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Abstract

One of the most pressing challenges faced by modern society is maintaining a habitable planet by curbing the
effects of anthropogenic warming of the earth, to which the aviation sector is a significant contributor. This
thesis contributes to the body of science in the field of aviation climate impact by improving upon current
prediction methods for the formation of contrails from modern High Bypass Ratio aircraft turbofan engines.
These methods are based on the Schmidt - Appleman Criterion (SAC), which was developed for simple turbo-
jets and therefore rests on questionable assumptions with respect to modern engines. Specifically the impact
of bypass ratio on the accuracy of current methods is investigated in this research. This is done through the
development of a modelling framework with the objective of estimating the impact of engine configurations
on contrail formation by analyzing the physics of the mixing process between core and bypass flow.

The first step in the framework is the estimation of conditions at the core and bypass nozzle exit planes of
the engine. This is done by use of an Engine Performance Model, designed in the GSP software tool. Sub-
sequently, a Flow Field Solver module has been set up to resolve the pressure, temperature, and velocity in
the exhaust of the engine. An extensive investigation into the various options for this module has yielded the
conclusion that, while in particular the 2D Finite Element Method shows promise with respect to computa-
tional efficiency, and a fully 3D CFD simulation would most accurately reflect reality, a 2D axisymmetric CFD
approach provides the best trade-off between reliable results and efficient use of resources. The next step is
the prediction of contrail formation locations within the flow field through a Contrail Formation Prediction
Model. A Species Transport Model native to the CFD solver is employed to predict the dispersion of water
vapour from the core exhaust throughout the flow field, after which contrail locations are determined by a set
of criteria for homogeneous ice crystal formation. Finally, mixing lines from the engine are drawn by tracking
the evolution of flow properties along particle pathways through the field. These are then compared to the
mixing line generated by the original prediction method based on the SAC, and a comparison is made, allow-
ing conclusions to be drawn with respect to the validity of the SAC for the given engine.

Once completed, this framework has been applied to a case study of a modern HBPR engine: the CFM Leap-
1A model. The resulting contrail prediction shows close agreement with state-of-the-art contrail formation
simulations for the same engine, giving confidence in the validity of the model framework. In addition, the
results of the case study allow the following conclusions to be drawn with respect to the accuracy of current
SAC-based contrail prediction methods. First, the assumptions of instantaneous and isobaric mixing under-
lying the SAC prediction methods are not valid for modern High Bypass Ratio turbofan engines. In addition,
the influence of an increase in Bypass Ratio is to commensurately increase the discrepancy between the initial
temperature and water vapour content of the real mixing line from the engine and the values assumed by the
SAC. When comparing the mixing lines from the current model to the SAC mixing line, the latter represents
an upper limit to the former. The results from this case study therefore suggest that in reality, mixing lines
from modern engines have a lower gradient than predicted by the SAC, and therefore the SAC may predict
contrails to be formed in certain cases where the current model would not.

For future research, it is recommended that additional attention is given to the microphysical processes in-
volved in contrail formation, so more confidence can be gained in the validity of the current framework for
a wide range of cases. This framework can then also be included in the design process of future engines, as
well as in the decision process for flight paths, so contrail formation can be minimized in the future.
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Introduction

The climate and environmental impact of human activity has become a more and more pressing research
topic over the last decades. Aviation is one industry that not only contributes to global warming, but has also
steadily grown larger, and is expected to continue its growth in the future. While an argument can be made
that curbing this growth is essential to limiting aviation’s contribution to global warming, another approach
is possible, and generally more attractive to businesses: Reduce the climate impact of every flight, so the
growing demand for aviation can be met while reducing its overall climate impact. In the long term, radical
changes in propulsion technology need to be considered, such as fuel cell powered electric aircraft, although
the effect of water vapour emissions from such technologies would also need to be considered. However, in
the short term, the existing fleet, powered by turbofan engines, should also reduce its contribution to global
warming.

Aviation currently contributes an estimated 3-5% to the total global anthropogenic warming of the earth [10].
Much of the uncertainty within that estimate is related to the climate impact of contrails: the condensation of
water from the turbofan exhaust which forms trails and sometimes (cirrus) clouds of ice crystals, which have
a net warming effect on the planet. These contrails only form under certain circumstances, so accurately
predicting when they occur is helpful for avoiding their formation and thereby reducing the total radiative
forcing effect of turbofan exhausts.

The current methods for predicting contrail formation are largely based on a method called the "Schmidt -
Appleman Criterion" (SAC) [1]. This method relates the exhaust temperature and pressure to ambient con-
ditions, assumes a straight mixing line between the two on a pressure - temperature plot. Comparing this
mixing line to the saturation pressure curves of ice and water, which depend also on temperature, then al-
lows us to predict when persistent contrails are formed. Under the aforementioned assumptions, this method
is physically well motivated and accurate. However, for modern turbofan engines, these assumptions can be
drawn into question. The chief reason is the increasing bypass ratio of newer engines, which makes them
more efficient, but also implies an extra step of mixing: that between the core and bypass flow. To apply the
SAC, therefore, these flows are assumed to be instantaneously and isobarically mixed at the engine exit. These
assumptions are increasingly questionable for higher bypass ratio turbofan engines.

It is therefore worth investigating, firstly how (in)accurate these assumptions are, and secondly how they
influence the overall accuracy of current contrail formation prediction methods for modern high bypass tur-
bofan engines. These are the aims of the current research, resulting in the following research objective:

To estimate the impact of engine configurations on contrail formation by analyzing the physics of the mixing
process between core and bypass flow through engine performance modelling and exhaust flow simulation.

This objective is pursued by developing a modelling framework for predicting the formation of contrails from
a modern engine. The framework is then applied to a case study for a modern engine and its results com-
pared to current prediction methods.



2 1. Introduction

This report describes the research work done for the development and implementation of the model frame-
work for the prediction of the formation of contrails from modern turbofan engines. First, in chapter 2, the
scientific background and literature is described, followed by the formulation of research questions and ob-
jectives. Subsequently, chapter 3 sets out the overall research setup and approach, including the design of
the modelling framework. The first step in this framework then, the Engine Performance Model, is described
in chapter 4, along with the results for the case study. The development of the Flow Field Solver module,
which resolves the relevant parameters in the exhaust flow field of the engine, is set out in chapter 5. In addi-
tion, this chapter includes the verification and validation efforts done for the module, as well as a sensitivity
analysis with respect to input parameters, and results and conclusions from the case study. The final step
in the framework, namely the prediction of water vapour dispersion and the resulting contrails, is done in
chapter 6. A comparison between the model results and original SAC predictions for the given case study
is also shown here. Finally, chapter 7 draws conclusions with respect to the original research questions and
objectives, followed by recommendations for future research.



Background and Research Objectives

This chapter aims to survey the existing literature in the field of contrail formation prediction, and lay the
groundwork for modelling the exhaust plumes of modern high bypass ratio engines in order to examine the
validity of the assumptions underlying the Schmidt - Appleman Criterion. To this end, section 2.1 discusses
the current understanding of climate change and greenhouse gases. Consequently, section 2.2 treats the role
of aviation in this phenomenon. The mechanism by which contrails are formed is explained in section 2.3,
after which the state of the art in contrail formation prediction is treated in section 2.4. This is followed by an
overview of literature in mixing physics and methods for simulating the coaxial jets of core and bypass flow in
the jet exhaust in section 2.5. In section 2.6, a research gap is defined, followed by the formulation of research
questions and objectives.

2.1. Science of Anthropogenic Climate Change

Humans have contributed to the warming of the planet since roughly the start of the industrial era in 1750,
mostly through our emissions of greenhouse gases such as carbon dioxide, methane, and nitrous oxide. In
1995, the Intergovernmental Panel on Climate Change (IPCC) brought out its Second Assessment Report,
concerning the effects of all anthropogenic emissions on climate change [16]. The findings from this report
are summarized here to establish a basic framework for understanding the science of anthropogenic global
warming.

The mechanism by which species in the atmosphere affect the global temperature balance is defined as "ra-
diative forcing". Certain species can either affect the amount of radiation that is let through the atmosphere
from the sun, or the amount emitted back out to space by the earth, or a combination of the two. The dif-
ference between the inbound and outbound radiation blocked or absorbed is defined as the net radiative
forcing. A net positive radiative forcing is defined as a warming effect, and a negative radiative forcing has
a cooling effect. As sunlight consists mostly of visible and UV light, whereas the outward radiation from the
Earth is on the infrared spectrum, the net radiative forcing of a species depends on its optical properties:
which wavelengths of light it lets through or not.

Greenhouse gases are so named because of their net positive radiative forcing effect: they block infrared ra-
diation, preventing heat from escaping the atmosphere, while still letting through visible and UV light. An
additional problematic property of these greenhouse gases is their longevity, in the case of CO, remaining
in the atmosphere for decades to centuries. A rule of thumb for CO, lifetime is: 50% remains after 50 years,
but 40% is still there after 100 years, and after 1000 to 10000 years, 20 % remains [8]. A certain amount of
further global warming is therefore already guaranteed, even if net zero emissions were reached today. As the
radiative forcing effect of CO; is one of the best understood, the emissions of a wide range of species are often
expressed in the amount of CO, that would have the same net radiative forcing effect. This then allows us to
capture policy and technological goals in a single number: the so-called CO, budget (or colloquially, carbon
budget).

One of the most recent reports by the IPCC treats one such policy goal and the measures that need to be taken
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to reach it: the limitation of global temperature rise to 1.5 °C [17]. As stated in this Special Report on Global
Warming of 1.5 °C, approximately 1.0 °C of warming above pre-industrial levels has already been caused by
human activity. A total 1.5 °C rise in global temperature would result in larger climate-related risks, such as
rising sea levels, mass species extinction events and loss of ecosystems, and more extreme weather events,
than currently exist. However, these risks would still be significantly lower than at a temperature rise of 2.0
°C. Any warming above 2.0 °C, and the risk of reaching tipping points, such as the disappearance of polar
ice sheets and release of methane gas from tundra areas, increases significantly. This would lead to meters of
sea level rise over the next centuries, inundating many of the most densely populated areas of the world. A
cascade of tipping points would also lead to runaway temperature changes, with comparisons being drawn
to the levels of CO, concentrations last seen in the Eocene, 50 million years ago, when the average global
temperature was up to 14 °C higher than pre-industrial levels [24]. An overview of the global tipping points
and their interactions can be seen in Figure 2.1.

The writers of the IPCC report estimated at time of writing that the total remaining carbon budget for a prob-
ability of 50% of staying within 1.5 °C temperature rise was 580 gigatonnes CO,(GtCO,). With yearly global
emissions still steady at around 42 GtCO-, per year, the Mercator Research Institute on Global Commons and
Climate Change (MCC) estimates there are less than seven years left if this plateau is maintained, before that
budget is spent [25].

RAISING THE ALARM

Evidence that tipping points are under way has mounted in the past decade.
Domino effects have also been proposed.

. Tipping points
- Connectivity

A. Amazon rainforest D. Boreal forest H. Permafrost
Frequent droughts Fires and pests Thawing
changing
B. Arctic sea ice I. West Antarctic
Reduction in area F. Coral reefs ice sheet
Large-scale die-offs Ice loss accelerating
C. Atlantic circulation
In slowdown since G. Greenland ice sheet ). Wilkes Basin,
1950s Ice loss accelerating East Antarctica

Ice loss accelerating

Figure 2.1: Overview of climate tipping points and the connections between them [23].
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Itis evident, then, that radical reduction in greenhouse gas emissions is needed on a global scale, if a habitable
planet is to be maintained.

2.2. The Role of Aviation

In the previous section, the concept of anthropogenic global warming was treated, along with the importance
of limiting global temperature rise to 1.5 °C. Aviation as an industry contributes significantly to the annual
radiative forcing effect, with an estimated 2.5% of global carbon emissions, and 3 to 5 % of total radiative forc-
ing from all factors combined. Additionally, since travel restrictions due to the recent pandemic have been
lifted, previous trends in the growth of annual passengers transported by aviation are expected to continue at
approximately 4% per year. It is clear, then, that to curb the short term climate impact of aviation, either these
passenger numbers, or the climate impact per passenger, or both, need to be reduced. This thesis will focus
on the second aspect: reducing the climate impact per passenger. While large-scale changes such as transi-
tioning to electric flying are likely necessary to achieve true sustainable air travel [26], the time constraints
laid out in section 2.1 make it clear that the existing, kerosene turbofan-powered fleet should also reduce its
climate impact in the short term, while such a paradigm shift is pursued.

Before thinking about how to reduce the radiative forcing contribution of aircraft, its current impact and the
physical mechanisms underlying it need to be understood. To this end, the exhaust products of a typical
turbofan engine are examined. An overview of these products and their respective radiative forcing effects is
given in Figure 2.2.

Aircraft emissions and climate change

Fuel: CoH, + S Complete combustion products:
COz + H;O + N2 + O+ SO

Engine fuel Aé
combustion Nk Actual combustion products:
2+ 02

CO3z + HpO + Na + Oz + NOy
+ CO + HC + soot + SOy

[0} ;
o Atmospheric Ocean Chemical
% processes uptake e Microphysical processes
>
s
8 L
Changes in
Pl i 5 ACO ACH AO AH,0
O radiative forcing 2 4 2 2
8  components
[=)]
£
77}
©
9 v Y Y
[&] v
= Climate change Changes in temperatures, sea level, ice/snow cover, precipitation, etc.
Y = * 4 5
Impacts Agriculture and forestry, ecosystems, energy production and consumption,
human health, social effects, etc.
+ v
Damages I Social welfare and costs

Figure 2.2: The main emissions from aircraft engines and their pathways towards impacting the climate. [20]

At the top of the figure are the combustion processes that take place in the jet engine. The direct emissions are
then summarized below, where a distinction can be made between water - and non - water related emissions.
CO; and NOy emissions have pathways towards increasing direct radiative forcing components CO;, CHy,
and O3. Of these three, CO- is long-lasting, while CH; and O3 are depleted through atmospheric processes.
The emissions on the right, H>O, SO,, U HC (unburnt hydrocarbons), and soot, are all related to changes in
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the water content of the atmosphere through microphysical processes. In addition, SO, and UHC have a
direct radiative forcing effect aside from their role in contrail and cirrus formation.

For a breakdown of the radiative forcing effects of these various aircraft emissions, Figure 2.3 can be exam-
ined. From this figure, it is clear that contrails and the cirrus clouds they induce are the source of the largest

uncertainty in the estimation of total aviation induced radiative forcing.

Global Aviation Effective Radiative Forcing (ERF) Terms
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T I |
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Figure 2.3: Breakdown of the radiative forcing effects from aircraft emissions and the uncertainties in their estimation [22]

As mentioned in section 2.1, the radiative forcing effects of CO,, C Hy, and O3 are well understood, and are not
the focus of this research. However, the exact impact of water emission depends on a number of variables (e.g.
flow conditions at the core and bypass exit, as well as ambient temperature and water vapour content), and is
still an active topic of research. The main radiative forcing effects of water emissions are due to the formation
of contrails and a subsequent increase in cirrus cloud coverage. This mechanism can be summarized as
follows:

* Water, soot, sulfur, and unburnt hydrocarbons are emitted by the engine exhaust at high pressure and
temperature.

* Ambient conditions exhibit much lower pressure and temperature than those of the exhaust, as typical
aircraft cruise altitudes are around 10 km.

* Mixing occurs between exhaust and environment, reducing pressure and temperature until ambient
conditions are reached.

* Droplets of water form around nuclei of soot, sulfur, and unburnt hydrocarbon.
* The droplets become supercooled and form ice crystals under the right conditions

* Condensation trails, or contrails for short, are formed in the wake of the aircraft.

It is estimated that the contribution of persistent contrails formed in this way from aircraft exhaust could be
as much as 60% of the total radiative forcing effect of aviation [22].
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Limitations in Current Understanding

The main limitations in quantifying the overall impact of contrails from aviation are related to determining
their exact optical properties, knowing when and where they are formed, and distinguishing them from exist-
ing cirrus clouds. One of the best ways to address these limitations is by accurately describing and predicting
the formation of persistent contrails based on the aircraft specifications and its surroundings.

2.3. The Microphysics of Contrail Formation

Contrails, or condensation trails, are formed when water vapor emitted by the engine condensates to form
ice crystals around soot or other particles after mixing with the ambient air. To predict their formation, then,
an understanding must first be established of this condensation process. In this section, the formation of ice
crystals in the exhaust plume is examined on a microphysics level.

To understand the ice crystal formation process, use can be made of Figure 2.4. The main steps involved can
be summarized as follows:

1. Exhaust products exit the engine. They can be categorized as: non-volatile particles (mainly soot),
volatile particles (sulfur, unburnt hydrocarbon, ion clusters), and water vapor.

2. The exhaust plume mixes with ambient air, which contains aerosols and soluble organics. When wa-
ter vapor saturation occurs, liquid droplets are formed around the non-volatile exhaust particles and
ambient aerosols.

3. Further mixing lowers the temperature until ice nucleation occurs. The size and number of ice particles
depends on the initial number of soot particles and concentration of ambient aerosols. This relation
can be seen in Figure 2.5.

4. The plume cools further until ambient conditions are reached. The exact ambient conditions deter-
mine if persistent contrails are formed (see section 2.4 for a detailed explanation).

Mixing

ambient liquid
aerosols O

ambient air

non volatile N *  contrail ice . .
particles - soof 'Y * O. Oparticles Volatile particles
il . ’ H,S0,, soluble
o i 7 9 L . organics, ion-
c ® . * droplet L] ‘ Q
+ *® formation . -. = . - ' L cluster
'a . : . (@) Icé nucleation . exhaust plume
*
c . ® . O .
w liquid droplets @ ® ® . - Ambient aerosols
® .' . . ® mainly H,SO, and
L] - -
'. @ | soluble organics
volatile particles ' . ° ' *

Dilution and cooling of jet plume

Figure 2.4: A schematic overview of the formation of contrails on the micro level [9].
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Figure 2.5: Plot depicting the relation between soot number emission index and number of ice crystals that are formed [9]. It can
be observed that a baseline of ambient particles is always present for ice crystal formation. In addition, in a clean exhaust and the
hypothetical absence of ambient particles, crystals would form around the volatile plume particles instead.

2.4, Schmidt - Appleman Criterion

In this section, a treatment is given of the concepts of saturation and relative humidity. Consequently, use
is made of these concepts to explain one of the earliest contrail prediction methods, which is still relevant
today: the Schmidt - Appleman Criterion (SAC).

Saturation

Within a mixture of air, water vapor, and liquid or ice phase water, there is an exchange of water molecules
between these phases. A flux of water molecules exists from the liquid (or solid) state to the gaseous state,
and an opposite flux exists from gaseous to liquid or solid state. The air containing the water vapor is said to
be saturated if these two fluxes are in equilibrium. If the flux from gaseous to liquid / solid state is larger than
the reverse, the air is supersaturated, and the opposite case is called sub-saturation. The flux from gaseous
to liquid/solid state, especially, is influenced by the temperature of the air. The transition from liquid or
solid to gaseous state is an endothermic one: the enthalpy of the water increases, which means heat needs
to be added for the transition to take place. Conversely, a water vapour molecule transitioning to liquid or
solid state undergoes an exothermic reaction: the enthalpy decreases, so heat is extracted. Increasing the
temperature, therefore, provides more heat to both reactions. This results in a shift in the equilibrium: more
available heat favors the endothermic reaction taking place, and therefore more water vapor is formed, and
equilibrium occurs at a higher vapor pressure. In other words, the maximum water vapor content in air
increases with temperature [9].

Relative humidity

The concept of relative humidity follows from an understanding of the saturation curve: it is the water vapor
partial pressure relative to the saturation vapor pressure for a given temperature. This can be expressed in
the following equation:

H,O
pte

rh= 2.1

€s
where rh is the relative humidity, p™29 the water vapor partial pressure, and e, the saturation pressure,
generally given by the Sonntag formula [36]:

4 .
es=exp| Y a;T'"*+azln(T) (2.2)
i=1

where coefficients a; were experimentally determined for ice and water saturation, and are given in Ta-
ble 2.1.
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Coefficient | Above water Above ice

al -6.0969385E+03 | -6.0245282E+03
a2 2.1240964E+01 2.9327070E+01
a3 -2.7111930E-02 | 1.0613868E-02
a4 1.6739520E-05 -1.3198825E-05
a7 2.4335020E+00 -4.9382577E-01

Table 2.1: Experimentally determined coefficients used in the Sonntag formula [9].

