi-
tions were investigated. The results of this analysis show that the model is very sensitive to the mesh
chosen. Especially in the early stages, it could model a plume of 225 metres using a coarse mesh down
to 76 metres if a finer mesh is chosen. In the end, an adaptive mesh is chosen as this method carefully
creates a fine mesh around the shape of the plume, combining accuracy with computational efficiency.
Looking at the different parameters investigated, it can be seen that the largest influence is the wind
speed. This causes the plume width to decrease by 3.49% for every 1m/s increase in speed. Another
important finding from the sensitivity analysis is that an increase in pollutant concentration does not
cause an increase in plume width; the plume keeps the same geometric boundaries, and only the peak
is increased. The question is whether this replicates real-life conditions. To try to understand this, the
plume width methodology is varied. Different concentration thresholds are used, and each step of the
0.5% threshold results in a 0.77% decrease, which is not significant enough to explain no increase in
plume width as the concentration is increased. This could be seen as a flaw in the internal physics
of the model. Other operating conditions, such as engine diameter and engine separation distance,
had some effect but were not significant compared to the other factors. Looking at the effect of aircraft
speed, there is a trend of a 3.36% increase in plume width for every 5 m/s increase in aircraft speed.
This effect is reflected in the results, but the question is whether this is correct. Due to the nature of
the domain created in the domain, the shape of the aircraft is not taken into account. This shape will
influence the airflow that would have entered the domain but is now modelled as a uniform flow related
to the aircraft speed. This assumption can cause a deviation in the results as plumes from the mea-
surements will have interfered with the turbulence wake created by the aircraft’s hull.

The model’s plume widths were compared with their experimental counterparts. A few things can
be seen when observing the effect of the operating and ambient conditions. For departures, the model
showed a strong relation with the crosswind, and a downward trend was observed, indicating that this
was the dominant parameter of the model. The results shown were positive on the one hand, but on
the other hand they showed that there was still room for improvement. The mean values of the experi-
mental and model results were in close proximity to each other. For arrivals, the model showed a mean
plume width of 203.34 metres, while for the experiments, this was 217.1 metres. For departures, the

76
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model and experiments were in even better agreement, being 234.33 and 229.34, respectively. This
shows that the midpoint cross-section method was not a wrong choice, as other intersection methods
would lead to plume widths that would greatly vary from the experimental data. The results differ, how-
ever, when looking at figures such as the variance of the standard deviation. The variance for the
measurements was 7404.92 for departures and 5360.66 for arrivals. The model shows a much smaller
variance for the calculated widths, 300.46 for departures and 2417.13 for arrivals. This is confirmed by
parameters such as the MAE, which is 79.04 metres for arrivals and 72.96 metres for departures. The
model does not appear to be subject to such extreme variations in plume width. One reason that could
explain this is that in the model, the parameters are chosen as constants, whereas in the experiments,
this is not the case. Take the wind, for example; in the model, the speed and direction are modelled
as constants. The METAR station only updates the wind speed and direction every half hour. This can
lead to large discrepancies with the time at which the plume actually arrives. However, this does not
explain the extreme variations, which are more likely to be caused by sudden increases or decreases in
wind speed as the plume moves. When the plume reaches the monitoring station and is then subjected
to changes, this can cause the plume to either expand as the wind speed decreases or contract as the
wind speed increases.

The concentration results of the model showed that the intricate dispersion and parameter method-
ology could still be improved. The input concentration method that was used proved to be a viable
option for jet engines that were not classified as extremely large. If these outliers were removed, the
model performed acceptable. For CO, it was seen that for arrivals, the model was able to perform
well; only a slight underprediction was seen. Departures saw a larger underprediction by the model,
indicating that it could be that for departures, the model is not as feasible as its arrival counterpart. The
results of NO make it difficult to draw clear conclusions. Assumptions had to be made on how much
of the pollutant would chemically evolve to NO2. For departures, the model was able to accurately
predict the concentration. This is not quite as expected, as due to the influence of reverse thrust, it
would be more likely to see the value of the measurements be higher than the simulation. The model
shows an overestimation of NO2, which could mean that too many species are assumed to evolve and
are entered as input parameters.