The Sonntag formula allows us to express the water saturation pressure (vapor pressure at 100% relative hu-
midity) as a function of temperature for ice and liquid phases respectively. This yields the saturation curves
shown in Figure 2.6.
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Figure 2.6: Saturation curves of water vapor above water (red) and ice (green) as a function of temperature [9]

Prediction method and underlying assumptions

In his 1953 paper "The Formation of Exhaust Condensation Trails by Aircraft", Appleman made use of these
saturation curves to develop his criterion for the prediction of contrail formation, later called the Schmidt -
Appleman Criterion, as his work built on and formalized that of Schmidt’s 1941 paper "Die Entstehung von
Eisnebel aus den Auspuffgasen von Flugmotoren".

His prediction method rests on three basic assumptions:

1. Contrails are composed of ice crystals
2. Water vapor must pass through the liquid phase before forming ice crystals

3. For a distinct trail, a minimum visible water content of 0.01 gm‘3 is required.

The first two assumptions relate to the formation of a contrail, and the third only to its persistence and visi-
bility once formed. Together with the gained understanding of relative humidity and saturation curves for
water and ice in air, this leads to the postulation of a criterion for the prediction of contrail formation: The
Schmidt - Appleman Criterion (SAC).

The mixing process of the engine exhaust with ambient air can be represented by a mixing line between
exhaust and ambient conditions. This line is drawn on the same water vapor pressure - temperature graph as
in Figure 2.6. The relation between this mixing line and the water and ice saturation curves then allows the
prediction of contrail formation based on the assumptions mentioned above.
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 The first assumption requires ambient conditions to be between the ice and water saturation curves:
Ambient conditions below ice saturation will result in sub-saturation and no condensation. Ambient
conditions above water saturation will result in water droplets being formed instead of ice crystals.

* The second assumption requires the mixing line to intersect with the water saturation curve. If this
does not occur, then the water vapor never passes through the liquid phase, and the ice crystals will not
be formed.

¢ Ifalinear mixingline is also assumed, a derivation can be made for the slope G of this mixing line, taking
into account aircraft and engine properties, exhaust conditions, and ambient pressure. This derivation
starts from the basic expression of slope G is given in Equation 2.3 [9]. Drawing a line from ambient
conditions in the P-T graph with slope G will then reveal whether the aforementioned conditions for
contrail formation are met.

H»O H>O
— Pe —Pa

2.3
T.-T, (2.3)

with pfzo Exhaust water vapor partial pressure
H0

Pa Ambient water vapor partial pressure
Te Exhaust temperature
Ty Ambient temperature

The conditions in the engine exhaust used in Equation 2.3 are not generally known, and it is more convenient
to express the mixing line slope in other characteristics that are known, such as efficiency and water vapour
emissions index. To this end, a derivation can be made, resulting in a new expression for the mixing line G,
given in Equation 2.4:

Mgir EI(H;0)

G=p.c (2.4)
Pa PMp,o 1-1mQ
with  p, Ambient pressure
Cp Air constant pressure heat coefficient
% Air to water molar mass fraction ratio
2
EI(H»0O) Engine Emission Index of water
n Aircraft propulsive efficiency
Q Fuel heat content

An example of a mixing line resulting in persistent contrail formation is the red line shown in Figure 2.7.
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Figure 2.7: Example of a mixing line resulting in persistent contrail formation (red) as well as threshold conditions for contrail formation
for mixing lines with the same slope (blue) [9]

Factors influencing Mixing Line Slope
When examining the expression for G given in Equation 2.3, it can be seen that the variable factors are con-

tained in the fraction %(512)8) These factors can be divided into two categories: aircraft dependent and fuel
dependent factors.

Fuel dependent factors

* Emission index EI(H>O).A higher water emission index results in a steeper mixing line and therefore
higher likelihood of contrail formation, as could be expected.

* Fuel heat content Q. This parameter correlates to the heat content, and by extension, exhaust temper-
ature of the engine. When examining the graph shown in Figure 2.7, it can be concluded that higher
exhaust temperature indeed results in a lower mixing line slope, and a lower likelihood of contrail for-
mation.

Aircraft dependent factors
The aircraft dependent factors influencing contrail formation can be summarized in the single parameter 7,
representing overall propulsive efficiency, and defined by Equation 2.5.

B Power output
" Rateof work input

n (2.5)

The appearance of (1 —n) in the expression for the mixing line slope can be interpreted as the fraction of
total work performed by the engine that is not used for propulsion, and must therefore be left in the exhaust
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plume itself. A higher overall efficiency, then, results in a colder (lower energy content) exhaust plume. Again
examining Figure 2.7, it can be concluded that this results in a steeper mixing line (the same conclusion can
be drawn from Equation 2.3).

Limitations of Current Methods

Aside from the assumptions related to the necessary mixing line criteria for persistent contrail formation that
were stated in section 2.4, the SAC is also based on two assumptions for predicting the mixing line itself:
Firstly, that mixing is instantaneous, and secondly that it is isobaric. These assumptions result in a linear
mixing line. At the time of development of the SAC, this was a reasonable assumption. However, with the
evolution of engine technology, more specifically the ever increasing bypass ratio seen in recent decades, it is
fair to question the validity of these assumptions. This was indeed examined by Peters in 1993 [31]. However,
the expanded formulas were developed empirically, lacking physical justification. Therefore, while useful for
predicting contrail formation of existing aircraft in the 1990s, they do not provide much benefit for designing
new aircraft engines or assessing modern civil aircraft contrail formation. Clearly, a need exists for a better
understanding of contrail formation from a physical perspective.

2.5. Exhaust Mixing Physics

One of the key aspects of this research will be to model the flow field in the exhaust of a High Bypass Ratio
turbofan engine. This requires an understanding of the physical phenomena present in the mixing process
between co-axial turbulent jets. The typical flow field for such a mixing process is treated here, followed by a
summary of additional factors that influence the characteristics of this flow.

Typical Flow Field

A schematic depiction of the flow field of a coaxial jet can be seen in Figure 2.8. It can be divided into three
main regions: The initial merging zone, the intermediate zone, and the fully merged zone. Their definitions
and characteristics are as follows:

¢ Initial Merging Zone::
Immediately behind the nozzle exit is the initial merging zone. It ends where the secondary (outer) jet
potential core disappears. This region is therefore characterized by the appearance of both primary and
secondary potential cores. Additionally, Ko and Kwan showed that the radial distance from the center
line to the jet outer boundary grows linearly with axial distance from the nozzle exit [18].

* Intermediate Zone:
With the disappearance of the secondary potential core comes the introduction of a shear layer be-
tween the inner and outer jet. This transition marks the start of the intermediate zone. Here, the flows
from the inner and outer mixing region mix together. The end of the intermediate zone is marked by
the reattachment point.

° Fully Merged Zone:
The start of this region is marked by the reattachment point, and it continues downstream. The coaxial
jets have mixed together and now behave similarly to a single jet in this zone.

2.5.1. Additional Factors influencing flow characteristics
Some simplifications and assumptions were made in order to analytically describe the near-field region of a
coaxial jet. In this section, the most influential factors that were left out are treated in a qualitative fashion.

Diameter Ratio
The diameter ratio S is given by:

D,
=— (2.6)
B D,

with D, and D; the diameters of the inner and outer jet respectively. This ratio mainly influences the
length of the outer potential core. Increasing f results in a greater outer potential core length.
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Figure 2.8: Flow field of a coaxial jet [40]

Momentum thicknesses of boundary layers at engine nozzle

In their 1992 paper, Dahm et al. investigated the vortex structures in the near field of a coaxial jet for a veloc-
ity ratio smaller than unity [5]. They found that a smaller the momentum thickness of the boundary layers
between the jets, corresponding to a thinner boundary layer, resulted in faster rollup of the shear layers in the
inner and outer mixing layer. Buresti et al. found similar results in 1994, relating the momentum thickness
to the Strouhal number of the vortices within the mixing layer [3]. A thinner boundary layer led to a higher
frequency of the vortices and Kelvin-Helmholtz instabilities.

Swirl

The influence of swirl on the development of the flow field in the near-field of a coaxial jet was examined by
Ribeiro et al. in 1980 [32]. They found that in the presence of swirl, the coaxial jet developed faster than in the
absence of swirl. They posited that this was "due to the mixing layer and vortex shedding that occur in the
region downstream of the separation wall between the two streams" [32].

Limitations of Current Methods

The currently existing literature in the field of coaxial jets mostly relates to (from an aviation perspective) low
Reynolds number flows, with the highest observed case being in the order of Re = 10%. This is one or two
orders of magnitude below what is expected to occur in the near-field flow behind the exhaust of a turbofan.
This makes it difficult to predict or compare the behavior of the exhaust flow to existing literature. However,
this is mainly a concern for the verification and validation of an eventual mixing model, and will be addressed
at that time by finding experimental data or running the simulation at lower Reynolds numbers as a method
of comparison to existing literature.

2.6. Research Questions and Objective

Now that a complete picture of the relevant research fields and their limitations has been obtained, the Re-
search Questions and Research Objectives for the upcoming research can be defined.
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Research Questions
From the background described in this chapter, and the remaining gaps in current research, the following
research questions can be distilled:

1. What is the effect of the mixing physics of core & bypass flow on contrail formation from modern High
Bypass Ratio (HBPR) aircraft turbofan engines?
(a) To what extent does HBPR exhaust mixing deviate from isobaric, instantaneous mixing?
(b) What is the effect of non-instantaneous non-isobaric mixing on the condensation process?
(c) What is the influence of key design parameters (such as) Bypass Ratio (BPR) and Overall Pressure
Ratio (OPR) on exhaust mixing physics?

2. How can the Schmidt-Appleman Criterion (SAC) be extended or improved to better predict contrail
formation from HBPR aircraft turbofan engines?

(a) How accurate is the current, broadly used criterion in predicting contrail formation from HBPR
engines?

(b) What modifications or extensions can be implemented to improve the accuracy of the SAC for
these engines?

Research Objective
The main research objective of this thesis is:

To estimate the impact of engine configurations on contrail formation by analyzing the physics of the mixing
process between core and bypass flow through engine performance modelling and exhaust flow simulation.

The sub-goals that need to be achieved for the main objective to be reached are as follows:

1. Develop an engine performance model that accurately predicts the conditions at the core and bypass
exit.

2. Develop a mixing physics model that accurately predicts the evolution of humidity, pressure, and tem-
perature within the core and bypass flow.

3. Use the models to predict the mixing lines of modern high bypass ratio turbofans and compare the
results to existing literature.

4. Draw conclusions on the accuracy of assumptions underlying the SAC.

5. Make recommendations for the improvement of contrail formation prediction from modern HBPR tur-
bofan engines.



Research Setup and Modelling Approach

The previous chapter has resulted in the formulation of two main research questions. These are to be an-
swered by working towards five research objectives. This chapter will briefly describe the approach taken in
the current research for achieving these objectives and thus answering the research questions.

3.1. Modelling Framework

To achieve the research objective, a modelling framework has been developed for use in the current research.
This is useful for structuring the work to come. Once the model has been completed in accordance with
this framework, it will be used to generate results for a case study to prove its validity. Consequently, this
modelling framework, and the overview of it as given in this section, can be used to generate results for any
other case in future research.
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Figure 3.1: Flowchart describing the modelling approach for the current research. Here, the model blocks are shown in yellow, external
inputs in green, and model outputs in blue.

For each of the model blocks shown in Figure 3.1, the objective and approach can be summarized as shown
in Table 3.1:
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3. Research Setup and Modelling Approach

Model block

Objective

Approach

Engine Perfor-
mance Model

Generate output of flow
parameters at core and
bypass nozzle exits for

1.

Use a gas turbine cycle analysis tool to set up a
model that is representative for a given engine

. . 2. Run the model at cruise conditions to generate
the given engine type and .
. " flow parameters required for the next step
ambient conditions
Flow Field | Predict the evolution of
1. Investigate the flow field in the exhaust of a
Solver pressure and tempera- ) . o 3
o High Bypass Ratio Turbofan in increasing levels
ture within the core and ©
of complexity
bypass flow . . .

2. Determine the level of complexity required to
accurately resolve the flow field for the relevant
conditions

3. Take the outputs of the Engine Performance
Model as Boundary Conditions for the modelling
of the flow field

4. Resolve the flow field at the required level of com-
plexity to generate contours of flow field variables
temperature and pressure

Water Vapour | Predict the evolution .
. . . 1. Use the outputs of the Engine Performance
Dispersion of water vapour partial .
S Model to calculate the water vapour content in
Solver pressure within the core . )
the exhaust and ambient air
and bypass flow . . . .

2. Model the dispersion of this water vapour in the
flow field generated by the Flow Field Solver

3. Calculate the water vapour partial pressure based
on the water vapour content and pressure in the
flow field

Contrail Pre- | Use the outputs of the L. . .
- . 1. Define criteria for formation of contrails based
diction Model | previous models to gen- i ;
. on flow field parameters from previous modelling
erate contrail contours
s steps
and mixing lines . . e

2. Determine relative humidity in the flow field by
comparing water vapour partial pressure to the
saturation curves with respect to water and ice

3. Apply criteria to generate contrail contours in the
exhaust flow field

4. Track water vapour partial pressure and temper-
ature from the exhaust to draw mixing lines

Analysis and | Draw conclusions with . . . .
C . 1. Compare mixing lines from the Contrail Predic-
omparison respect to the accuracy of » Model to the SAC mixing li for th
with SAC the SAC for modern tur- ton Model to the MiXing ne for the same
bofan engines case . .
2. Analyze the results and explain the differences

. Draw conclusions on the accuracy of the SAC and

its underlying assumptions

Table 3.1: Overview of the framework modelling blocks, their objectives, and their approach
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3.2. Overview of Chapters

The development of the modelling blocks, along with their respective verification & validation processes,
results, and conclusions, is detailed in the upcoming chapters. First, chapter 4 describes the Engine Perfor-
mance Model. Second, the development of the Flow Field Solver is treated in chapter 5. Consequently, chap-
ter 6 describes the Water Vapour Dispersion Solver and Contrail Prediction Model, as well as a comparison
of results with the SAC. Finally, chapter 7 draws conclusions from the results and makes recommendations
for the improvement of contrail formation prediction from modern UHBPR engines, as well as recommenda-
tions for further research.






Engine Performance Modelling

4.1. Introduction

This chapter describes the work done for the first block in the overall modelling framework: the Engine Per-
formance Model. For this purpose, a gas turbine cycle analysis tool is used. The main advantage of such a
tool is that it allows for the modification of a single variable such as the bypass ratio. This provides a more
scientifically rigorous analysis than the comparison of various engines with different bypass ratios from liter-
ature or industry data, because there is no way to isolate the change of a single variable in such an approach.
Every engine will be different in various aspects to another engine, not just in its bypass ratio. Additionally,
the performance module can be easily validated by recreating an existing engine and comparing its charac-
teristics to known data from this engine.

First, the choice for the software tool to be used is explained in section 4.2. Consequently, the working princi-
ples of this tool are treated in section 4.3.Next, in section 4.4, the resulting model setup for the Leap-1A case
study is described, followed by a treatment of its validation in section 4.5. In section 4.6, the results from this
case study are shown, followed by the conclusions from the current modelling step in section 4.7. The place
of the Engine Performance Model within the larger framework can be seen in Figure 4.1.
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Figure 4.1: Current modelling step in the overall framework
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4.2, Choice of Software

For the modelling of the exhaust plume from a given engine, it is necessary to first know the flow conditions
in the jets emerging from the core and bypass nozzle of this engine. To achieve this, use is made of an Engine
Performance Model. For this research, the choice was made to use the Gas Turbine Simulation (GSP) tool,
developed by NLR. Its main advantages can be summed up as follows:

* GSP is flexible and modular in nature, allowing for different configurations and modifications to exist-
ing models.

* Compared to alternatives such as pyCycle, it is more user friendly by virtue of its GUI.
* As one of the longest existing and most used tools, it has detailed and deep capabilities.

* A body of knowledge around GSP is already available to the author, including an existing model for use
in a case study.

This tool will be used to predict the flow conditions in the exhaust plane of the engine, specifically the tem-
perature, velocity, pressure, and water vapour content. For comparison purposes, an investigation into the
capabilities of an alternative tool, pyCycle, is shown in Appendix F.

4.3. Working Principles of GSP

For the current research, the Gas Turbine Simulation Program (GSP) tool developed by NLR was used. [27] Its
working principles are treated in this section.

GSP is a well established and long-standing industry tool for modelling gas turbine cycles. Its development
finds its origins at the Delft University of Technology in 1975. Its current iteration has been developed in
Delphi, whose Object Oriented nature provides ease of adaptation and customization. Additionally, contrary
to pyCycle, it features a detailed Graphical User Interface (GUI). An example of a model for a turbofan with
afterburner shown in this GUI can be seen in Figure 4.2. In this example, the flexibility and modular nature
of the software can be observed. The GUI allows any configuration of components to be generated and run
at multiple design - and off-design conditions. [27]
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Figure 4.2: Example of an afterburning turbofan designed in GSP and shown in the native GUI [27]

The program functions using a series of 0-D (parametric) components. This means that average values
for flow parameters are calculated for every such component. This is done with a combination of aero-
thermodynamic equations and performance maps, which can either be selected from the generic, built-in
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maps or specified by the user for a particular engine or component. By linking the components together,
parameters are then passed from one component to the next based on the configuration.

The modelling process for an engine at a given flight condition can be summarized as follows. First, the
components are given physical design values and performance parameters by running a Design Condition,
for which typically SLS conditions are used. Consequently, the model can be run at as many Off-Design
conditions as required. With respect to design optimization, GSP is not specifically developed to facilitate
this, as it is not built on gradient-based optimization.

4.4. Leap-1A Case Study

For the purposes of validation as well as applicability to real cases, an existing High Bypass Ratio engine is
modelled, namely the CFM Leap-1A engine. The resulting GSP model can be seen in Figure 4.3.

Figure 4.3: Leap-1A engine modelled in GSP

The components are numbered individually from 1 to 13. As can be seen in the figure, generic component
types are used in multiple locations where necessary. The component numbering has no physical mean-
ing. However, also visible in smaller font is the station numbering, which conforms to standard practices,
summarized in Table 4.1.

Station number Location

1 Engine intake

13 Fan exit

17 Cold propelling nozzle inlet

19 Cold propelling nozzle exit plane

2 Fan front face

21 Low pressure compressor front face
23 High pressure compressor front face
3 High pressure compressor exit

4 Combustor exit plane

45 Low pressure turbine nozzle guide vane leading edge
5 Low pressure turbine exit

6 Hot nozzle front face

9 Hot propelling nozzle exit plane

Table 4.1: Nomenclature and numbering for engine stations as used in the GSP model for the Leap-1A engine [33]

4.4.1. Modelling Approach

To obtain the desired parameters from a GSP model for a given operating condition, a baseline design con-
dition is first set up, so the model can be validated against known performance parameters in this condition.
The validated model can then be run at the desired operating conditions, which are labelled an "off-design
point" in the tool. The validated engine characteristics operating at this off-design point will then produce
the engine parameters at every station in the engine.
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4.4.2. Operating Conditions

Because the objective of this research is to examine cases in which contrails are likely to be formed, the op-
erating conditions need to be that of an aircraft in cruise. These operating conditions are summarized in
Table 4.2. For completeness, the baseline design conditions used for the model sizing are included in the first
row, followed by the cruise conditions at which the case study is performed in the second row.

Condition Psa Tsa Macha | Vta Pta Tta

[-] [bar] (K] (-] [ms™1] [bar] [K]
Design (SLS) 0.988 279.80 0.00 0.00 0.988 279.80
Off-Design (Cruise) | 0.23842 | 218.808 | 0.780 231.316 | 0.35636 | 245.433

Table 4.2: The baseline design conditions and conditions at cruise for the GSP model Leap-1A case study

4.5. Validation

The GSP model used for the case study of the Leap-1A engine has been provided by Dr. Yin. It has been
externally validated by the original researchers. Their validation efforts showed that, when comparing the
Thrust Specific Fuel Consumption (TSFC) of the model to reference data from the real engine, this metric is
overestimated by a margin of 1.7%. The researchers conclude that the model therefore shows good agreement
with the real Leap-1A engine. [39]

4.6. Results

The results of running the GSP model of the Leap-1A at the operating conditions specified in Table 4.2 are
given in the form of flow parameters for the core nozzle and bypass nozzle exits, shown in Table 4.3 and
Table 4.4 respectively. The complete set of output parameters from the GSP model is more extensive, but only
the relevant values within the context of this research are shown here. These values are passed on to the next
step of the model as Boundary Conditions.

Condition TS9 H9 S9 PT9 | PS9 V9 Ageom8 | Ageom9
[-] (K] (kJkg 11 | Utkgk)™ 1 | [bar] | [bar] | Ims™1] | [m?] [(m?]
Design (SLS) 750.03 | -533.16 7936.20 1.28 0.988 | 337.62 0.2433 0.2433
Off-Design (Cruise) | 579.95 | -454.42 8026.70 0.368 | 0.238 | 391.62 | 0.2433 0.2433

Table 4.3: Flow parameters at the engine core nozzle exit plane as predicted by the GSP model for the Leap-1A engine case study, at
baseline design conditions and cruise conditions

Condition TS19 H19 S19 PT19 | PS19 | V19 Ageom18
[-] (K] (kJkg M1 | UtkgkK)™ | [bar] | [bar] | Ims™1] | [m?]
Design (SLS) 282.46 | -34.91 6840.85 1.48 0.988 | 264.32 1.2697
Off-Design (Cruise) | 229.64 | -27.67 6980.59 0.514 0.272 | 303.91 1.2697

Table 4.4: Flow parameters at the engine bypass nozzle exit plane as predicted by the GSP model for the Leap-1A engine case study, at
baseline design conditions and cruise conditions

4.7. Conclusion

From the work done on the Engine Performance Model within the current framework, the following conclu-
sions can be drawn. Firstly, the investigation into the use of pyCycle, as shown in Appendix F, has shown its
potential as a design tool for modern gas turbines, especially when used as part of a larger multidisciplinary
design optimization process. This is due to its modular capabilities and gradient-based solution algorithms.
In addition, its open-source nature is attractive for accessibility and affordability reasons. However, its rela-
tive novelty and lack of supporting features such as extensive documentation and GUI make it less desirable
for implementation into the current framework. As a long-standing, widely used tool in the industry, GSP has
clear advantages in these areas. As its drawbacks with respect to multidisciplinary design optimization and
proprietary nature of the software when compared to pyCycle are not as relevant as these advantages for its
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implementation in the current framework, GSP was selected as the superior tool for this use case.

With respect to modelling an existing engine to use as a case study for the current research, GSP offers one
additional advantage: An existing, validated model of the CFM Leap-1A engine was already available. This
meant the remaining work for the current modelling step entailed the generation of results for a relevant
ambient condition, in this case cruise conditions at an altitude of 10668 m. The relevant results, namely the
ambient conditions and flow conditions at the core and bypass nozzles respectively, have been extracted from
the GSP output. These results will be used as Boundary Conditions in the next modelling step, namely the
Flow Field Solver described in chapter 5.






Flow Field Solver

5.1. Introduction

This module will describe the most crucial and complex phenomenon in the project, namely the mixing of
coaxial core and bypass jets within the ambient flow. The position of this module within the overall frame-
work is shown in Figure 5.1. The modelling framework that is being developed is meant to be as accessible
and replicable for future research as possible. It is therefore desirable to divide the work into increasing levels
of complexity and software requirements. At each level, an assessment is made regarding the validity of the
model for the purposes of this research. If its predictive capabilities are deemed insufficient, or its assump-
tions too far-reaching, the next step is taken. In this case, the distinction is made between 1-dimensional (1D),
2-dimensional (2D) Parametric, 2D Finite Element, 2D Semi-Empirical, 3-dimensional (3D) Computational
Fluid Dynamics (CFD), and 2D Axisymmetric CFD analysis. To illustrate the research steps performed to get
to a working Flow Field Solver and to document the knowledge and experience gained from it, the approach
to each of these steps is described respectively in the upcoming sections.
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Figure 5.1: Current modelling step in the overall framework

5.2. 1D Approach

L

Saturation curves
(Sonntag formula)

The 1D approach examines the current mathematical foundation of the SAC, which is itself a 1D method.
The underlying assumptions are questioned, options to include a term for the instantaneous mixing ratio

25
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at the engine exit are proposed, and the effect on the mixing line is examined. The advantage of taking this
as a starting point, is that it is still closely connected to a physical and mathematical basis, and allows for
underlying simplifying assumptions to be questioned and improved upon in the following steps. The main
limitation of the 1D approach is that the evolution of the mixing process between the core and bypass flow as
function of distance from the exhaust plane is not addressed. This means the deviation from instantaneous
mixing can be examined, but not isobaric mixing, nor the assumption of a straight mixing line.

5.2.1. Revision of SAC using instantaneous mixing ratio

To gain an understanding of the influence of the assumption of instantaneous mixing on the derivation of
the mixing line slope, resulting in the expression given in Equation 2.4, the concept of a mixing ratio MR is
introduced here, after which a new derivation is shown. This mixing ratio is defined as a value between 0 and
1, indicating the fraction of bypass flow that is instantaneously mixed with the core flow at the engine exit. In
other words, the bypass mass flow m,, used in the revised SAC can be redefined by Equation 5.1:

mp = me-BPR- MR (5.1)

where m, is the core mass flow and BPR the engine bypass ratio. Using this definition, the slope is cal-
culated along the same lines as before, starting from the definition first stated in Equation 2.3 and restated
below:

_ peHZO - paHzo

G=
T,— T,

From here, the numerator and denominator are calculated separately. The water vapour partial pressures
Pep,o and pay, , are derived from their respective mass fractions ¢, and ¢, according to the expressions:

_ % % Mair (5.2)
Pap,0 = Pa* qa —MHZO .
_ Mair
Pep,0 = Pa* qe * WZO (5.3)

The water vapour mass fraction g, depends on ambient conditions, while engine exhaust mass fraction ¢, is
given by Equation 5.4, using the mixing ratio definition given in Equation 5.1:

Me(1+BPR* MR)qq+ my * Eln,o

= 5.4
e me(L+BPR* MR) +my 6
The denominator T, — T,, meanwhile, can be derived from the definition of enthalpy % as follows:
he h
T,—T,=—% -2 (5.5)
Cp  Cp
1 A-mm
_ 1 U-mmQ (5.6)
Cp Mc+my+my
Again, the mixing ratio definition from Equation 5.1 can be used to arrive at the expression:
1 A-mm
T,— T, mimyQ (5.7)

¢, me(1+BPR* MR)+m;

Finally, the numerator and denominator can be combined, resulting in the newly calculated mixing line slope
Grevised:

Mair EIHZ o
Mp,0 1-mMQ

Grevised = PaCp (5.8)
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5.2.2. Sensitivity analysis of SAC wrt. mixing ratio

As the observant reader may have expected, this revised expression is identical to the original mixing line
slope definition given in Equation 2.4. Mathematically, this can be explained by the fact that the mixing ra-
tio influences the numerator and denominator to the exact same extent. Physically, it means that, while the
engine exit conditions do shift for a mixing ratio of 0.5, to a lower temperature and water vapour partial pres-
sure, this shift occurs exactly along the mixing line defined by slope G.

The conclusion that can be drawn is that current methods are not only limited by the assumption of instan-
taneous mixing, but also that of a straight mixing line. This is why more detailed examination of the actual
physical mixing process is needed.

5.3. 2D Parametric Approach

The 2D approach is based on the plume models and jet entrainment models that are typically used in pollu-
tant dispersion modelling. Using the data generated by the engine performance module as inputs, a Python
model has been developed. Python is selected as a programming language for three main reasons: Firstly
the flexibility that it offers in its wide range of possible applications, secondly the popularity of the language,
making many resources and access to others’ experience available, and thirdly the author’s own experience
and comfort with the language. The main improvement this step will bring is the possibility of tracking the
evolution of flow properties and water vapour content at different radial and axial stations in the exhaust flow.
This allows the assumption of a straight mixing line to be examined.

The assumptions underlying the 2D parametric approach are described in subsection 5.3.1, followed by the
modelling approach in subsection 5.3.2, and limitations along with suggested improvements of this approach
in subsection 5.3.3.

5.3.1. Assumptions
The assumptions underlying the plume and entrainment model are as follows:

Entrainment model assumptions

* The entrainment of air into the plume follows the behavior of pure jet entrainment, as the high velocity
of the exhaust

* The exhaust is unchoked: Exhaust pressure is equal to ambient pressure.

* The bypass jet and core jet have uniform distinct velocities at their respective nozzle exit planes.
Plume model assumptions

* Water vapour content is distributed in a Gaussian curve in the core flow

* Bypass jet water vapour content is equal to ambient conditions

* Entrainment only occurs inwards (no transfer of water from core to bypass)

Some of these assumptions, especially the unchoked exhaust and only inward transfer of water vapour, are
not very realistic, and deserve further attention. However, in this stage of the research, they allow the oppor-
tunity for a good first approximation of mixing in two dimensions, with simple equations that have a clear
physical basis.

5.3.2. Modelling approach

The modelling steps taken in this stage are described below:

1. Split mixing into two phases: the mixing of the core jet with the bypass jet, and the bypass jet with the
ambient flow.
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2. Calculate entrained mass flow for both phases using pure jet assumptions, where entrainment velocity
v, is defined by Equation 5.9:
Ve =ax* (U; —Up) (5.9)

with a the entrainment coefficient, equal to 0.057 for a pure jet. [7] The entrained mass flow can then
be calculated by assuming a circular surface area with radius R and axial length dx:

Me=pAV =p-2nR-dx- v, (5.10)

3. Use the definition of enthalpy hy to calculate the change of total temperature Ty due to entrained flow.
The total enthalpy Hj is weighed by the respective mass flows to arrive at a new total temperature:

ho=cp- T (5.11)
Ho=ho-m (5.12)

4. Assume a Gaussian distribution of water vapour in the exhaust plume.

5.3.3. Limitations and Suggested Improvements

After developing the 2D parametric approach towards resolving the flow field in the engine exhaust, it is clear
that the current iteration still has several limitations that preclude it from answering the research questions
with sufficient confidence. These limitations can be summarized as follows:

Jet Entrainment Model limitations:
This model provides a good initial impression of the processes involved in the mixing of core and bypass, and
bypass and ambient air. However, it still has several key shortcomings.

* The three separate flows (core, bypass, ambient) are only resolved as a single average value over their
radius. While this is still an improvement in terms of tracking properties in axial direction when com-
pared to the 1D analysis, it is not possible to validate this model to the required degree of confidence.
As we know from literature, the flow field for a co-axial jet is complex and mixing between flows oc-
curs primarily in the turbulent shear layers. This phenomenon is not captured by the jet entrainment
model.

* The assumptions of unchoked flow and constant density, while necessary for the 2D model, are not
accurate for the cruise conditions the model is meant to represent. Because the mixing in the model
depends on mass flows and velocities, and these in turn depend on the aforementioned assumptions,
this inaccuracy carries over to the end result.

¢ In reality, the flow in the near-field of the engine exhaust is highly turbulent. The above 2D approach
does not incorporate any turbulence models, and therefore misses the turbulent phenomena involved
in the mixing process.

Plume Dispersion Model limitations:

In a rotationally and axially symmetric simple jet, it is reasonable to assume the concentration of a given
species disperses according to a Gaussian curve. However, as the flow field in question is more compley, it
also has its shortcomings in this case. Most important is the assumption that air is only entrained inward.
Along with the averaging of flow properties over the radius of each separate flow (core, bypass, ambient), this
means that the Gaussian curve only applies to the core jet. While the jet, and therefore the concentration
curve, does expand when moving downstream, this still fails to properly address the merging of bypass and
core flows to a single, self-similar jet as described in literature. By extension, the concentration of water is not
properly dispersed along the entire radial axis of the jet, especially further downstream, which significantly
limits the accuracy of mixing lines predicated upon this model.

Suggested Improvements
Based on the limitations described above, a number of additional steps can be taken to improve the accuracy:

¢ Introduce an ambient co-flowing annular jet to represent the forward velocity of the aircraft at cruise
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* Improve the physical basis for entrainment coefficient @. Introduce variable entrainment coefficient
dependent on age of the jet (or axial distance)

¢ Investigate the impact of incompressible assumptions on the entrainment rate
¢ Introduce microphysical processes to ice crystal formation prediction
* Improve heat content modelling by taking into account enthalpy changes due to water phase changes

To address some of these shortcomings, a 2D Finite Element model was developed. This is treated in the
following section.

5.4. 2D Finite Element Model

The plume model and entrainment model provide a good first estimate for the entrainment of ambient air
into the exhaust flow with a solid physical basis. However, the assumptions required for this approach are
such, that the results cannot be considered reliable or conclusive enough. Therefore, the logical next step is
to reduce the number of assumptions and simplifications, in order to more accurately represent real exhaust
flow. Two assumptions that deserve to be revisited are:

* The exhaust is unchoked
* Entrainment only occurs inwards (no transfer of water from core to bypass)

In most cases, the flow will not have fully expanded at the engine nozzle plane, and as explained in section 2.5,
the mixing of coaxial jets is more complex than just "entrainment of flow from outer to inner jet". To address
these shortcomings, a module for Python called FEniCS is employed, which was designed for the purpose of
solving partial differential equations (PDEs) through the Finite Element (FE) method. The main advantages
of this approach are:

* Written in Python, allowing for seamless integration into the overall model structure.
* Stays close to the real physics by implementing custom PDE’s and boundary conditions directly.
* Output format of data allows for visualization of flow field.
The inputs required by the FEniCS sub-module are:
* Ambient conditions (pressure, temperature, air density, and water vapour content)
* Exhaust conditions (pressure, temperature, air density, and water vapour content)
* Exhaust dimensions (inner and outer jet radius)
The following assumptions are required:
* Incompressible flow
* No turbulent phenomena
* 2D flow

The calculations are then divided into three main steps: First, the Navier-Stokes equations are used to de-
termine the velocity and pressure field in the exhaust flow. Secondly, the advection-diffusion equations are
imposed on this flow in order to find the dispersion of water vapour. Finally, the temperature field also needs
to be known.

Finite Element Model Results

An example of flow field output generated by the FEniCS model can be found in Figure 5.2. From this image,
the shortcomings of this approach can be observed. By modelling the velocity and pressure according to the
Navier-Stokes equations without providing a turbulence model, the closure problem is not addressed and
the solution remains unstable. It is conceivable that these shortcomings could be addressed by including
additional Finite Element equations. However, this would effectively amount to building a custom CFD solver
from scratch, which is not feasible or desirable within the context of the current research. Therefore, this
method is discarded as a valid option for the Flow Field Solver sub-module of the current model.
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Figure 5.2: Velocity field produced by the FEniCS model

5.5. 2D Semi-Empirical Approach

The semi-empirical approach aims to combine the simplicity of mathematical models with empirical knowl-
edge from previous experimental research. The current model is largely based on the Morton-Taylor-Turner
(MTT) entrainment law as well as basic conservation of mass and momentum. The approach can be sum-
marized as follows:

Divide the domain into discrete cells. Consequently, obtain an accurate description of the velocity distribu-
tion within the exhaust and thus the flow of mass from cell to cell by applying the MTT entrainment law. Then
use these values to describe heat transport based on flow of enthalpy, and calculate the temperature at each
point within the exhaust. A plume dispersion model can then be implemented over this flow field to predict
the spreading of water vapour from the core. This finally allows for the drawing of mixing linesona pg,0—T
graph for comparison with the SAC mixing lines.

The mathematical derivation of this approach is quite extensive, and is therefore not included in the main
body of this chapter. It can be found in Appendix A. In theory, the computational efficiency and math-
ematical elegance of this method are attractive and promising. However, in practice, obtaining physically
meaningful and validated results has proved challenging. Therefore, the decision has been made to switch
to a Computational Fluid Dynamics Approach. However, the efforts done in pursuit of the Semi-Empirical
Approach are kept in the current document as inspiration for future research.

5.6. 3D CFD Approach

To address the shortcomings of the previous approaches, the decision was made to switch to Computational
Fluid Dynamics (CFD). This approach should yield the following advantages with respect to the previous
attempts:

» CFD simulations can account for pressure gradients and compressible flow, meaning initial conditions,
including a choked exhaust, can be accurately represented.

» Turbulence modelling is a core component of CFD methods. This means the regions of greatest inter-
est, namely turbulent shear layers where mixing primarily occurs, can be resolved and investigated in
detail.

* Once the flow field properties are determined, the dispersion of water vapour can be modelled accu-
rately and relatively easily with an advection-diffusion solver over the given velocity field.
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¢ Validating a CFD model can be done by recreating (experimental) cases for which the results are known
from literature.

5.6.1. Choice of Software

In this stage of the research, the OpenFOAM software is selected to be used. [29] Because of its open-source
nature, it is available not only for the author during this research, but also for any potential further steps
undertaken by the author after losing access to student resources after graduation, or by other researchers
interested in building on the results of this thesis. In addition, it is a widely used tool for which many resources
and experiences by other users are freely available. The author is also already familiar with the capabilities of
the software beforehand.

5.6.2. Modelling Approach

The simulation of the exhaust mixing process contains two main steps: First, a compressible Navier-Stokes
solver is used to accurately resolve the key flow field variables, namely velocity, temperature, pressure, and
turbulence properties. Secondly, an advection-diffusion solver is applied to model the dispersion of water
vapour within this flow field. An advantage of this approach is that finally, the assumption of isobaric mixing
is removed. In addition, turbulent mixing is properly taken into account. A limitation of this approach is the
sensitivity to the quality of input data and proper setup: small errors in either step can lead to non-physical
or inaccurate output data. Validation of this step is therefore key.

5.6.3. Navier-Stokes Solver

The flow in the exhaust jet of a turbofan engine can best be described as a high Reynolds transonic 3D axisym-
metric steady field. To model this flow accurately, therefore, a steady-state approach should be employed,
with a turbulence model and grid capable of accurately resolve the mixing in the shear layers between the
co-annular jets. The modelling choices deemed most suitable, and therefore selected for this task, are sum-
marized in Table 5.1.

Choice of software | OpenFOAM v2106

Solver rhoSimpleFoam (compressible, steady-state)
Turbulence Model | k—w—-SST

Grid generation Gmsh Structured OH-mesh

Table 5.1: Choices and settings for the 3D RANS model

Turbulence Modelling

For the turbulence model, there are two main criteria: It should perform well for external flows, but also be
able to resolve flows with strong pressure gradients, as the core, bypass and ambient flows all have distinct
pressures. Traditionally, the k — e model is chosen for external flows, while the k — w model is deemed more
suitable for internal flows and those with strong pressure gradients. The k —w — SST model combines the
advantages of both, and is therefore chosen for this simulation. [14]

Mesh Generation (Gmsh)

The initial grid generation for this model was done using the open-source tool Gmsh, which allows structured
meshes to be generated from a user-defined script defining the geometry and blocking setup. As mentioned
above, the exhaust jet is assumed to be axisymmetric. Therefore, it would be a waste of computational re-
sources to model the entire circular domain. In fact, if swirl and other 3D effects did not play a role, there
would be no need for 3D modelling at all. However, because these effects do need to be taken into account,
a 3D flow field is required. The solution with respect to computational efficiency is to model only a wedge
of the flow field, and impose periodic boundary conditions along its two edges. This approach has the ad-
vantage of keeping the 3D character of the flow field, while minimizing the amount of cells required in the
circular direction.