6.2. Future Recommendations
Several recommendations could be made based on the observation and evaluation of the work done.
One aspect that has been discussed is the problem of translating variable parameters from the experi-
mental setup to constant parameters in the model. In particular, wind speed has a large effect on the
model. One way to solve this is to make adjustments to the measuring station. More specifically, a wind
vane and an anemometer were added. One of the final measurements added this, but the data was
not used for analysis in this Thesis. It would be valuable to analyse this as well. This method allows for
fewer discrepancies as one is not dependent on the METAR station, which has a resolution of 30 min-
utes when providing meteorological data. Using these new sensors, it is possible to observe whether
wind changes occur when the plume has already reached the measurement station. An average wind
speed and direction can then be considered as input. Another adjustment that can be made is to add
a microphone to the station. This microphone can be used to identify aircraft using reverse thrust on
arrival. This can compare and assess the impact on plume width and pollutant concentration with a
’standard’ landing. These two adaptations will help improve the understanding of plume evolution and
quantify the impact of LTO on air quality around airports.

There are also recommendations for the evaluation of the plume model. The first obvious step would
be to extend the model to a 3D environment and evaluate the different results this would produce. How-
ever, it is important to note that this would dramatically increase the computational time required for a
simulation. It would, therefore, be wise to try to run it on the supercomputer servers provided by TU
Delft. A 3D model would allow for the integration of plume rise, which is impossible in the current model.
The plume rise is an important part of how the plume progresses along the runway, and therefore, it
would be interesting to include this. The evaluation of the different components used by the model
quickly leads to the chosen turbulence model. The Spalart-Allmaras model was chosen, and based
on the domain considered and the results seen, it can be considered a reasonable choice. However,



6.2. Future Recommendations 78

it may be interesting to modify this model and try to explore the changes observed; for example, a
κ− ϵ or κ− ω turbulence model can be integrated to understand its effects. Another angle that can be
explored is to try to model the aircraft as a moving point source along the runway instead of a stationary
source. Currently, the LTO is translated into a stationary plume, but this neglects effects such as the
plume being blown into itself by the ambient wind, causing an accumulation of pollutants. If the same
2D model is chosen to continue, there are a few modifications that could be interesting to incorporate.
A simple aircraft geometry can be added to mimic the effect an aircraft has on the flow passing its
hull. By adding this, it is possible to understand the effect of the flow disturbance on the plume forming
behind the aircraft. Also, when looking critically at the flow exiting a jet engine, two different flows can
be observed. One is the flow leaving the core, which is also the flow containing the pollutants. The
other is the flow from the surrounding flow, and these two flows also have different velocities [29]. This
distinction could be incorporated into the model to see what effect, if any, it will have. All simulated
plumes were assumed to be fully developed. However, at higher wind speeds, the plume could reach
the monitoring station faster than the time it takes to develop. Therefore, it is possible to try to replicate
the study for different plume development times. It may be that the model can better reproduce the vari-
ability of the measurements if different development times are chosen. The plume width methodology
could also be changed. Currently, it is set at 2.5% of the peak concentration, but this could lead to an
error in the assessment of much larger peaks. It might be better to try to set a benchmark concentration
value that is independent of the plume peak. This way, all plumes are treated equally.

When assessing the results from the concentrations, a few things stand out. The first recommen-
dation would be to try different methods of establishing the input concentration parameter. Preferably,
a method that is not dependent on a certain volume as this can introduce problems, as was seen
with the larger engines. Also, it could be interesting to try to vary the emission factors in a way that
replicates real-life scenarios. For example, departures is modelled as 100% thrust, however it could
also be interesting to model this as 85%, as this is often more close to what happens during the LTO.
These types of adjustments can have a big impact on concentration output and would be good to study.

Finally, due to the computational load of the simulations, not an enormous amount of landings and
arrivals have been considered. For the plume width, this was 118 and 94 for arrivals and departures,
respectively. When looking at the concentration, this number decreased to 41 and 38, respectively. It
would be interesting to increase this number as new data analysis methods could be used. For exam-
ple, it would be able to analyse the plume of the same engine during different landings. This would
give a distribution on the variance a plume can have when it has the same jet engine as its origin.
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COMSOL Model

A.1. COMSOL Variables

Figure A.1: All the variables used in the COMSOL model
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A.2. Time Dependent Study

Figure A.2: Snippit of the data with the time when the aircraft was closest to the measuring station and the time of the plume
arrival
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A.3. Mesh Resolutions

Figure A.3: An extremely coarse mesh applied to the domain

Figure A.4: An extra coarse mesh applied to the domain

Figure A.5: A coarse mesh applied to the domain
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Figure A.6: A normal mesh applied to the domain

Figure A.7: A fine mesh applied to the domain

Figure A.8: A finer mesh applied to the domain



A.3. Mesh Resolutions 88

Figure A.9: An extra fine mesh applied to the domain
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A.4. Aircraft velocity

Figure A.10: The velocity of the aircraft for both arrivals and departures
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A.5. Wind Speed Sensitivity