The other main characteristic of the flow field setup, is the definition of inlet conditions. The inlet is defined
as the plane immediately behind the engine, and is therefore divided into three inlet fields: the core jet in the
center, above it the bypass jet, and finally the ambient inlet above that. These inlets take their conditions di-
rectly from the Engine Performance model block. The circular upper part of the domain is defined as the Far
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Field, and the far end of the domain in axial direction is the Outlet, where ambient static pressure is imposed.
The resulting grid setup can be seen in Figure 5.3 and Figure 5.4.

Figure 5.3: Side view of the RANS computational domain

Figure 5.4: View of the inlet of the RANS computa-
tional domain

Mesh Generation (snappyHexMesh)

Although Gmsh is an efficient tool for generating highly structured meshes, it has its limitations when applied
to complex geometries. If the nozzle geometry itself is included as part of the mesh, therefore, other options
need to be explored. One widely used tool is snappyHexMesh, which is native to OpenFOAM. The meshing
process for this case can be summarized as follows:

1. 3D nozzle geometry is generated in a CAD tool. In this case, SolidWorks was used. The exhaust geome-
try is modelled as two simple concentric converging pipes.

2. Surface geometry is extracted from the CAD geometry, and separated into the different boundary el-
ements: Core nozzle, bypass nozzle, core inlet, bypass inlet, far field, and outlet. This was done in
Blender.

3. A dictionary is made called the "snappyHexMeshDict", in which the domain is defined, geometry ele-
ments are imported, and all meshing controls are set up.

4. This dictionary is passed to the snappyHexMesh module of OpenFOAM, which generates a 3D unstruc-
tured mesh based on the dictionary settings

5. A check is done on the meshing parameters to ensure quality.

Boundary Condition Definitions

In order to accurately resolve the flow field, the proper boundary conditions need to be defined. It is im-
portant that these boundaries have a sound physical basis, and that they place the necessary amount of
constraints on the system of equations to be solved. If the problem is under-constrained, a steady-state so-
lution will never be reached, and if it is over-constrained, a physical solution cannot be found. Table 5.2 and
Table 5.3 show the chosen conditions for this simulation.
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Boundary P T

Core & Bypass Inlets | Total Pressure Total Temperature
Ambient inlet Total Pressure Total Temperature
Nozzle walls Zero gradient Adiabatic

Far Field Wave Transmissive | Wave Transmissive
Outlet Wave Transmissive | Wave Transmissive

Table 5.2: Boundary conditions for the 3D OpenFOAM simulation (Pressure and temperature)

Boundary u k w

Core & Bypass Inlets | Zero gradient Turbulent Intensity | Mixing Length
Ambient inlet Zero gradient Turbulent Intensity | Mixing Length
Nozzle walls No-Slip Wall function Wall function
Far Field Wave Transmissive | Zero gradient Zero gradient
Outlet Wave Transmissive | Zero gradient Zero gradient

Table 5.3: Boundary conditions for the 3D OpenFOAM simulation (Velocity, turbulence kinetic energy and specific turbulence dissipa-
tion rate)

5.6.4. Advection-Diffusion Solver

Once the general flow field parameters (U, p, T, v;) are known within the exhaust, they can be used as input
for the next step: calculating the water vapour dispersion within this field. To this end, a custom advection-
diffusion solver was developed based on the OpenFOAM native scalarTransportFoam solver. The main reason
a custom solver needed to be set up, is that the native solver only takes into account molecular diffusion. In
the case of transonic, highly turbulent flow, this type of diffusion is negligible compared to the transport of
species due to turbulent structures. Therefore, a turbulent diffusion term needs to be taken into account. The
development of this solver is explained in this section.

The Partial Differential Equation for Advection - Diffusion of a species concentration C can be stated as fol-
lows:

(g—ct: =V-(DVC)-V-(UC)+R (5.13)

Here, D represents the diffusivity, U the velocity field, and R the increase in concentration due to reactive
processes. In the steady-state case, and assuming no chemical reactions present, this equation simplifies to:

V-(DVC)-V-(UC) =0 (5.14)

In the scalarTransportFoam solver, the diffusivity term D is given a fixed value, and is meant to represent
molecular diffusivity. As explained above, this term needs to be adjusted to include turbulent diffusion.
Therefore, a new diffusion term is introduced: effective diffusion Dy :

Deff = Dmotecular + Drurbulent (5.15)

The turbulent diffusion coefficient D, is defined here as equal to the eddy diffusivity K, derived from the
turbulent Schmidt number Sc; by the following relation:

SCt
Diurbutent =K = v (5.16)
t

5.6.5. Conclusions

Using the approach described in this section, OpenFOAM modelling was extensively attempted. However,
including third party consulting, using powerful grid computing provided by the TU Delft, and attempting
over 500 different meshing strategies, providing a converged solution was not possible. While the final results
for this thesis were eventually generated using a different approach, which is described in section 5.7, future
researchers or students may still benefit from the OpenFOAM work done. This is available upon request to
the author.
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5.7. 2D Axisymmetric CFD Approach

The methods described in the previous sections, while promising in certain respects, all have their own short-
comings that ultimately made them unfeasible for the current research. The early 1D and 2D approaches
have the advantage of being computationally inexpensive, as well as physically and mathematically simple.
However, they also miss key phenomena such as turbulence and therefore their results are unreliable. The
3D approach using OpenFOAM does capture these more complex phenomena, but is computationally too
expensive and producing a properly verified and validated model with this approach requires more time and
resources than are available for this thesis.

Because the geometry of an engine exhaust consists of two circular concentric nozzles, another approach can
be employed: 2D Axisymmetric Computational Fluid Dynamics modelling. Here, a domain is examined that
represents a 2D slice of a cylindrical coordinate system, where symmetry conditions are assumed in angular
direction. This approach combines the computational advantage of 2D analysis with the accuracy of a fully
3D model. Going forward, this is the final approach used within the framework of the current research. In the
upcoming sections, the application of this method to the Leap-1A engine case study is described.

5.7.1. Choice of Software

For this analysis, the choice was made to use the ANSYS Fluent software. As a professional, commercial
package, this software provides the advantage of having a detailed GUI, extensive documentation, and a wide
range of modelling options. It also has a native, built-in function for 2D axisymmetric analysis.

5.7.2. Geometry Definitions

A basic engine exhaust geometry is designed at the lower left corner of the domain. The dimensions are such
that they match the parameters obtained from the Engine Performance Model. That is to say, the inner and
outer radii of the core and bypass nozzles are calculated to correspond to the nozzle areas given by GSP, while
also maintaining an overall exhaust geometry modelled after a typical High Bypass Ratio engine shape. [38].
This results in the nozzle geometry shown in Figure 5.5. For the purposes of creating a reliable, structured
mesh, the geometry is simplified with respect to a real engine shape. Firstly, the exhaust conditions given
by the Engine Performance Model are for the exit planes of the core and bypass nozzles respectively. This is
reflected in the geometry by making these planes the boundaries of the model. Secondly, the curved surface
of the engine nacelle is replaced with a straight outer nozzle wall. Lastly, the ambient inlet boundary is placed
at the start of the engine nacelle.

Ambient Inlet —>| Nozzle Wall

Bypass Nozzle Exit

Core Nozzle
< Exit

Figure 5.5: Leap-1A engine geometry for the 2D Axisymmetric Model. The dimensions shown here are quantified in Table 5.4. Within
the overall domain shown in Figure 5.6, this geometry is represented by the red area in the lower left corner.
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For this model to be representative of the mixing in the exhaust of a given engine, the flow parameters from
the core and bypass nozzles need to correspond to those given as outputs from the Engine Performance
Model. For most parameters, this is a matter of implementing the correct boundary conditions, as will be
described in subsection 5.7.4. One parameter that is not directly implemented in the boundary conditions,
but is of significant importance to the mixing process, is the mass flow coming from the core and bypass
nozzles. As mass flow 71 perpendicular to a given area A is given by:

i =pUA (5.17)

and parameters p (density) and U (velocity) are both determined by the boundary conditions, defining
the cross sectional area A for both core and bypass nozzles is sufficient to ensure matching mass flow to
the Engine Performance Model outputs. In the axisymmetric domain, cross sectional area of the nozzles is
defined as:

2 2

Acore =m(rg,,,,~Ti ) (5.18)

where r, is the outer radius and r; the inner radius. As no exact dimensions are known for the engines

used as case studies for this research, an assumption is made for the radius of the cone with respect to the

core nozzle radius based on examples from literature [38]: cone radius (equal to inner radius r; of the core
nozzle) is assumed to be % of the core nozzle radius (equal to outer radius r,):

2
ricore = grocore (519)
This allows the nozzle inlet area to be defined solely by the outer radius r,:
— (2 2 2
Acore=7(rg,, , — (g Togore)”) (5.20)
S_ 2
Acore = =TT, (5.21)

9 Ocore

From the results of the Engine Performance Model given in section 4.6, area A is known. This allows outer
radius r, and in turn inner radius r; to be calculated from Equation 5.21 and Equation 5.19 respectively.

A similar approach can be applied to the inner and outer radius for the bypass nozzle. Again, an assumption
needs to be made for the inner radius r;. In this case, the distance between core nozzle outer radius and
bypass nozzle inner radius is assumed to be the same as the radius of the inner cone. Remembering that this
cone radius is equal to the inner radius of the core nozzle r;, this allows the inner radius of the bypass to be
expressed as follows:

rihypusx =Tocore + ricore (522)

The cross-sectional area for the bypass nozzle can again be expressed as a function of inner and outer radius:

2 2
Abypuss = ﬂ(rohypuss ribypass) (5.23)

Rewriting Equation 5.23 yields the outer radius of the bypass nozzle.

To ensure that the imposition of boundary conditions does not significantly influence the solution, they need
to be placed far enough away. The Far Field boundary is therefore placed at 50 times the engine diameter,
and the Outlet boundary at 150 diameters. The complete domain is shown in Figure 5.6.
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H50

V51

Figure 5.6: Complete domain for the 2D Axisymmetric Model. The red area in the lower left corner represents the nozzle geometry shown
in Figure 5.5. The dimensions are specified in Table 5.4.

A complete overview of the dimensions used for the 2D axisymmetric model, corresponding to the definitions
given in Figure 5.5 and Figure 5.6, can be found in Table 5.4.

Dimension | Value | Unit
L56 2.01 [m]
H46 3.00 [m]
H48 5.00 [m]
H50 300 [m]
V43 0.833 [m]
V44 0.33 [m]
V45 0.50 [m]
V51 40 [m]
V55 1.0478 | [m]

Table 5.4: Domain dimensions for the 2D Axisymmetric model of the Leap-1A Engine

5.7.3. Grid Generation

The first decision to make is whether a structured or unstructured mesh should be designed. Unstructured
meshes have the advantage of being quick and easy to generate, as well as applicable to complex geometries.
In addition, local grid refinement can be easily achieved by dividing existing elements. However, when solv-
ing an unstructured grid, computing times can be significantly higher than for a structured grid due to its
complex data structure. A structured mesh has the advantage of simple topology and implementation, and
easy quality control. Additionally, the data structure is very simple compared to an unstructured grid, as cells
can be simply saved in a 2D array, with each cell connecting to its neighbours in the array. This allows for
highly efficient solution algorithms and therefore reduced computing times when compared to an unstruc-
tured grid. The difficulty for structured grids resides in properly refining areas of interest and regions close to
complex geometries. To address this, use can be made of a multi-block grid.

Clearly, if a structured mesh is able to be generated for a given case, this is the preferred approach based on
the above reasoning. It will result in lower computing times and allow for better quality control. Therefore,
the model geometry as described in subsection 5.7.2 has already been set up in such a way that multi-block
structured meshing is facilitated. The geometry has been made no more complex than necessary. The next
step is then to divide the domain into blocks so local refinement can be applied. This division is shown by the
yellow lines in Figure 5.7.
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000 2500 5000(m)

Figure 5.7: Division of the model domain into a multi-block grid

As the domain is now divided into blocks that each have four edges, these edges can be used to size the cells
within them to the required degree of refinement. The regions close to the engine in the lower left corner
of the domain need the highest level of refinement, while coarser cells can be used further downstream and
towards the far field. In the end, the resulting mesh comprises a total of 303 500 quadrilateral elements. The
resulting complete grid is shown in Figure 5.8. The refined regions around the core nozzle, bypass nozzle, and
complete engine can be seen in Figure 5.9, Figure 5.10, and Figure 5.11 respectively. From these figures, it can
be seen that the regions of interest near the engine exhaust indeed have closest mesh spacing. Additionally,
the mesh is highly orthogonal in all regions, with a mesh check reporting a minimum orthogonal quality of
0.9465. It can also be seen that some high aspect ratio cells are present, most notably in the upper ambient
region above the engine towards the Far Field. This is due to the refinement methods used. In this region,
the highest aspect ratio found is 265. This would be unacceptable if it were in a region of interest close to
the engine, where larger gradients of flow properties are expected in all directions. However, as gradients in
this region of the domain are very small, this aspect ratio is not considered problematic, and the tradeoff with
respect to computational efficiency is worthwhile.
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Figure 5.8: Complete mesh for the axisymmetric 2D model of the Leap-1A engine exhaust
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Figure 5.9: Refinement region close to the core inlet within the mesh for the axisymmetric 2D model of the Leap-1A engine exhaust
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Figure 5.10: Refinement region close to the bypass inlet within the mesh for the axisymmetric 2D model of the Leap-1A engine exhaust
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Figure 5.11: Refinement region close to the complete engine within the mesh for the axisymmetric 2D model of the Leap-1A engine
exhaust
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5.7.4. Boundary Conditions

A summary of the chosen Boundary Condition types is given in Table 5.5. The locations of the boundaries
they are applied to can be seen in the accompanying Figure 5.12. The considerations for the choice of bound-
ary conditions are similar to those in section 5.6: They need to be defined such that the model is properly
constrained. A comprehensive overview of the values used for the boundaries can be found in Appendix D.
The values listed in these tables are those for the case study of the Leap-1A engine at cruise conditions, re-
sulting from the Engine Performance Model described in chapter 4.

Far Field

Y

Ambient Inlet —>

<— Qutlet

Bypass Inlet

g
" Core Inlet 7

E—
Nozzle Wall =—

Axis

Figure 5.12: Location of the boundary conditions for the Leap-1A Case Study. For clarity, the Far Field and Outlet boundaries are shown
in this zoomed in figure. In reality, they are placed at the far upper and right edges of the domain respectively. The full domain is shown
in Figure 5.6.

Boundary Boundary type
Core Inlet velocity-inlet
Bypass Inlet velocity-inlet
Ambient Inlet | velocity-inlet

Far Field pressure-far-field
Nozzle Wall wall (adiabatic no-slip)
Outlet pressure-outlet

Axis axis

Table 5.5: Summary of boundary condition type definitions for the Leap-1A Case Study

5.7.5. Turbulence and Solver Settings

The aim of the CFD simulation is to accurately model the mixing process between core, bypass, and ambient
flow in the engine exhaust, so predictions of contrail formation can be made based on its results. Because this
flow occurs at high Reynolds numbers, turbulence is an important phenomenon that needs to be modelled
properly. Ansys Fluent offers many different turbulence models, suitable for different situations. The main
candidates for this simulation are the Spalart - Allmaras, k—¢, k —w, and k—w — SST models.

Spalart-Allmaras

As a simple one-equation model designed specifically for aerospace applications, this model is a good start-
ing point. It is known to give good results for boundary layers and wall-bounded flows. Its main drawback
is its questionable reliability for free shear flows. As the current research involves co-axially flowing jets with
shear layers between them, this is a potential problem.

k-e€

The k — e model solves two transport equations to model turbulence while using the Eddy Viscosity proposi-
tion to model the Reynolds stress. It is one of the most widely applicable and therefore popular turbulence
models. Its main shortcoming is its inaccuracy in predicting separation of boundary layers under adverse
pressure gradients. The current research does not involve boundary layers, other than the ones forming over
the nozzle walls. However, these are not areas of interest in answering the research questions and in any case,
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separation is not expected here. Therefore, the k — e model is a candidate for this research.

k-w

Similarly to the k — e model, the k — w model solves two transport equations. However, instead of solving for
the turbulence dissipation rate e, it solves for specific turbulence dissipation rate w. This results in a better
treatment of adverse pressure gradients in boundary layers, at the cost of the solution being very sensitive to
inlet and ambient conditions for turbulence parameters k and w. In its base form, therefore, it is not ideal for
this research, as some level of estimation is required for these parameters. However, there are extensions to
this model that can be used most notably the k —w — SST model.

k-w-SST

This model combines the advantages of the k — e and k — w models, resulting in a solution that is better at
predicting boundary layers with adverse pressure gradients than k — e while being less sensitive to initial tur-
bulence conditions than k — .

For the verification process, an initial choice is made to use the k — w — SST turbulence model. After grid
independence has been verified, validation efforts will be made using the different turbulence models. The
model that shows the best agreement with results from literature will then be selected for use in the current
research.

5.8. Verification

Two methods of verification are employed for the Flow Field Solver in this section. First, the consistency
of nozzle parameters from the Engine Performance Model to the Flow Field Solver is performed in subsec-
tion 5.8.1. Subsequently, in subsection 5.8.2, a Grid Convergence Study is done to determine the numerical
€error.

5.8.1. Consistency of Nozzle Parameters

As a first verification step, a check is done for consistency between the current model parameters and the
results from the Engine Performance Model described in chapter 4. As mentioned in subsection 5.7.2, the
dimensions for the nozzle geometry are based on the geometric area output from the Engine Performance
Model, combined with assumptions derived from an example geometry. If the Flow Field Solver is indeed
consistent with the Engine Performance Model, these dimensions along with the boundary conditions should
result in the same mass flows predicted by the Engine Performance Model.

For a nozzle with cross-sectional area A, the mass flow through this nozzle is given by:

= pUA (5.24)

The velocity U and area A are known inputs for the model. As both pressure and temperature are also known,
density p can be determined solving the Ideal Gas Law for density:

__p
RgasT

o (5.25)

The resulting values for both core and bypass nozzles are summarized in Table 5.6.

Parameter | Core nozzle | Bypass nozzle | Unit

U 391.6165 303.9 (ms~1]
A 0.24333 1.26793 [m]

p 23842 27160 [Pa]

T 579.85 229.63 (K]

o 0.1432 0.4120 lkgm™3]

Table 5.6: Flow conditions at the core and bypass nozzle used for verification of mass flow for the Leap-1A engine

Inserting the parameters from Table 5.6 into Equation 5.24 results in the calculated values for mass flow in
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the Flow Field Solver for the Leap-1A engine. They are compared to the mass flow given by the Engine Perfor-
mance Model in Table 5.7

Parameter Core nozzle | Bypass nozzle | Unit
Mass flow (Flow Field Solver) 13.64979 159.0009 [kgs’I]
Mass flow (Engine Performance Model) | 13.64739 158.9886 lkgs 1
Percentage difference 0.018 0.008 [%]

Table 5.7: Comparison of mass flow values predicted by the Flow Field Solver and the Engine Performance Model for the Leap-1A engine

From this comparison, it can be seen that the predicted mass flows correspond with an accuracy in the order
0f 0.01%. This verifies the consistency of nozzle flow parameters between the Engine Performance Model and
the Flow Field Solver.

5.8.2. Grid Convergence Study
When performing a CFD simulation, there will always be a difference between the predicted solution and the
actual solution. This difference can be expressed as:

A = Unature — Udiscrete (5.26)

= (Unature — Uexp) + (Uexp — Uexact) + (Uexact — Udiscrete) (56.27)

The first term, (Unature — Uexp), indicates the difference between the proposed experiment and the natural
phenomenon it is meant to represent.

The second term, (uexp — Uexact), is defined as the modelling error, and is determined by the validation pro-
cess. It is a measure for the predictive power of the model when compared to an analogous experiment, if it
were to provide an exact solution.

The final term, (Uexact — Udiscrere), 1S the difference between the theoretical exact solution and the solution
predicted by the numerical model. It is called the numerical error, and determining this error is part of the
verification process.

The goal of a grid convergence study is to investigate to which degree the discrete solution is influenced by
numerical rather than physical parameters. In the ideal case, a numerical model converges to the exact phys-
ical solution. In practice, this is not feasible, because there are always numerical errors present. However,
an estimate for the exact solution of certain chosen parameters can be made, and the model’s convergence
towards these exact solutions observed. If the convergence falls within the asymptotic range, the grid is con-
sidered suitable.

Choice of criteria

To achieve a sufficiently complete picture of the grid convergence of this model, a selection of parameters is
made. For validation purposes, the velocity field is the most important, while for the subsequent calculations
on contrail formation, temperature is the key variable. Therefore, these parameters are evaluated at various
stations within the jet.

Order of Convergence
The Order of Convergence refers to the convergence of the solution error as a function of grid spacing. This
solution error E is defined as:

E=f(h) ~ foxact = Ch? + H.O.T (5.28)

where f is the solution, C is some constant, & is a measure of the grid spacing, p is the order of conver-
gence, and H.O.T. are Higher Order Terms.

If three simulations with a constant grid refinement ratio r between them are performed, the order of con-
vergence can be evaluated through the following expression:

Rk

hof )In(r) (5.29)

p=In
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where fi, f>, f3 are the solutions for the respective grid spacings.

Exact solution
Using a Richardson extrapolation, the exact solution can be estimated from the discrete solutions as follows:

frco= fi+ D222 (5.30)
rP—1

Grid Convergence Index
To estimate how close the computed value is to the theoretical exact value, the Grid Convergence Index is
used. It is a measure for how much the solution changes upon further refinement.

It is defined as:

F
GCI= Lslel (5.31)
rP—1

where F; is a safety factor, taken to be 1.25 in this study.

Asymptotic Range of Convergence
By comparing two subsequent Grid Convergence Indices between grids, an assessment can be made on the
overall convergence of the solution. If the value of C remains close to constant, the grid is deemed to be within
the asymptotic range of convergence. From Equation 5.28, it can be derived that:
E
C= T (5.32)
This expression can be rewritten in terms of the grid convergence indices as follows:

_ GClIy

- r”GCIlz
Here, GC >3 and GC1I;; are the grid convergence indices between grid 2 and 3 and grid 1 and 2 respectively. If
the value C is close to one, the simulation falls within the asymptotic range of convergence [28].

(5.33)

Results
The results of the convergence study are summarized in the following tables.

Normalized Spacing | TyuinlK] | Tmax[K] | Uninlms™ 1 | Upaxlms™]
0.5 224.4444 | 609.9913 | 239.4852 416.9799

1 224.5499 | 607.4865 | 239.2802 426.847

2 224.0843 | 607.5970 | 239.1438 441.3602

Table 5.8: Values of maximum and minimum temperature and velocity along the jet center-line for three levels of grid refinement

Normalized Spacing | Tyuin(K] | Tmax[K] | Uninlms™ 1 | Upaxlms™]
0.5 222.0064 | 246.5943 | 233.6878 268.3096
1 221.2336 | 243.8846 | 233.4192 270.3920
2 221.6677 | 242.9398 | 233.7809 269.0133

Table 5.9: Values of maximum and minimum temperature and velocity at axial location % = 80 for three levels of grid refinement

TminlK] Tmax[K] Umin[ms_ll Umax[ms_l]
p 2.1418 -4.5026 -0.58778 0.5567
Jr=0 224.4135 | 607.3709 | 238.8726 396.02476
GCI, | 0.01721 -0.53697 | -0.31975 6.2818
GCls | 0.07593 -0.02379 | -0.2129 9.0261
C 0.9995 1.0041 1.0009 0.9769

Table 5.10: Results of the grid convergence study for the values along the jet center-line
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TminlK] Tmax[K] Umin[ms_ll Umax[ms_l]
p -0.8320 -1.5200 0.4293 -0.5949
fr=0 220.2431 | 242.4340 | 234.4627 274.4719
GCI» | -0.9928 -2.1089 0.4145 -2.8709
GCIy3 | -0.5596 -0.7435 0.5588 -1.8861
C 1.0034 1.0111 1.0012 0.9923

Table 5.11: Results of the grid convergence study for the values at axial location g =80

From these results, it can be concluded that for the parameters examined in this study, the grid indeed falls
within the asymptotic range of convergence, as C is close to 1 in all cases.

Evolution of parameters with Normalized Grid Refinement

A more visual and intuitive representation of grid convergence can be observed when the minimum, maxi-
mum, and average values for velocity and temperature are plotted against the normalized grid refinement,
which is defined as the original grid spacing divided by the current grid spacing. In other words, a normalized
grid refinement of two corresponds to a mesh two times finer than the original. The results of doing so can be
seen in Figure 5.13 and Figure 5.14. In the case of velocity, the average value remains largely constant, while
the minimum and maximum show a decline of approximately 10% over the range of normalized grid refine-
ment values from 0.5 to 2. This indicates that the exact solution has not yet been reached. The temperature
values show much less variation as a function of grid refinement. The steepest gradient in both cases is in the
range of normalized grid refinement from 0.5 to 1, while past a ratio of 1.5 very little change occurs. From this
it can be concluded that grid independence is achieved at a normalized grid refinement of 1.5.

Evolution of Velocity Values with Normalized Grid Refinement
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Figure 5.13: Maximum, minimum and average velocity values plotted against Normalized Grid Refinement
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Evolution of Temperature Values with Normalized Grid Refinement
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Figure 5.14: Maximum, minimum and average temperature values plotted against Normalized Grid Refinement. It can be seen that
average and minimum values are nearly identical for all data points. This is because in the overall domain, nearly all nodes have a
temperature equal or very close to ambient conditions.

5.9. Validation

The Flow Field Solver is likely the most critical to the accuracy of the entire research, because of its sensitivity
to (in)correct input data and setup. Therefore, it is important to validate it with real experimental data. This
is done in the following steps:

1. Simple free round jet validation. An experiment from literature replicated with the model settings
from this research. The predictive power of the model for the velocity field is determined by comparing
the results of similar models with the one from this research as well as the original experimental results.
Key parameters in this comparison are the development of self-similarity within the jet, the predicted
length of the potential core and overall axial velocity evolution, and the spreading rate of the jet.

2. Co-flow experiment validation A transonic round jet in co-flow is replicated using the model settings.
Again the results are compared to those of similar models and original experimental data.

3. Conclusions are drawn regarding the validity of the model and its predictive power for the velocity field
in the near-field of co-axial turbulent jets.

To ensure correct simulation of the flow-field in the exhaust, the model will be set up to replicate an existing
physical experimental study that examines co-flow between a jet and a surrounding ambient flow. If resulting
velocity fields of the model and experiment match with sufficient accuracy, the model can be said to have
predictive power that can be extrapolated to the various cases relevant to this research. Special attention is
paid to the influence of the choice of turbulence model in each case.

5.9.1. Simple free round jet Validation (part 1)

For simple round jets as well as co-axial jets, research has been done to show their development into what
is defined as a self-similar jet. The concept of self-similarity is briefly introduced here, after which the semi-
empirical model’s capability to predict self-similarity is compared to experimental results for simple jets.

Self-similarity parameters

The hypothesis of self-similarity posits that, after an initial developing region, the velocity distribution within
the jet at a given axial distance from the nozzle does not significantly change in shape anymore. If the shape
of the distribution can be plotted at various axial distances with the differences being within a certain margin,
the jet is said to have achieved self-similarity.

For the purposes of the current research, a simplified approach to similarity parameters is employed. Be-
cause there is no need to compare jets of different diameters and velocities among each other, it is sufficient
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to non-dimensionalize the velocity and distance by dividing by the initial jet velocity U; and diameter D re-
spectively. This is also the method employed by the literature used in the validation cases.

Model setup

To validate the model’s capability for predicting the development of self-similarity, the experiment by Wyg-
nanski & Fiedler [43] is recreated and compared to the experimental results. The turbulence models used for
this validation case are the k —w — SST and the Spalart - Allmaras model. The boundary conditions for this
simulation are shown comprehensively in Appendix D.

Results

The development of self-similarity can be observed in Figure 5.15. The velocity profiles normalized with
respect to center-line velocity are shown compared to experimental results from Wygnanski & Fiedler [43].
This indicates that the model shows good predictive power with respect to the downstream development of
velocity characteristics for simple round jets.

Development of Self - Similarity in Ansys Fluent model
replicating a Simple Round Jet experiment
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Figure 5.15: Development of self-similarity in the far-field region of a simple round jet, compared to experimental results [43]

A comparison of turbulence models can be found in Figure 5.16. The simulation was performed for two differ-
ent models: the Spalart - Allmaras model (S-A) and the k —w — SST model. The resulting normalized velocity
profiles are shown in comparison to the original experiment, as well as the profiles predicted for the same
turbulence models by Bardina et al. [2]. In terms of accuracy, the k —w — SST model performs significantly
better as it is closer to the experimental results than the S-A model. Additionally, its precision in developing
self-similarity is higher than that of the S-A model. A final observation is that both models are more accurate
with respect to the original experiment than predicted originally Bardina et al.

Validation summary

From this validation case, three main conclusions can be drawn. Firstly, the k —w — SST turbulence model
is able to replicate the simple round jet from the experiment with a higher degree of accuracy than the S— A
model. Secondly, both models are significantly more accurate than the simulations from literature they were
compared to, which used the same turbulence models. And lastly, self-similarity is achieved in the simple
jet for both turbulence models. However, the literature that was used as a comparison was published in
1997. As the field of CFD has undergone significant developments and improvement in the past 25 years, this
literature cannot be considered representative of the current state of the art. Therefore, another validation
case is examined.
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Comparison of Turbulence Models in Ansys Fluent model
replicating a Simple Round Jet experiment
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Figure 5.16: Comparison of velocity profiles for different turbulence models, alongside original experimental results [43] and predictions
[2]

5.9.2. Simple Free Round Jet Validation (part 2)

The paper by Weaver and Miskovic on RANS turbulence models in fully turbulent jets is used as a validation
case [41]. Like the previous case, it describes a simple round turbulent free jet, comparing various turbulence
models to an original physical experiment performed by Hardalupas et al. [12]. As this paper was published
in 2021, it is a much better representation of the state of the art of CFD simulations and turbulence models.

From the previous validation case, it can be concluded that the k—w—SST turbulence model performs signif-
icantly better than the Spalart - Allmaras model for turbulent round jets. Therefore, the latter is discarded as
aviable model, and instead the k — w — SST model is compared to the realizable k — e model, which is known
to produce good results for turbulent free jets, and for which validation data is also available in the chosen
case.

In Figure 5.17, the evolution of velocity along the jet center-line as predicted by the model is compared to the
simulations by Weaver et al., as well as the original experiment by Hardalupas et al. The largest discrepancy
between the current model and experimental results is in the initial region of the jet, where the potential
core as predicted by the model extends beyond the experimental case. The same phenomenon occurs to a
lesser extent for the reference simulations. A possible explanation for this is the difficulty of capturing the
phenomena occurring in a 3D jet with a a 2D axisymmetric model, as the velocity profile given by Figure 5.17
is extracted from the axis boundary of the model.

Further downstream, the model more closely represents the validation data for both turbulence models. The
accuracy of the model is still not as high as the state of the art in literature, in the order of 20% error compared
to 10% for the literature.

In Figure 5.18, the radial velocity distribution at location % =20 can be seen, as predicted by the model, com-
pared to the simulations by Weaver et al. and the original experiment. The distributions given by the model
follow those from literature quite closely. Both overestimate the spreading rate of the jet slightly compared to
the experimental case, and the k —w — SST turbulence model gives slightly better accuracy across the width
of the jet than the realizable k — € model.
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Axial velocity distribution (model compared to literature and experiment)
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Figure 5.17: Axial velocity profiles compared to experimental results and simulations from literature using the same turbulence models
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Figure 5.18: Radial velocity profiles compared to experimental results and simulations from literature using the same turbulence models
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5.9.3. Co-flow experiment validation

To improve confidence and gain a better understanding of the influence of the turbulence model, another
comparison is made between the two models and experimental results for the research done by Ouzani et
al. [30]. With a core jet and co-flow jet Mach number of 0.5 and 0.57 respectively, the conditions are a closer
representation to the case being considered in the current research.

Model setup

The boundary conditions for the model replicating the co-axial validation case can be seen in section D.3.
The model represents an inner heated jet surrounded by a co-flowing annular jet at room temperature, flow-
ing into an ambient stationary environment. The boundary conditions are set up in a manner that as closely
as possible matches the approach used in the Flow Field Solver.

Results

The resulting axial velocity distributions predicted by the model along the center of the inner and outer jet can
be seen in Figure 5.19 and Figure 5.20 respectively. Similarly to the simple jet case, the potential core length is
overestimated by the model, and further downstream the agreement to experimental results improves, with
the k — w — SST model performing better than the Spalart - Allmaras model. The center-line and outer jet
velocity is still underestimated with respect to the experimental values, just as with the simple jet case.

Downstream evolution of axial velocity in the inner jet
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Figure 5.19: Comparison of center-line velocity profiles predicted by both turbulence models to the experimental results and a state-of-
the-art simulation from literature [30]

5.9.4. Validation summary
After the validation process for the predictive power of the co-axial mixing model for the velocity field in
simple and co-axial jets, the following conclusions can be drawn:

1. The Spalart - Allmaras turbulence model does not give satisfactory results for the modelling of free
turbulent jets and is discarded for the current research.

2. The k—w—SST and the realizable k —e turbulence models both yield good agreement with comparable
models from literature when it comes to spreading rate and self-similarity for both the simple jets and
co-axial jet.

3. In all cases, the length of the potential core is overestimated in the model compared to experimental
and simulation results.
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Downstream evolution of axial velocity in the outer jet
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Figure 5.20: Comparison of outer jet velocity profiles predicted by both turbulence models to the experimental results and a state-of-
the-art simulation from literature [30]

The main shortcomings of the current model exist within the very near field, and accuracy improves further
downstream. As the formation of contrails occurs due to cooling over a larger distance, the co-axial mixing
model is determined to be sufficiently accurate to answer the research questions for this thesis. However,
improving the accuracy especially in the near-field should be considered in further research.



5.10. Results 51

5.10. Results

The key results from the Co-axial Mixing Model are the temperature and pressure fields in the exhaust of the
engine. These fields will be used in chapter 6 to predict the water vapour content and finally the formation
of contrails. For a more complete understanding of the flow, the velocity and density fields are also shown.
Additional results are also given in Appendix E.

velocity
Velocity Magnitude [ m/s ]

0.00e+00 4.66e+01 9.32e+01 1.40e+02 1.86e+02 2.33e+02 2.80e+02 3.26e+02 3.73e+02 4.20e+02 4.66e+02

Figure 5.21: Contour plot of the velocity in the very near-field of the Leap-1A engine

mach
Mach Number [ ]

5.16e-03 1.83e-01 3.61e-01 539-01 7.17e-01 8.95e-01 1.07e+00 1.25e+00 1.43e+00 1.61e+00 1.79e+00

Figure 5.22: Contour plot of the Mach number in the very near-field of the Leap-1A engine



52 5. Flow Field Solver

pressure
Absolute Pressure [ Pa ]

8.63e+03 1.13e+04 1.40e+04 1.67e+04 1.93e+04 220e+04 247e+04 274e+04 3.00e+04 3.27e+04 3.54e+04

Figure 5.23: Contour plot of the pressure in the very near-field of the Leap-1A engine

temperature
Static Temperature [K]

1.68e+02 2.17e+02 2.66e+02 3.15e+02 3.64e+02 4.12e+02 4.61e+02 5.10e+02 5.59e+02 6.08e+02 6.56e+02

Figure 5.24: Contour plot of the temperature in the very near-field of the Leap-1A engine
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density
Density [ kg/m"3 ]

1.26e-01 1.62e-01 1.98e-01 235e-01 2.72e-01 3.09e-01 3.45e-01 3.82e-01 4.19e-01 4.56e-01  4.92e-01

Figure 5.25: Contour plot of the density in the very near-field of the Leap-1A engine

From the velocity contour plot shown in Figure 5.21 the Mach number contour plot in Figure 5.22, the pres-
sure contour plot in Figure 5.23, the temperature contour plot in Figure 5.24, and the density contour plot in
Figure 5.25, the following observations can be made:

* The flow entering the domain from the bypass nozzle is under-expanded. This was known from the re-
sults of the Engine Performance Model, as the static pressure at the bypass nozzle exitis higher than am-
bient. It is confirmed by the fact that the Mach number is equal to one at the nozzle exit, and increases
upon expanding into the ambient air. As the ambient flow velocity is subsonic (Mg,piens = 0.78), the
bypass flow too must be slowed down to subsonic speed. This occurs by the mechanism of a normal
shock, which is indeed clearly present in the contour.

* The core jet is fully expanded, as the nozzle pressure is equal to ambient pressure. Therefore there is no
further expansion outside the nozzle and no normal shock present.

* Inthe mixing region between the core and bypass flows, fluctuations in pressure and velocity are found.
An initially hypothesized explanation for these fluctuation is the occurrence of Kelvin-Helmholtz in-
stabilities. These occur when two fluid flows with a different velocity and / or density over the shear
layer between them interact. This difference in velocity between the two flows introduces small per-
turbations in the shear layer, which are unstable and roll up into vortices. The flow field in the engine
exhaust fulfills the prerequisites for Kelvin-Helmholtz vortices to be formed, as both the velocity and
density differ between core and bypass jets. To determine the validity of this hypothesis, as well as the
overall sensitivity of the model to input parameters, further investigation is done in section 5.11.

5.11. Sensitivity Analysis

After analyzing the results of the 2D Axisymmetric CFD model for the exhaust of the Leap-1A engine, two
aspects lend themselves to further investigation. Firstly, the occurrence of flow expansion and acceleration
past Mach 1 out of the bypass nozzle, and secondly, the oscillation of pressure and velocity in the near-field
of the exhaust. Both phenomena seem to arise from the bypass flow, and therefore an analysis is performed
of the sensitivity of the flow field to the inlet conditions for the bypass nozzle. Specifically, the velocity and
pressure are both varied, after which the impact on the velocity and pressure contours in the near-field is
examined. The resulting pressure and velocity contours for various bypass nozzle inlet conditions are shown
in Appendix B. A summary of the effect of varying pressure and velocity at the bypass nozzle inlet on the
appearance of oscillations and shockwaves can be seen in Table 5.12 and Table 5.13 respectively.



54

5. Flow Field Solver

Pbypass [Pal 23842 | 26000 | 27160

Ubypass [ms™1]

275 No No No
300 Yes Yes Yes
303 Yes Yes Yes
303.9 No No Yes

Table 5.12: Occurrence of pressure and velocity oscillations for different combinations of bypass nozzle boundary conditions

) PoypasstPal | 5a845 | 26000 | 27160
Upypassms™’]
275 No No No
300 No No No
303 No No No
303.9 Yes Yes Yes

Table 5.13: Occurrence of shockwave for different combinations of bypass nozzle boundary conditions

Looking at these results, a number of observations can be made:

At the original choked bypass condition Upypass = 303.9ms~!, the model is very sensitive to changes in
the bypass velocity condition. If it is lowered to Upypass = 303 ms~!, the shockwave disappears.

To investigate at what bypass velocity the shockwave disappears, an additional simulation was per-
formed at Upypass = 300ms~!. However, the shockwave already disappears at Ubypass = 303ms~!, and
no significant difference exists between these two conditions.

The influence of bypass nozzle pressure at Upypass = 303.9ms™! is twofold. Firstly, the maximum veloc-
ity increases with increasing pressure, from 450ms™! to 466ms™!. Secondly, the location of the shock is
moved slightly downstream.

The main factor influencing the occurrence of the oscillations in velocity and pressure seems to be
the bypass velocity. At the lower velocity of Upypass = 275ms~!, no oscillations occur regardless of the
bypass pressure. Conversely, at the higher velocity Upypass = 300ms~!, oscillations are present for all
bypass pressures. Only at the original condition of Upypass = 303.9ms~! is there an influence of the
bypass pressure.