Figure A.11: The plumes simulated for different wind speeds

Figure A.12: The maximum concentration of the plume for different crosswind velocities
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A.6. Emissions Databank Thrust Levels

Figure A.13: The emissions databank containing the thrust levels of the different jet engines
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A.7. Aircraft Velocity Sensitivity

Figure A.14: The emissions databank containing the thrust levels of the different jet engines

Figure A.15: The peak concentration of the plume when comparing the different speeds aircraft travel at
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A.8. Jet Engine Exit Speed

Figure A.16: The peak concentration for different exit velocities

A.9. Input Concentration Sensitivity

Figure A.17: The complete plumes for different input concentrations
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A.10. Engine separation Distance Sensitivity

Figure A.18: The complete plumes for different engine separation distances

Figure A.19: The peak concentration when comparing the distances between the engines
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A.11. Engine Exit Velocity Sensitivity

Figure A.20: The complete plumes for different engine exit velocities
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A.12. Emissions Indices CO

Figure A.21: The emissions indices of CO for different engines and operating modes
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A.13. Cross-Section sensitivity versus the wind speed

Figure A.22: The entire plumes for the different wind speeds and cross sections

A.14. Plume Duration Times

Figure A.23: The start and end times of the plumes at the measurement station
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B
Plume Width Results

B.1. Departing Aircraft used for simulating and measuring plume
width

Figure B.1: The different aircraft measured and simulated departing the Polderbaan at Schiphol regarding the plume width
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B.2. Departing Aircraft's Engine diameter used for simulating and
measuring plume width

Aircraft Engine Diameters Departures (Inch)
155.6
57

118.5
65
62.7
139.1
112
79
72
55.7
106.9
60.7
118
78
106
114
57.6
94.6

Table B.1: The different unique diameter values that occur in the measurements and simulations

B.3. Departing Aircraft's Engine separation distance used for sim-
ulating and measuring plume width

Engine Separation Distances (m)
18
10
9.65
9.4
18.9
19.46
11.52
4.10
18.74
9.8
4.80
11.51
21
5.60
13.50
14.30
11.50

Table B.2: The different unique engine separation distances that occur in the measurements and simulations
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B.4. Arriving Aircraft used for simulating and measuring plume
width

Figure B.2: The different aircraft measured and simulated arriving at the Polderbaan at Schiphol regarding the plume width
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B.5. Arriving Aircraft's Engine diameter used for simulating and
measuring plume width

Aircraft Engine Diameters Departures (Inch)
155.6
65
57

139.1
62.7
72
67.5
53
118
86.3
114
57.6
78
84.6

Table B.3: The different unique diameter values that occur in the measurements and simulations covering the plume width in
Arrivals

B.6. Arriving Aircraft's Engine separation distance used for simu-
lating and measuring plume width

Engine Separation Distances (m)
18
9.65
10
18.9
19.46
9.40
11.52
21.50
11.50
21

10.54
18.74
9.80

Table B.4: The different unique engine separation distances that occur in the measurements and simulations covering the
plume width in Arrivals
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Concentration Results

C.1. Arriving Aircraft used for simulating and measuring concen-
tration levels

Figure C.1: The different aircraft measured and simulated arriving at the Polderbaan at Schiphol regarding concentration levels
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C.2. Departing Aircraft used for simulating and measuring concen-
tration levels

Figure C.2: The different aircraft measured and simulated departing at the Polderbaan at Schiphol regarding concentration
levels



D
Gaussian Line Source

D.1. Gaussian Theory
In addition to the CFD approach in COMSOL to model the plume and concentration levels, another
method was used. This method was built on the Gaussian dispersion theory [17]. There have been
many variations on the Gaussian plume theory. This includes the type of source that can used. One
of these source types is Line Sources. Line sources, like roads, trains, or rivers, are extended sources
that exhaust pollutants along a line. The Gaussian plume model considers the dispersion of pollutants
from these sources because the emissions are dispersed over the length of the source. One model
that has improved the theory behind this is by Briant et al. [10]. The model was originally created to
estimate pollutants from roadways. However, a runway can be seen to have characteristics similar to
roadways. The Gaussian model is seen as a steady-state model, meaning it is not time-dependent.

The main formula used in the model can be seen in Equation D.1. In this formula, Q is the amount
of pollutants emitted in kg/s. The coordinates in the plane are denoted with x, y and z. The wind angle
in relation to the runway is θ. While the wind speed is u. σy and σy are the dispersion coefficients in x
and y direction.

C(x, y, z) = Q
2
√
2πu cos θσz ( deff )

exp
(

−22

2σ2
z ( deff)

)

×

[
erf

(
(y − y1) cos θ − x sin θ√

2σy ( d1)

)
− erf

(
(y − y2) cos θ − x sin θ√

2σy ( d2)

)]
(D.1)

In addition, spatial scalars are needed to estimate the location from the line source and the point in
question. These can be calculated based on the source extremity location, in other words, the beginning
and end point. This is shown in Equation D.2.

deff = x/ cos θ
di = (x− xi) cos θ + (y − yi) sin θ

(D.2)

D.1.1. Dispersion Coefficients
As mentioned before, the model needs input dispersion coefficients. In the Gaussian plume model,
these are one of the most significant variables is the dispersion coefficients. These coefficients can
be calculated in multiple ways. In this model, it is done via Briggs theorem [11]. This theorem uses
various classes. These classes are a way of categorizing the stability in the atmosphere and describing
the effect of air pollution on its dispersion. The classes range from Category A (extremely unstable) to
Category F (extremely stable), and Category D represents a neutral class. There are various metrics
and methods that determine which class the atmosphere is. The dispersion coefficient also depends
on the distance from the line source. This is seen in Table D.1.
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Land category Stability class σy σz

Rural A 0.22x(1 + 0.0001x)−1/2 0.20x

Rural B 0.16x(1 + 0.0001x)−1/2 0.12x

Rural C 0.11x(1 + 0.0001x)−1/2 0.08x(1 + 0.0002x)−1/2

Rural D 0.08x(1 + 0.0001x)−1/2 0.06x(1 + 0.00015x)−1/2

Rural E 0.06x(1 + 0.0001x)−1/2 0.03x(1 + 0.0003x)−1

Rural F 0.04x(1 + 0.0001x)−1/2 0.016x(1 + 0.0003x)−1

Urban A–B 0.32x(1 + 0.0004x)−1/2 0.24x(1 + 0.001x)−1/2

Urban C 0.22x(1 + 0.0004x)−1/2 0.20x

Urban D 0.16x(1 + 0.0004x)−1/2 0.14x(1 + 0.0003x)−1/2

Urban E–F 0.11x(1 + 0.0004x)−1/2 0.08x(1 + 0.0015x)−1

Table D.1: Dispersion coefficients for different land categories and stability classes

D.1.2. Stability Classes
To compute the dispersion coefficients, it is necessary to establish the stability class of the atmosphere.
These stability classes are identified via the theory of Pasquill [48]. These criteria are seen in Table D.2.

Surface Wind Speed Strong (>600 W/m2) Moderate (600–300 >W/m2) Weak (<300 W/m2)
<2 m/s A A–B B
2–3 m/s A–B B C
3–5 m/s B B–C C
5–6 m/s C C–D D
>6 m/s C D D

Table D.2: Stability class based on surface wind speed and daytime solar insolation.

These classes depend on two variables. One is the surface wind speed, which, in this case, is
just the wind speed measured. The other factor is the solar insolation. This can be calculated using
the solar constant and the angle of zenith. Seen in Equation D.3. Here, the solar constant is S; this
describes the radiation energy the Earth receives per area and unit of time. The angle of zenith (Z) is
the angle of the sun with the vertical axis of the earth. This means that throughout the year and time of
day, this angle changes, so the correct time must be chosen when trying to simulate the experiments.

Daytime Solar Insolation = S ∗ Cos(Z) (D.3)

D.2. Results
The results using this model are produced as follows: the input concentration parameter can be calcu-
lated directly as in Equation 4.2, but without the time in mode factor, as the input for this model is in kg/s.
The length of the source is the length of the Polderbaan, which is 3800 metres. The model is generated
for a height (z) of 1.2, the same as the monitoring station. The x and y are the known coordinates of
the station. If all the meteorological conditions measured during the experiments are plugged into the
model, a plot like Figure D.1 can be generated. Note that this line source is smaller, which is just for
presentation purposes. The problem can be seen by comparing the model concentration values with
the experiments. The model values at the location of the monitoring station are all in the order of 0.1
to 0.9 g/m3, depending on the aircraft type. This is an extreme difference compared to the measured
values of the experiments, which have a range of about 1-100 µg/m3. These discrepancies indicate
that the Gaussian line source approach is not feasible. There are several reasons for this, but the most
important is that the Gaussian model is a steady-state model, so this model actually models it as if an
aircraft is constantly landing or taking off. This means that a constant rate of pollution is emitted from
the entire source. This results in an extreme concentration value compared to the measurements. It
was, therefore, decided not to pursue this methodology further.
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Figure D.1: The concentration plot created using the Gaussian line source at a height of 1.2
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