From the observations listed above, the following conclusions regarding the shockwave and oscillations can
be drawn:

¢ The disappearance of the shockwave at Uy pass = 303ms~! can be explained by the fact that the velocity

is now slightly below the threshold of M = 1. It is known that the relation between acceleration of the
flow and expansion of area inverts at M = 1 (this can be understood from the Area - Velocity relation
given in Equation 5.34).

dA 5 au
—=M"-1)— (5.34)
A U

Because the flow is given room to expand into when entering the domain from the bypass nozzle, its
Mach number will dictate whether it accelerates further or decelerates. In the choked condition, the
Mach number is slightly above unity, and therefore acceleration occurs with expanding area. Because
ambient flow Mach number M;,,piqn: is equal to 0.78, deceleration back to subsonic velocity then oc-
curs through a normal shock. In the case of a lower bypass velocity, expansion results in deceleration
and therefore there is no region of supersonic flow. Therefore, there is also no shockwave present.

The appearance of oscillations for certain combinations of velocity and pressure from the bypass nozzle
has a number of plausible causes:
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1. Acoustic waves (noise) due to turbulent mixing. It is known from literature that round compress-
ible jets emit a significant amount of pressure fluctuations in the near-field [11]. These can also
occur in the form of Mach wave radiation in the case of a supersonic jet [37]. This would explain
the highly directional nature of the waves in axial direction, as well as the fact that they disappear
at lower velocities and pressures.

2. Transonic resonance. This phenomenon occurs near Mach numbers of unity from pipe jets [42].
Close to the speed of sound, the flow can resonate with the existing geometry in a manner that
produces significant noise. This corresponds to the waves occurring for the underexpanded jet.

3. Other effects due to the setup of the CFD model. It is possible that the boundary conditions and
geometry of the model generate the oscillations in pressure and velocity. One suggestion to in-
vestigate this possibility further would be to model the flow inside the core and bypass nozzles, in
stead of treating the nozzle exits as boundaries of the domain.

In conclusion, the shockwave behaves as expected with respect to changes in the boundary conditions. In
addition, there are multiple plausible explanations for the oscillating pressure and velocity found in this sen-
sitivity study. It is recommended that these phenomena are investigated further. However, as the phenomena
described here correspond to what is known from literature, and they do not have a major influence on the
development of the mixing between core and bypass flow, this investigation is considered outside the scope
of the current thesis, and is kept as a recommendation for future research.

5.12. Conclusion

In the development of the Flow Field Solver, a large number of iterations were made before arriving at the final
2D axisymmetric model setup. While these approaches were ultimately discarded, they provided lessons that
were necessary to arrive at the final model.

e From the 1D mathematical derivation, the understanding emerged that while keeping the underlying
assumptions of the Schmidt-Appleman Criterion in place, the same result will be obtained regardless
of the mixing ratio between core and bypass flow.

* The 2D plume and entrainment approach extends existing jet entrainment and plume models from a
simple 1D analysis to a 2D model. This allows for a more complete analysis of the mixing between the
core and bypass flow compared to the 1D approach. It also has its shortcomings. Most notably, the
flow properties are assumed constant across the core and bypass jets respectively, flow is assumed to
be incompressible, and ambient velocity is assumed to be zero. This results in a model that is internally
consistent but requires assumptions that are too far removed from the real phenomena occurring in
the exhaust.

* The next step in complexity is the discretization of the flow field in radial direction to create a truly
2D domain. For this purpose, a Python module for the implementation of PDE’s through the Finite
Element method was employed. While this addresses the shortcoming of the previous iteration with
respect to constant flow properties in radial direction, the phenomenon of turbulent mixing still cannot
be reliably accounted for in this approach. As the exhaust behind a turbofan engine is highly turbulent,
this ultimately means this approach is not sufficient to answer the research questions with confidence.

* From the previous model approaches, the conclusion is drawn that turbulence needs to be modelled
for an accurate representation of reality to be made. To achieve this, a 3D CFD model was set up. Over
the course of many iterations, the conclusion was reached that the full 3D approach, while theoretically
providing the best agreement with reality, requires more time and resources than are available for the
current research.

The final approach that has proved successful is the 2D axisymmetric model developed in Ansys Fluent. This
model has been verified through a Grid Convergence Study and validated by comparison to multiple experi-
ments and similar models from state-of-the-art literature. The conclusions from this modelling process can
be summarized as follows:

* The Grid Convergence Study showed that the numerical error can be considered negligible after a re-
finement by factor 1.5 with respect to the original grid.
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* From the validation process, it can be concluded that the current model setup results in good agree-
ment with literature in terms of predicted spreading rate for simple round jets. In addition, the devel-
opment of self-similarity is observed in accordance with expectations from theory. The potential core
length is overestimated in both simple and co-axial jets. This also occurs in simulations in literature,
but to a lesser extent. It is hypothesized that a fully 3D approach would improve this aspect of the
model. This falls outside the scope of the current research, but is suggested as a possible avenue for
further investigation.

* The mixing of core and bypass jets in the exhaust of the Leap-1A engine results in a fluctuating flow
field in terms of velocity, pressure, density, and temperature. It is hypothesized that this represents
noise due to turbulent mixing, or transonic resonance with the engine geometry. It is suggested that
this phenomena be investigated in future research.

In the following chapter, the flow field generated by the Flow Field Solver will be used to predict the formation
of contrails in the engine exhaust.



Contrail Formation Prediction Model

6.1. Introduction

The final module in the chain is the Contrail Formation Prediction Model. Now that the 2D axisymmetric
CFD approach has been validated for modelling the flow parameters in the exhaust, it can be applied to
determine the spreading of water vapour throughout the domain. Consequently, using the knowledge of the
contrail formation process described in section 2.3, criteria for contrail formation are set out and applied to
the resulting water vapour and temperature fields from this model. As a result, contours can be drawn of
regions in which the criteria for contrail formation are met in the exhaust. Finally, as the goal of this research
is to examine the accuracy of the Schmidt-Appleman Criterion, mixing lines are drawn from the results of the
model and compared to the original mixing line predicted by the SAC. This allows the drawing of conclusions
with respect to the research questions set out in section 2.6.
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Figure 6.1: Current modelling step in the overall framework

6.2. Additional Literature

For the completion of the Contrail Formation Model, additional definitions specific to this step are taken from
literature and briefly discussed here. First, the concept of homogeneous freezing is explained, after which the
Emission Index of a species is defined. Finally, the definition and mathematical expression for Dilution Ratio
are treated, which can later be used for validation purposes.

57



58 6. Contrail Formation Prediction Model

6.2.1. Nucleation of crystals (homogeneous freezing)

In a region of the atmosphere where there is more than 100% relative humidity with respect to ice, one could
expect ice to already be present. However, without nuclei to form around, ice crystals do not spontaneously
form at freezing temperatures. This principle explains the existence of "supercooled water", where tempera-
tures can be brought below 0 °C with the water remaining in liquid or gaseous form. In fact, in many regions
of the atmosphere, saturation with respect to ice can reach levels of 140% to 170% without ice being formed.
This supersaturation can be maintained all the way down to the temperature threshold for homogeneous
nucleation, which is known to be at —38°C. Below this temperature, the balance of the reaction equation for
homogeneous nucleation is such that it occurs spontaneously. [19]

6.2.2. Engine Emission Indices

The additional boundary conditions for the Contrail Formation Model are the species concentrations for
water vapour, air, and carbon dioxide. In reality, the exhaust of a turbofan engine contains several other
species, as can be seen in Figure 6.2. Here, the mean Emission Indices for species in the exhaust of aircraft
are shown. The Emission Index is defined as the mass of an emitted species per unit mass of fuel. In the case
of Figure 6.2, this is given in gkg™.:

Mspecies

El= (6.1)

Mfyel

Species  Emission index, g kg~ ! (ranges)

Kerosene

CO, 3160

H>,0 1240

NO, 14 (12-17)

Soot 0.025 (0.01-0.05)
SO, 0.8 (0.6-1.0)

co 3(2-3)

HC 0.4 (0.1-0.6)

Figure 6.2: Mean Emission Indices (EI) for emitted species for the fleet of aircraft in 2000, using kerosene jet fuel [21]

6.2.3. Dilution Ratio

The dilution ratio N is defined in accordance with the description given by Schumann et al.: "The dilution
ratio N [...] measures the amount of air mass with which the exhaust resulting from a unit mass of burned fuel
mixes per unit flight distance within the bulk of the plume" [35]. This ratio can be mathematically expressed
as follows:

AFR
N=—— (6.2)
Z
where AFR is the Air to Fuel Ratio of the engine and Z the mixing ratio between gas from the exhaust and
ambient air. This ratio Z in turn can be calculated by comparing the concentration of an inert species at a

given location Z; to the initial concentration in the core jet Z; j.; and the ambient air Z; ;,,,5:

Z1—=Zi.amb

Z=——_“ham
Zi,jet - Zi,amb

(6.3)
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This results in Z = 1 at the core nozzle and Z = 0 at ambient conditions. It is common practice to relate
this dilution ratio not to the distance behind the engine, but the plume age ¢, as this is allows for a more
universal comparison between different jets. This requires the axial distance x in the model to be translated
to a measure of time, which is done by the following relation:

X

r=— (6.4)
Uc

where U, is the center-line velocity of the exhaust plume.

6.3. Prediction of Water Vapour Content

To predict the concentration of water vapour at a given location in the exhaust, two options are considered.
The most complete approach would be to include species mixing and multi-phase analysis in the CFD model.
However, initial efforts in this direction indicate that this approach may introduce additional complexity and
require more computational resources. Therefore, a simplified approach is first employed: Predicting the
water vapour concentration by deriving it from the temperature gradient within the flow.

6.3.1. Temperature gradient based mixing

In this section, the underlying assumptions are first laid out. Consequently, the mathematical derivation for
the water vapour content as function of temperature gradient is described. Finally, a conclusion is drawn
regarding the feasibility of this approach for the current research.

Assumptions
The temperature gradient based approach rests on the following assumptions:

1. The mass fraction of water vapour is low, such that its effect on the overall momentum and mass trans-
fer within the flow is negligible

2. The temperature gradient is an accurate predictor for the mixing of the core, bypass, and ambient flow.
This is a reasonable assumption because the mixing model does not include any chemical processes or
radiation terms. Therefore, any temperature gradient in the flow field should be directly analogous to
the mixing gradient of flows with different temperatures.

3. The Schmidt number of the mixture of air and water vapour is unity within the flow. The Schmidt
number is defined as:

v Kinematic viscosity

Sc=— =
¢ D Molecular diffusivity

(6.5)

Taking a closer look at the kinematic viscosity term, it can be defined as relating the viscous stresses
within a fluid to the rate of deformation of this fluid. Stress, in turn, is defined as force per unit area,
while rate of deformation is a velocity term and therefore linked to the momentum of the flow. There-
fore, kinematic viscosity can be interpreted as the ability of a fluid to transport momentum by molecu-
lar means.

This means the relation represented by the Schmidt number can be restated as follows:

molecular momentum transport
SC = N (6.6)
molecular species transport

In a gas, both of these phenomena occur by the same mechanism, namely the movement of the molecules
relative to each other. Therefore, the Schmidt number is indeed close to unity. This is also confirmed
by experiments in the case of a mixture of air and water vapour.

If the above assumptions are all deemed plausible, it can then be concluded that the mixing of water vapour
follows the same gradient as the temperature within the exhaust. The remaining parameters that need to be
known are then the concentration of water vapour in both the core exhaust and then ambient air. The first is
given by the results of the engine performance model. The second depends on ambient conditions, and can
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be assumed based on the case that needs to be examined.

Mathematical Derivation
To derive the water vapour concentration field from the temperature field, a linear relation between the two
is postulated of the following form:

dqm,o
dT

qH,0 = T+ qm,0, (6.7)

. d . . . .
The gradient term Z’?O is derived from the linear slope between the two points where both water vapour

concentration and temperature are known quantities:

quZO _ qHZOcore - qHZOamhient
dT Teore — Tambient

Consequently, the theoretical value gp,0, for a temperature of T = 0K can be obtained by rewriting Equa-

(6.8)

tion 6.7 for qp,0, and substituting the known values gp,0,,,, and Tcore:
dqm,o
qHZOO = qHZOcare - d—]f Tcore (69)

Feasibility

The feasibility of the temperature-gradient based approach depends on the validity of the underlying as-
sumptions. To assess this, the predictive power of this approach has been compared to validation experi-
ments from literature. For these cases, the assumptions can be considered validated. However, the main
difference between the conditions in the validation cases and the conditions encountered in the current re-
search, is that the former are subsonic and therefore incompressible, while the engine exhaust is in the tran-
sonic domain and compressible flow is therefore encountered. In the case of compressible flow, temperature
gradients are no longer solely due to mixing of flows. This can most clearly be seen in the results from chap-
ter 5, where the shockwave in the bypass flow exhibits strong temperature gradients. The second assumption
is therefore no longer valid in the compressible case, and this approach is discarded as an option for the cur-
rent research. Because this approach is not used in the final version of the model, the validation efforts are
shown in Appendix C.

6.3.2. Species Transport in Ansys Fluent

The second approach is to directly model the transport of species in the Ansys Fluent software. The current
model treats the species as inert, so no reactions occur, and the Emission Index of the remaining species is
orders of magnitude lower than that of CO, and H,O. Therefore, their impact can be considered negligible
in the current model, and only air, water, and carbon dioxide concentrations are taken into account. A preset
mixture of species corresponding to air in our atmosphere is provided by Fluent and used in this case.

The boundary conditions are imposed in the form of mass fractions gg,0 and gco,, which can easily be
derived by dividing the species mass flows by the total core mass flow 7iiore:

mspecies
species = —— (6.10)

Mcore

The mass fraction of air q,;, is then automatically determined by Ansys as the remainder of the mixture:

Gair =1—qm0—qco, (6.11)

6.4. Water Vapour Partial Pressure

The formation of contrails occurs if the relative humidity with respect to ice is above 100%. Relative humidity
is defined by the following fraction:

PH,0
rh="—"=
€s

(6.12)

where pp,0 is the water vapour partial pressure and e, the saturation pressure. As the calculation of water
vapour content thus far has resulted in the mass fraction of water vapour, this needs to be translated to the
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water vapour partial pressure.

The partial pressure of a gas is defined as the pressure this gas would have if it alone occupied the same
volume as the complete mixture if the temperature is kept constant. According to Dalton’s Law, the total
pressure of a mixture is equal to the sum of the partial pressures of the constituent gases in the mixture,
assuming ideal gases. [6] For a theoretical mixture of gases 1,2,3:

p=p1t+p2tp3 (6.13)

Again assuming ideal gases, the partial pressure of one gas is dependent on its fraction of molecules in the
mixture:

pi=x1-p (6.14)

where x; is the molar fraction of gas 1 in the mixture. The final ingredient needed then, to derive the
partial pressure from the mass fraction, is the relationship between mass fraction g and molar fraction x.
This calculation is done internally by the Fluent solver. The water vapour partial pressure can then be found
by the relation below:

PH,0 = XH,0" P (6.15)

6.5. Boundary Conditions

The boundary conditions for the core inlet are based on the results from the Engine Performance Model
combined with the El values given in Figure 6.2. The fuel mass flow rit¢,,; can be multiplied by the respective
Emissions Indices to arrive at the corresponding mass flows 71, 0 and riico, from the core nozzle.

In the ambient air and bypass flow, no additional CO, is present beyond what is already taken into account
by the air mixture. Therefore, only the water vapour content needs to be determined here. In this research,
two ambient conditions are examined: One in which no ambient water vapour is present, in which case the
mass fraction gg, 0 is zero. The second case is an Ice Supersaturated Region (ISSR). The ambient humidity is
chosen such that it lies halfway between the ice and water saturation curves at the ambient temperature. This
point is chosen such that there is enough water vapour content for persistent contrails to be formed, without
liquid water already being present in the air. The water vapour content is first calculated as a partial pressure
value pp,o. This is then translated back to a mass fraction by inverting the process described in section 6.4.

6.6. Criteria for Contrail Formation
The criteria for the formation of contrails in a given region of the engine exhaust are defined as follows:

* Water vapour partial pressure is above saturation pressure with respect to water (relative humidity is
above 100%).

* The temperature is below the threshold for homogeneous freezing (T < 235K).
* A sufficient number of soot particles are present to act as nuclei.

* For persistent contrails: The ambient air is supersaturated with water vapour with respect to ice (the
aircraft is flying through an Ice Supersaturated Region (ISSR)). At the same time, ambient air should be
below saturation with respect to water, or cirrus clouds would already be present in the atmosphere.

6.6.1. Saturation with respect to liquid

As explained in section 2.4, relative humidity is defined as the water vapour partial pressure relative to the sat-
uration vapour pressure. This relation was given originally in Equation 2.1. The water vapour partial pressure
is derived using the approach described in section 6.3. The saturation pressure depends solely on tempera-
ture, and is given by the Sonntag formula [36].
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6.6.2. Temperature Threshold

As explained in section 6.2, the dominant mechanism by which ice crystals form within the water droplets
that have condensed around soot particles is homogeneous freezing. This also explains why contrails do not
just form within the engine exhaust on a winter day on the runway for example, when temperatures are below
0 °. While these temperatures are enough for water to freeze heterogeneously, i.e. when attached to a solid
surface, homogeneous freezing has a much lower temperature threshold. This threshold is typically agreed
in literature to be at —38°C, or 235K. [19].

6.6.3. Additional criteria for contrail persistence

Whether a contrail formed by the exhaust of an engine persists in the atmosphere for minutes, hours or days
depends on atmospheric conditions. If the water vapour partial pressure is above saturation with respect to
ice, but below saturation with respect to water, the ambient conditions are said to be an Ice Supersaturated
Region (ISSR). The same approach as in subsection 6.6.1 is used for saturation of water vapour with respect
toice. It is not immediately relevant for the formation of contrails, as this depends on saturation with respect
to water. However, it is relevant for predicting the persistence of these contrails, as below saturation with
respect to ice the balance of the evaporation - condensation reaction will be such that water evaporates back
into the air until the ice crystals disappear again.

6.7. Validation

The validation of the Contrail Formation Model is done in two steps. Firstly, the model’s capacity to predict
dilution ratio is compared to that of state-of-the-art models from literature as well as empirical formulas.
Secondly, the formation of contrails as predicted by the model is compared to predictions from literature for
a validation case.

6.7.1. Dilution Ratio Validation

To validate the capabilities of the model to accurately predict the transport of species in the exhaust, an anal-
ysis is done on the dilution ratio N predicted by the model compared to results from literature. As a validation
case, the paper on "Modeling capabilities on the formation of contrails in a commercial CFD code" by Cantin
etal. is used. [4] In this research, the formation of contrails from the Leap-1A is also examined, making it very
suitable for comparison. The same approach to validation is employed in this paper, comparing its predicted
dilution ratio to calculated values taken from in situ experiments by Schumann et al. [34]. This allows the re-
sults from the current model to be compared to both a state of the art simulation and real data simultaneously.

Boundary Conditions

For a valid comparison, the conditions from the reference case should be replicated as closely as possible.
Therefore, instead of using the data from the GSP model as inputs for the simulation, the conditions stated in
the paper by Cantin et al. are used. [4]. They are summarized in Table 6.1

Parameter Unit | Coreinlet | Bypassinlet | Ambient
Mach number [-] 1 1 0.85

Total pressure [Pa] | 39310 50000 38171
Total temperature [K] 637 278 250.428
Water vapour molar fraction | [-] 22E-02 | 6.08E—-05 6.08E — 05

Table 6.1: Boundary conditions for the plume dilution validation case

Results

In Figure 6.3, the dilution ratio as a function of plume age can be seen, as predicted by the Contrail Forma-
tion Model, in comparison with the validation case and experimental measurements, as well as an empirical
formula derived by Schumann et al for the dilution of plumes. [35] This formula can be stated as follows:

t 0.8
N =7000— (6.16)
Ip
where reference scale ¢ is typically taken as 1s. It is noted by the authors of this formula that individual
cases can deviate from this approximation by factors of 3 to 5.
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Comparison of Dilution Ratio predicted by the model to simulations and in situ
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Figure 6.3: Comparison of dilution ratio predicted by the model to the prediction by Cantin et al. [4] as well as experimental in-situ
measurements by Schumann et al. [34] and an empirical approximation [35].

When comparing the results from the model to the simulation by Cantin et al., two main differences can be
seen: Firstly, the dilution ratio for all plume ages is estimated to be lower than the reference simulation. Sec-
ondly, the slope of the current model is much more constant than that of the reference simulation.

The contrail formation model shows good agreement with the empirical formula given in Equation 6.16 in
terms of slope for the majority of the evolution of the plume. The only exception is in the very early mo-
ments. This corresponds to earlier observations in the validation of the Co-axial Jet Mixing Model, where the
extended potential core when compared to literature suggests mixing is not entirely accurately predicted in
the very near-field of the exhaust, but accuracy improves beyond this region.

In terms of magnitude, the dilution ratio is predicted to be lower than the empirical formula. However, this
falls within the expected range of a factor 3-5 as suggested by Schumann et al. [35].

In conclusion, the dilution ratio as a function of plume age is within the expected range when compared to
literature. The good agreement of the slope with empirical formulas indicates that for the spreading of water
vapour from a modern turbofan engine exhaust, this model can be considered valid.

6.7.2. Contrail formation prediction validation

Now that species transport has been validated, the end result of contrail formation prediction based on the
criteria set out in section 6.6 can be put to the test. To validate the model in this capacity, the same reference
case by Cantin et al. is used. [4]. This simulation results in the prediction of saturation ratio and ice particles
in the exhaust of the Leap-1A engine shown in Figure 6.4. As indicated in this contour, the formation of
contrails starts to occur in the outer mixing zone of the jet, at 15.5 m from the core nozzle.

For the same conditions, the Contrail Formation Model predicts a water vapour saturation contour as shown
in Figure 6.5. On this contour, the criteria for contrail formation can be imposed to find the regions where
contrails are predicted to form. Specifically, the saturation with respect to water needs to be above unity,
and the temperature should be below the threshold of —38°C. Implementing these thresholds as lines in the
existing contour results in the white boundaries shown in the figure.

From this figure, the location at which contrails are first formed can be seen. The first regions where both
water saturation and temperature threshold conditions are met, occur in the outer mixing region, at 15.77 m
from the core exhaust. This corresponds almost exactly to the prediction by Cantin et al. From this compar-
ison, it can be concluded that the ability of the model to predict contrail formation for a modern turbofan
engine corresponds to that of state-of-the-art simulations for the examined case. Therefore, the Contrail For-
mation Model is considered to be validated.
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Figure 6.4: Contour plot of the water saturation in the exhaust of the Leap-1A engine at cruise as predicted by Cantin et al. [4]
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Figure 6.5: Contour of the water vapour saturation in the very near-field of the Leap-1A engine for conditions matching the reference
case, as predicted by the Contrail Formation Model, with imposed criteria for contrail formation, and the distance at which onset of
contrails occurs annotated
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6.8. Results

With the Contrail Formation Model now completed and validated, it can be applied to the Leap-1A engine
case study. This is done by first defining the boundary conditions, subsequently generating contours of water
vapour saturation and determining contrail formation locations, and finally comparing the resulting mixing
lines to those predicted by the SAC.

6.8.1. Case definition and Boundary Conditions

For the prediction of contrail formation from the Leap-1A engine at cruise conditions, the model is using the
same settings as the Co-axial Jet Mixing Model described in chapter 5, but now including the species transport
equations for water vapour, carbon dioxide and air. These additional boundary conditions are calculated
by the process described in section 6.5. These parameters and their prerequisites are summarized for dry
ambient conditions and ISSR conditions in Table 6.2

Species El[gkg_ll mcore[kgs_ll Georel—] qumbientdry[_] Qambiennss}?[_]
H,O 1240 0.753 0.0552 0 8.027E - 05
COy 3160 1.920 0.1406 0 0

Table 6.2: Species concentration boundary conditions for the Leap-1A Contrail Formation Model in dry ambient conditions and ISSR
conditions

6.8.2. Water Saturation Contours and Contrail Locations

Using the boundary conditions specified in Table 6.2, the contour plots for water vapour saturation are gen-
erated for the Leap-1A case study, for both dry ambient conditions and an ISSR. The results for both cases,
both close to the engine and further away, can be seen in Figure 6.6 to Figure 6.11.

Onset of contrails: 4.0m
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0 1 (m)
— )

Temperature Threshold

Water saturation

Figure 6.6: Contour of the water vapour saturation in the very near-field of the Leap-1A engine for ambient humidity of 0%, as predicted
by the Contrail Formation Model, with imposed criteria for contrail formation, and the distance to onset of contrails annotated
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Contrails in the outer mixing zone: 9.3m
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Figure 6.7: Contour of the water vapour saturation in the near-field of the Leap-1A engine for ambient humidity of 0%, as predicted by

the Contrail Formation Model, with imposed criteria for contrail formation, and the distance to the appearance of contrails in the outer
mixing zone annotated
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Fully developed contrails: 115m
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Figure 6.8: Zoomed-out contour of the water vapour saturation in the exhaust of the Leap-1A engine for ambient humidity of 0%, as

predicted by the Contrail Formation Model, with imposed criteria for contrail formation, and the distance to fully developed contrails as
well as their end annotated
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Onset of contrails: 2.7m
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Figure 6.9: Contour of the water vapour saturation in the very near-field of the Leap-1A engine for ambient humidity of 79% (ISSR), as
predicted by the Contrail Formation Model, with imposed criteria for contrail formation, and the distance to onset of contrails annotated
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Figure 6.10: Contour of the water vapour saturation in the near-field of the Leap-1A engine for ambient humidity of 79% (ISSR), as
predicted by the Contrail Formation Model, with imposed criteria for contrail formation, and the distance to the appearance of contrails
in the outer mixing zone annotated
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Figure 6.11: Zoomed-out contour of the water vapour saturation in the exhaust of the Leap-1A engine for ambient humidity of 79%
(ISSR), as predicted by the Contrail Formation Model, with imposed criteria for contrail formation, and the distance to fully developed
contrails annotated
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From the contour plots in Figure 6.6 to Figure 6.11, it can be observed that for both dry ambient conditions
and ISSR conditions, it is predicted that contrails are formed based on the criteria. However, their develop-
ment differs between both cases. These differences are summarized in Table 6.3.

Ambient humidity [%] | Onset [m] | Outer Mixing Zone [m] | Fulljet [m] | Dissipation [m]
0 4.0 9.3 115 -
79 (ISSR) 2.7 8.4 110 -

Table 6.3: Location of contrail formation and dissipation for two ambient conditions: Dry air and an Ice Supersaturated Region

6.8.3. Comparison of mixing lines to SAC predictions

One of the main objectives of this research is to investigate the accuracy of the Schmidt - Appleman Criterion
in predicting contrail formation from modern (U)HBPR turbofan engines. The SAC is based on a single mixing
line representing the flow from an engine, which is then compared to the saturation curves for water and
ice to determine whether criteria for contrail formation have been met. This process has been described
in section 2.4. Now that a complete model has been developed that determines the water vapour partial
pressure and temperature in the exhaust field, this data can be used to generate mixing lines for comparison.
This is done by injecting massless particles at the core nozzle boundary and tracking their path through the
flow. Along these particle paths, the flow properties can then also be tracked, and the evolution of these
properties can be plotted against each other. If water vapour partial pressure is plotted against temperature,
the result is a mixing line that can be compared to the SAC mixing line. However, by tracking multiple particles
that are injected, emanating from the entire length of the core nozzle boundary, a complete set of mixinglines
is generated instead of just one mean. The result is a "fan" of mixing lines representing the entire flow from
the core jet. In theory, this approach could be extended to include mixing lines from the bypass boundary.
However, one of the prerequisites for the formation of contrails in the exhaust is the existence of soot particles
as Cloud Condensation Nuclei, which only come from the core flow. Therefore, particle pathways from the
bypass nozzle are not included in this comparison. The resulting plots for dry ambient conditions and ISSR
conditions can be seen in Figure 6.12 and Figure 6.13 respectively.

Mixing line for the Leap-1A Engine at Cruise in a Dry Atmosphere with Saturation Curves and
Temperature Threshold
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—— Water saturation
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—— Temperature Threshold
Model mixing lines

Water vapour partial pressure [Pa]

240 250 260 270 280 290 300
Temperature [K]

O
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Figure 6.12: Mixing lines at the exhaust jet axis and the core nozzle center as predicted by the model, compared to the SAC mixing line,
with saturation curves and temperature threshold, for dry ambient conditions (zoomed in)
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Mixing line for the Leap-1A Engine at Cruise in an Ice Supersaturated Region with Saturation
600 Curves and Temperature Threshold
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Figure 6.13: Mixing lines at the exhaust jet axis and the core nozzle center as predicted by the model, compared to the SAC mixing line,
with saturation curves and temperature threshold, for ISSR conditions (zoomed in)

From the comparison of mixing lines between the SAC and the Contrail Formation Model, the following ob-
servations can be made::

* The set of mixing lines from the core nozzle of the engine is represented by a fan of lines that con-
verges towards ambient conditions. This indicates that the single straight mixing line from the SACis a
simplification of reality, as was expected.

* The SAC mixing line is close to the upper limit of the set of mixing lines predicted by the model. This
also matches expectations, as the flow from the core nozzle is hotter than the mean temperature of the
total exhaust flow which includes the bypass and is used for the SAC mixing line.

* For the Leap-1A case study, this difference does not result in a discrepancy in whether contrails are
predicted to form. The mixing lines still all cross above water saturation, which corresponds to the
contrails being formed over the entire span of the jet.

* The mixing lines given by the model do not extend fully to the ambient conditions. This indicates that
the end of the domain is reached before the center of the jet has returned to ambient conditions.

6.9. Conclusion
From the validation process, the following conclusions can be drawn with respect to the validity of this mod-
ule for predicting contrail formation:

* Prediction of dilution ratio as a function of plume age is within the expected range when compared to
literature. Its slope is identical to that of empirical formulas for modern turbofan engines. Its mag-
nitude is lower than the comparable cases from literature. This discrepancy falls within the expected
range of variation.

* The prediction of water vapour saturation as well as onset of contrail formation shows good agreement
with the validation case. This give confidence for the use of this model for contrail formation prediction.

The results from the case study done on the Leap-1A engine at cruise conditions in this chapter can be sum-
marized as follows:

* For dry ambient conditions, the Leap-1A engine produces non-persistent contrails fully developed over
the jet width from 163 meters to 258 meters behind the nozzle.
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* For ISSR conditions, the Leap-1A engine produces persistent contrails fully developed over the jet width
from 115.10 meters onwards.

The comparison of mixing lines from the current model to the SAC mixing line yields the following conclu-
sions:

e It can be concluded that the SAC overestimates the slope of the majority of mixing lines from the core
nozzle for engines with a bypass. The larger the bypass ratio, the greater this effect will be, as the mean
temperature which is used to determine this slope is brought down further for larger bypass ratios
compared to the core jet temperature.

¢ In the current case, there is no discrepancy in contrail formation prediction between the SAC and the
Contrail Formation Model. The mixing lines still pass above water saturation and beyond the tempera-
ture threshold.

 Further research into edge cases needs to be done to determine whether there are situations in which
the SAC predicts contrail formation where the current Contrail Formation Model does not.

* For completeness and consistency, it is recommended that the current research is repeated for a larger
domain. This way, it can be ensured that mixing lines fully return to ambient conditions before the end
of the domain is reached.

In the final chapter, the research questions will be revisited and answered where possible based on the results
from this model. In addition, recommendations for future research will be done.






Conclusions and Recommendations

The model framework for the prediction of contrail formation from modern (U)HBPR engines has now been
developed and validated, and results have been generated for a case study of the Leap-1A engine. This means
the Research Questions laid out in section 2.6 can now be revisited and answered based on these results. This
is done in section 7.1.

7.1. Answering the Research Questions

1. What is the effect of the mixing physics of core & bypass flow on contrail formation from modern
High Bypass Ratio (HBPR) aircraft turbofan engines?

(a)

(b)

(©

To what extent does HBPR exhaust mixing deviate from isobaric, instantaneous mixing?

The results of the Flow Field Solver in chapter 5 show that the mixing in the exhaust is neither iso-
baric nor instantaneous. The flow coming from the core nozzle is in most cases fully expanded and
its pressure is therefore equal to ambient pressure. However, the bypass nozzle can be choked and
exhibit a higher pressure than that of the ambient air. In addition, the flow properties emerging
from the core and bypass nozzle show significant differences close to the engine. The complete
exhaust only approaches the characteristics of a simple jet beyond the initial merging zone and
intermediate zone.

What is the effect of non-instantaneous non-isobaric mixing on the condensation process?

In chapter 6, the dispersion of water vapour in the exhaust has been modelled. This results in the
generation of contrail contours as well as mixing lines. The case study done for the Leap-1A engine
shows that persistent contrails are formed for ISSR conditions, and non-persistent contrails for
dry ambient conditions. Whereas instantaneous, isobaric mixing results in straight mixing line,
the curved nature of mixing lines in the Leap-1A case study reflects the non-instantaneous, non-
isobaric nature of the real contrail formation process.

What is the influence of key design parameters (such as) Bypass Ratio (BPR) and Overall Pressure
Ratio (OPR) on exhaust mixing physics?

The influence of OPR has been left out of the scope for the current research. However, the influ-
ence of BPR can be inferred from the results of the model framework for the Leap-1A case study.
For modern (U)HBPR engines, the bypass flow becomes more and more dominant in terms of
mass flow and jet radius with respect to the core jet flow, with the case study for example exhibit-
ing a BPR of 11.9. As the bypass flow consists of ambient air, which is cold and dry compared to
the engine core flow, the evolution of temperature and water vapour content follows a different
trajectory than predicted by the SAC, as this calculates a single mixing line slope based on the av-
erage temperature and water content of the complete exhaust. The higher the BPR, the larger this
discrepancy, and the higher the initial temperature and water vapour content when compared to
the average of the complete exhaust.

2. How can the Schmidt-Appleman Criterion (SAC) be extended or improved to better predict contrail
formation from HBPR aircraft turbofan engines?
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7. Conclusions and Recommendations

(@) How accurate is the current, broadly used criterion in predicting contrail formation from HBPR
engines?
For the case study performed on the Leap-1A engine, the results show agreement with the SAC in
the prediction of contrails for both dry and ambient conditions. However, when comparing the
mixing lines for both methods, it can be observed that the SAC approaches an upper limit with
respect to the mixing lines predicted by the current model. This can be explained by the fact that
the core jet, from which the contrails are formed, exhibits a higher temperature than the average
of the entire jet. Therefore, the resulting mixing lines have a lower gradient than predicted by the
SAC. This indicates that the SAC may predict contrails to be formed in certain cases where the
current model would not. As a fraction of the mixing lines predicted by the model also extends
above the SAC line, there may also be edge cases where partial contrails are formed that would
not be predicted by the SAC.

(b) What modifications or extensions can be implemented to improve the accuracy of the SAC for these
engines?
The results from the work done in this research do not immediately support a simple mathemat-
ical adjustment to the equations used in the SAC that would help it better reflect the mixing in
the exhaust of modern turbofan engines. However, the framework that has been presented can be
used to model any modern engine and compare the results to the predictions of the SAC.

7.2. Recommendations

The current research has resulted in a complete and validated modelling framework for the prediction of
contrails in the exhaust of modern HBPR turbofan engines. From the lessons learned in the course of the
development of this framework, several recommendations can be made. With respect to improvements on
the current state of the modelling blocks, these recommendations include the following:

* Improve the flow of information between the various modelling steps by synthesizing them in a sin-

gle overall modelling chain. For example, an overarching model can be set up using Python-designed
structure where the modelling steps are called one by one and their outputs and inputs are directly
linked. This would reduce the amount of user input required and make the framework more flexible in
its application to different engine models and conditions.

Investigate the remaining questions with respect to the accuracy of the Flow Field Solver module in
resolving the very near field of the engine exhaust. Specifically, the estimation of the potential core
length in validation studies as well as the fluctuations in flow field variables in the case study can be
taken as starting points for further investigation and possible improvements. It is suggested that a fully
3D analysis of the flow field is done to determine the effect of the 2D axisymmetric assumption used in
the current model. Additionally, modelling the flow within the exhaust nozzles themselves can provide
additional insight into the origin of the aforementioned fluctuations in flow field variables.

* Although the water vapour dispersion and resulting contrail formation predicted by the current model

shows good agreement with validation cases, it is worth noting that the current iteration of the model
only accounts for basic aspects of the microphysical processes involved in contrail formation, such as
the temperature threshold for homogeneous freezing and the requirement of soot particles for nucle-
ation. From literature, it is known that more complex phenomena occur in reality. It is recommended
that the effect of including these processes is studied in future research.

The results of the current research can also serve as a starting point for further research in other areas:

* The necessity of accurately predicting contrail formation arises from their significant climate impact

and the importance of reducing this impact for the continued habitability of our planet. Therefore,
a very valuable next step would be to use the current modelling framework as a tool in the improve-
ment of the design of modern HBPR turbofan engines with respect to their formation of contrails. Just
as designs are currently optimized with respect to parameters such as maximum thrust, TSFC, noise,
and NO, emissions, their propensity to form contrails in the exhaust can be added as a parameter to
consider in the design process.

The engine design is one of the two factors that determine whether contrails are formed for a given
flight. The other is the ambient condition. With a better method of predicting contrail formation,
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aircraft flight paths can potentially also be adjusted to avoid this. Further research into the feasibility
of this approach is recommended.

* The current research has been centered around the influence of engine BPR on the formation of con-
trails. In future research, other engine design parameters such as OPR can also be included. The better
the understanding of the relation between various design parameters and the formation of contrails,
the more intelligently a future engine can be designed with contrail formation in mind.
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Semi-Empirical Approach

The mathematical derivations for the Semi-Empirical Flow Field Solver from chapter 5 are described here, in
three consecutive iterations.

Approach (version 1)

Discrete small steps dx are taken in axial direction, for which the entrained velocity v, is calculated. Whereas
the original entrainment theory assumes a single average jet velocity along the radius, here the jet is also
divided into discrete steps dr in radial direction. This results in a flow field that is divided into cells with
dimensions dx and dr. The MTT law is then applied to each cell, determining the change in velocity and
radius based on entrainment from adjacent cells, and conservation of mass and momentum. In Figure A.1
and Figure A.2, the discretization and its nomenclature can be seen.

-2,j+1

A

_—"A,; (hidden)

A

mg_low

—_—j

Figure A.2: Numbering convention used by the semi-
empirical model (3D ring representation)

Figure A.l: Numbering convention used by the semi-
empirical model (side view)

Assumptions
* Fixed entrainment coefficient @ = 0.057, corresponding to a pure momentum jet. [7]
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* Conservation of mass and momentum (in x direction) applies to each individual cell.

* Flow is incompressible, and density and pressure are uniform for the purposes of mass flow and velocity
calculations.

* dx <<dr, such that prediction of values at station x;, rj can be based on values from previous stations
Xi-1,7jand x;-1,7j-1

Derivation of Equations

To calculate the change in velocity U as well as the growth in cross-sectional area § A for each cell, the fun-
damental laws for conservation of mass and momentum are used. Because there are only two unknowns,
only the equations in x direction are required.

Conservation of Mass

In Figure A.3, the mass flows in and out of a single cell can be seen. For conservation of mass to hold, the sum
of these flows should be zero, else mass would have to be created or destroyed within the cell. The mass flow
ri; through the cross section of station x[i] is expressed as:

mdot_e[j]
mdot[i-1] ¥ mdot[i]

mdot_e[j-1] ¥

Figure A.3: Mass flows in and out of a single cell

m; = pA;Uj, (A.1)

where A; is the cross sectional area and U; the axial velocity, and the net entrained mass flow summarized
in 871 as follows:

81t = Tite; — e, (A.2)

The resulting expression for conservation of mass across a single cell can then be seen in Equation A.3:

pAi1Ui1+0m=pA;U; (A.3)

The goal is to find the changes in velocity and area, §U and A respectively, so A; and U; are rewritten to
introduce those variables:

Ai=Ai1+6A (A.4)
Ui =Ui_1 +6U (A.5)

The new expression for conservation of mass then becomes:

pAl-_lUl-_l+6m=p(Al-_1+6A)(U,-_1 +06U) (A.6)

Expanding, neglecting higher-order terms, and rewriting for U as function of § A and the other, known,
quantities, yields the first expression in the system of two equations that needs to be solved, shown in Equa-
tion A.7:
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1 6m
6U=——(—-U;-164) A7)
Ai-1° p
Conservation of Momentum
The second expression will come from the conservation of momentum in axial direction, which for a constant
density flow is given by Equation A.8:

A U? | = AU? (A.8)

As with the first expression, this is rewritten for 6U and 6 A:

AinU? | = (Ai-1 + 8 A) Uiy +8U)* (A.9)
Again expanding the terms and rewriting for 6 U, the second expression is found, given by Equation A.10:

U;_
65U = —6A2A’—1 (A.10)
i—-1

Now it is only a simple matter of combining Equation A.7 and Equation A.10:

1 on U;-
(22 _U;_164) = -5 AL (A.11)
Ai1° p 2Ai
and consequently solving for § A:
om
0A=2 (A.12)
pUi—

Finally, U can be determined by plugging in Equation A.12 into either Equation A.7 or Equation A.10, result-
ing in the expression given by Equation A.13:

om
pPAi-1

SU = (A.13)

Approach (version 2)

At this point, the basic entrainment model produces plausible results for a jet with uniform exit velocity and
no co-flow. However, these results are dependent on numerical factors such as the step width in radial di-
rection, in a manner that suggests improvements still need to be made before a valid model can be achieved.
These additional steps are described here.

* Take into account entrained momentum for a non-zero co-flow velocity.

If the jet exists in a stationary medium, the total momentum inside the jet should not increase, and
assuming no dissipation of energy into smaller turbulence scales, should not decrease either. How-
ever, the model is meant to be accurate for a turbofan engine in cruise conditions, so this qualification
does not apply. When entraining surrounding air into the exhaust during cruise, this surrounding air
already has velocity and therefore momentum relative to the stationary nozzle. This momentum is car-
ried into the jet and needs to be taken into account. Because the entrained mass flow is known from
Equation 5.10, the change in entrained momentum at every step is simply given by:

dP =m.Uy, (A.14)
where U, is the ambient air velocity.

* Improve accuracy of entrained velocity calculations, by implementing an estimate for the velocity at
the current station, instead of taking the value from the previous station.
In the original approach, one of the main challenges was using the correct initial values for the calcula-
tion of flow properties within every cell. When looking at Equation 5.9, for example, its value depends
on the difference between the velocity at the current location and the velocity in the upper neighbour-
ing cell. However, neither of these values are known at this step in the calculations, because entrained
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velocity is one of the parameters required to calculate this very value. There is a problem with circular
prerequisites here. The initial approach was to assume the velocity difference between two neighbour-
ing cells is small, and therefore as a starting point U;_; can be used in the place of U;, after which
an iterative procedure is used to converge to the correct values. However, this approach is still flawed,
because the reliance on values from previous cells creates a "delay" in the information being passed be-
tween cells. This can be seen in the fact that dividing the jet into more radial steps leads to significant
changes in the prediction of flow velocity. A clear example of this arises when comparing the predicted
center-line velocity Uy for two different numbers of radial steps: The calculation with 100 radial steps
results in much less of a velocity change along the center-line than the one with 10 steps.

The suggested improvement is as follows: In stead of assuming the change in velocity is minimal from
the previous cell to the current one, the assumption is made that the change in velocity is approximately
equal to the previous change in velocity. Written out in the form of equations:

Ui,j=U;1,j+6U;1,x, (A.15)

O0Ui1,x=Ui-1-Uj (A.16)

Similarly, for the cell value of the upper neighbouring cell:

Ui j+1=Ui1,j+0Ui-1,r, (A.17)
6Ui-1,r = Ui-1,j+1 - Ui-1j (A.18)

U_centerline vs. x, xsteps = 1001, rsteps = 10, itr = 10
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Figure A.4: Center-line velocity as predicted by the semi-empirical model when the radius is divided into 10 steps
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U_centerline vs. x, xsteps = 10001, rsteps = 100, itr = 10
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Figure A.5: Center-line velocity as predicted by the semi-empirical model when the radius is divided into 100 steps

Approach (version 3)

While the approach in the second iteration shows some improvement, it still is characterized by the same
flaw: accuracy seems to be inversely related to the resolution of the grid on which the problem is solved.
Therefore, yet another approach to the semi-empirical model is suggested: A set of algebraic equations is
set up using the Finite Difference Method, and is then solved using linear regression. The approach and its
underlying assumptions as well as limitations are treated here.

Velocity Field sub-module
1. Partial Differential Equation

In order to design a model that is both accurate and feasible, a tradeoff needs to be made between the
two. If pure accuracy in terms of describing physical mechanisms is pursued to the exclusion of other
considerations, one will arrive at either a real physical experiment or a Direct Numerical Simulation
(DNS). This type of model is, however, not feasible in terms of time constraints and computational
resource availability. Similarly, if a model is set up that is too simplistic and has assumptions that make
the results unreliable, it might be feasible to make, but does not have sufficient predictive power to be
useful for the purposes of answering the research question. With this tradeoff in mind, the decision was
made to employ a semi-empirical approach to the Partial Differential Equation (PDE) for this model.
In the case of velocity, this results in a quasi-3D description of the axial velocity field, with the following
initial assumptions:

e Incompressible flow with constant density
R . . R
Rotationally symmetrical flow: 55 =0
* Axisymmetrical flow: Domain is defined from the jet center-line upwards
° Zero pressure gradient: Vp =0

* Axial velocity depends on entrainment assuming a pure jet, according to the Morton - Taylor -
Turner (MTT) Law (restatement of Equation 5.9):

ve=ax (U;—U,) (A.19)

These assumptions result in the following system of PDEs for the axial, radial, and rotational velocities
respectively:
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-— = =0 A.20
ox r ar(r or ) ( )
oU,
U =a (A.21)
or
Up=0 (A.22)
The term %g—r(rdgx) in the first equation comes from the application of the derivative chain rule to

the Laplacian V? in radial direction for a cylindrical coordinate system. Expanding this term further,
and again applying the chain rule, leads to an expression that can easier be transformed into a Finite
Difference equation:

oU;, «a 0U, 0%Uy
-—( +r
0x r Or or?

)=0 (A.23)

. Finite Difference Expression

Using a Central Difference approximation for the derived from a Taylor Series expansion around point
[i, j1, and the assumption that the radius r at radial grid point j can be written as r = jAr, the following
Finite Difference expression can be found:

U —Us, @ 2j+1 2j-1
S maelUm ]j + U0+ U =] =0 (A.24)

This expression is split into axial and radial directions:

Uy, . —U,.
ZXivl P Xi-l =0 (A.25)
2Ax
a 2j+1 2j-1
__2Ar2 Uj+1—j +Uj(—4)+Uj_1 - =0 (A.26)

. Boundary Conditions
The 2D domain has four boundaries on which conditions need to be specified.:

* The left boundary represents the plane perpendicular to the axial direction, at the end of the noz-

zle. Therefore it is defined by a Dirichlet boundary condition specifying the axial velocity of the
jet, bypass, and ambient air:

fori=0,j=0:7

ifr <Rcore: Ui,j =Ucore
if Regre <1 < Ryypass : Ui,j = Upypass

ifr> Ryypass : Ui,j = Uambient

* The lower boundary represents the jet center-line, as the flow is symmetrical in this axis and only
the upper part is resolved. This is therefore a symmetry axis, defined by the one-sided expression
for a Neumann boundary:

fori=0:1,j=0

Ui j+1-Uij=0
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* The upper boundary represents the far field, and when placed sufficiently far away from the jet,
should be defined by a Dirichlet boundary condition containing the velocity of ambient air:

fori=0:1,j=7

Ui,j = Uambient

¢ Finally, the right boundary represents the outlet of the flow field. There is no physical boundary
condition to be specified here. However, as the Finite Difference expressions make use of a Central
Difference scheme, this cannot be applied at the edge of the domain. Therefore, a numerical
boundary condition needs to be applied here, replacing the Central Difference scheme with a
one-sided expression. The derivation of this expression is done using a Taylor Table and results
in:

fori=1,j=0:]

Uj-2,j—4U;-1,j +3U; j o
2Ax -

4. Algebraic System of Equations
The above Finite Difference expressions need to be solved for every point (i, j) within the grid. For a grid
of size (I, J), this requires a system of I - J equations for (I - J unknowns. This is achieved by generating
a solution vector U of length I - J, with terms ordered first by i and then by j. An illustration of this can
be seen in Figure A.6. Consequently, two matrices A; and A2 for the two solution directions x and r are
set up, each containing the relevant coefficients from the FD expressions for the respective directions,
ordered in correspondence to the solution vector. In this case, the matrices A; and A, become:

1 . . .
A= —— -1 0 1 (A.27)
2Ax
___ @ 2j-1 _ 2j+1
Ap = A2 e 4 ... -7 (A.28)
Finally, these two matrices are added back together to form a single coefficient matrix A:
Ai+A=A (A.29)

This then allows us to solve the system of equations for the vector Uy, containing the axial velocity at
every location (i, j):

[A]Ux = Ugrns (A.30)

Here, Ugys is the Right-Hand-Side vector containing zeroes at every point (i, j) except for the expres-
sions pertaining to the Boundary Conditions.
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Figure A.6: Ordering of terms within the solution vector for the 2D Finite Difference scheme

Finite Difference expression for Temperature
Once the velocity field is known, the evolution of temperature within the flow field can be determined by
applying the advection-diffusion equation with Temperature being the scalar quantity.

1. Partial Differential Equation
The complete advection-diffusion equation for a scalar T in a velocity field U is as follows:

oT
57 ="V KVD)-V-UT)+R (A.31)

The time derivative term % becomes zero for a steady state calculation, and the final reaction term R
is also assumed to be zero. If the equation is then written in a cylindrical coordinate system with the
assumption of axisymmetrical flow, it becomes:

x0rdh)  agh
7T+KW+TV‘U+UVT:O (A.32)

From literature, it can be found that the thermal diffusion coefficient x is in the range of 1e—06 to 1e—05,
so it is reasonable to assume that advection is by far the dominant term at the velocities involved in this
case. This greatly simplifies the equation to:

TV-U+UVT =0 (A.33)

Expressing this relation in cylindrical coordinates and assuming axisymmetric flow results in:

oU, U, dU, oT T
s )+ U om + Uy 2= =0 (A.34)

T +
( or r 0x 0x or

The equation is separated into x— and r— directions:

U a—T+T0Ux—0 (A.35)
Y ox ox )
T oT U,
=0 (A.36)

U +5.+ T,

2. Finite Difference Expression
Using the same discretization approach as for the derivatives of velocity in the previous step, and or-
dering by terms T; ;, the Finite Difference expressions for the advection of temperature can be written
as follows:



89

T T Uiy = Uniy T; e =0 (A.37)
Hhioax T 2Ax hioAx T '
Uy, . JjUr o +2U0;, = jUr, ij
Ty oot + Ty — L =T gy =g (A.38)
TR oAY 2jAr T 24r

3. Boundary Conditions
The domain again requires conditions to be specified on each of the four surrounding boundaries:

* The initial temperatures of the core, bypass, and ambient air are specified using a Dirichlet con-
dition on the left boundary:

fori=0,j=0:J
if r < Reore: Ti,j = Teore

if Regre <1 < Rhypass : Ti,j = Tbypass

ifr > Rbypass: Ti,j = Tambient

* The symmetry condition representing the jet center-line on the lower boundary is given by the
one-sided expression for a Neumann boundary:

fori=0:1,j=0

Tijs1-Tij=0

* The upper boundary again represents the far field, which is represented by a Dirichlet condition
specifying ambient temperature:

fori=0:1,j=J

Ui,j = Uambient

* Finally, the outlet at the right side is represented by a numerical boundary condition, changing
the Central Difference expression to a one-sided one using a Taylor Table. This results in the ex-
pression:

fori=J,j=0:]
Uy, —4U,. Uy, ,—4Uy,_, +6Uy;
Ti—2 Xi + Ti—l Xi + Ti Xi-2 Xi-1 Xi -0
2Ax 2Ax 2Ax

4. Algebraic system of Equations

These expressions lead to a system of equations to be solved using linear regression. The approach to
this is identical to the approach for solving the velocity equations: Two matrices A; and A are set up
that represent the left hand side for a total of I - J equations with I - J unknowns, where I and J are the
number of steps within the domain in x— and r— direction respectively. The unknowns are the values
of T at everylocation (i, j). The two matrices contain the coefficients for the equations decomposed in
x— and r— direction respectively. They are then added together to form the complete coefficient matrix
A= A; + Ay, and the following system of equations is solved:

[A]T = Trus (A.39)
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where Trys is the solution vector.

At every row i in the matrix A, an equation is represented that describes the Finite Difference expres-
sion around a point i within the field. This results in a sparse diagonal matrix with the coefficients
representing the multiplication of terms in the Finite Difference expression. Thus, matrix A; and A,
become:

1 " .'
1= m Uy Uxiyy Uy, Uy (A.40)
1 2 -
Ar = E —Urj Urj+1 + 7Urj - Urj_1 Urj (A.41)

Finite Difference Expression for Water Vapour Partial Pressure

The water vapour partial pressure is calculated in much the same way as the temperature. The concentration
of water can be described by the same advection -diffusion equation. Similarly to the heat diffusivity, molec-
ular diffusivity can also be considered negligible compared to advection at the relevant speeds. This results
in the exact same system of equations being used, with the only difference being the boundary conditions.

Implementation in Programming Structure
To summarize the flow of the program as implemented in Python, a simple flowchart is shown in Figure A.7.

Initial Conditions
h, M, T, R, m_f

v

Velocity sub-module

Velocity field
U_x, U_r

¥ ¥

Temperature sub- ‘Water dispersion sub-
module module

| |

‘ Water vapour field

Temperature field

T p_H20

v

Flotting and post-
processing sub-
module

Contour plots, mixing
lines

Figure A.7: Modelling flow of the Finite Difference model for calculating the exhaust flow field characteristics



Sensitivity Analysis Results

@) Ppypass = 23742Pa (0) Phypass = 26000Pa (© Pbypass =27160Pa

Figure B.1: Pressure contours for the Leap-1A engine exhaust with Up 455 = 275ms™!

(@) Ppypass =23742Pa (b) Pbypass = 26000Pa (©) Phypass =27160Pa

Figure B.2: Pressure contours for the Leap-1A engine exhaust with Uy pgss = 300ms~!

@ ppypass = 23742Pa () Phypass = 26000Pa (© Pbypass =27160Pa

Figure B.3: Pressure contours for the Leap-1A engine exhaust with Uy 455 = 303ms~!
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@) Ppypass =23742Pa () Phypass =26000Pa (© Phypass =27160Pa

Figure B.4: Pressure contours for the Leap-1A engine exhaust with Upypqss = 303.9ms!

[r— T

@ Ppypass =23742Pa () Phypass =26000Pa (© Phypass =27160Pa

Figure B.5: Velocity contours for the Leap-1A engine exhaust with Uy, a5 = 275ms™!

@) Ppypass = 23742Pa () Phypass = 26000Pa (© Pbypass =27160Pa

Figure B.6: Velocity contours for the Leap-1A engine exhaust with Uy, 455 = 300ms~!

(@) Ppypass =23742Pa (b) Pbypass = 26000Pa (©) Pbypass = 27160Pa

Figure B.7: Velocity contours for the Leap-1A engine exhaust with Uy}, 455 = 303ms~!
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(@) Ppypass =23742Pa (b) Pbypass = 26000Pa (©) Pbypass =27160Pa

Figure B.8: Velocity contours for the Leap-1A engine exhaust with Upypqss = 303.9ms!



Temperature Gradient based Mixing
Validation

One of the key assumptions in the Contrail Formation Prediction model is that the water vapour content can
be accurately predicted as a function of the temperature gradient within the flow. To assess the validity of this
approach, it is applied to a case from literature in which both the concentration of an inert species and the
temperature of a round simple turbulent jet are known. If the model is able to predict both temperature and
concentration with a similar degree of accuracy, the assumption can be considered valid.

Validation setup and Boundary Conditions

The validation case used is the paper "Transfer of Heat and Matter in the Turbulent Mixing Zone of an Axially
Symmetrical Jet" by Hinze & Van der Hegge Zijnen [15]. The experimental conditions used in this paper
are replicated in the CFD Mixing Model, similarly to the validation cases described in section 5.9. These
conditions are summarized below:

Boundary type | velocity-inlet
Parameter Specification Value Unit
Velocity Magnitude 40 (ms™ 1
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pa]
Turbulence Intensity 0.1 (%]
Length Scale 0.00380 [m]
Temperature Static Temperature | 323 (K]
Table C.1: Water Vapour Content Validation Case Core Inlet Boundary Conditions
Boundary type | pressure-far-field
Parameter Specification Value Unit
Velocity Mach number 0.001 -]
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pa)
Turbulence Intensity 0.1 (%]
Length Scale 0.00380 [m]
Temperature Static Temperature | 293 (K]

Table C.2: Water Vapour Content Validation Case Ambient Boundary Conditions

Parameter definitions
The results from the experiment that are relevant for this validation effort are the radial and axial distributions

93
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C. Temperature Gradient based Mixing Validation

Boundary type | pressure-far-field
Parameter Specification Value Unit
Velocity Mach number 0.001 -]
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pa)
Turbulence Intensity 0.1 (%]
Length Scale 0.003800 [m]
Temperature Static Temperature | 293 K]
Table C.3: Water Vapour Content Validation Case Far Field Boundary Conditions
Boundary type | wall
Velocity No Slip
Pressure Not specified
Turbulence Not specified
Temperature Adiabatic
Table C.4: Water Vapour Content Validation Case Nozzle wall Boundary Conditions
Boundary type | pressure-outlet
Parameter Specification Value Unit
Velocity Not specified
Pressure Gauge Pressure at infinity (non-reflecting) | 100 [Pal
Turbulence Intensity 0.1 [%)]
Length Scale 0.003800 | [m]
Temperature Static Temperature 293 K]

Table C.5: Water Vapour Content Validation Case Outlet Boundary Conditions

Boundary type | axis

Velocity Not specified
Pressure Not specified
Turbulence Not specified
Temperature Not specified

Table C.6: Water Vapour Content Validation Case Axis Boundary Conditions

Parameter

Definition

Time - mean value of temperature difference with ambient air

Time-mean value of concentration difference with ambient air

Axial distance to orifice

Distance of apparent aperture to orifice

Diameter of orifice

S |als|x|pl@

N

Radial distance ratio —=—

X+a

AEINIEIE LT~

Table C.7: Parameters used in the water vapour content validation case

of temperature and concentration. The model outputs are transformed to match the parameters used in the
validation case. The definition of these parameters is given in Table C.7.
As the model gives a steady-state solution and the distance a is zero, the temperature and concentration pro-
files are by definition representative of the time-mean values, and parameter 7 simplifies to n = J—): As a final
step, the temperature and concentration profiles are normalized by dividing by the maximum value ©,, and
the nozzle exit value Q respectively.

Temperature distributions
From the model, the temperature distributions can be directly output and compared to the experiment. This
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comparison, for both radial and axial distributions, is shown in Figure C.1 and Figure C.2 respectively.
Radial distribution of temperature (model comparsion with experimental results)
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«==0/0m (modelled)
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Figure C.1: Comparison of radial temperature distribution for a round turbulent jet: model vs. experiment [15]

Figure 6: Temperature distibution along the axis of the jet
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Figure C.2: Comparison of axial temperature distribution for a round turbulent jet: model vs. experiment [15]

By themselves, these comparisons do not provide information with respect to the validity of the assump-
tions for this section of the model. They do reinforce the conclusions from the validation efforts done in
section 5.9, namely that the mixing model overestimates potential core length for simple round jets but pro-
vides good agreement in terms of spreading rate.

Concentration distributions

For validation of the concentration calculation, the approach described in section 6.3 is applied to the model
temperature field. The resulting radial and axial distributions predicted by the model are then compared to
the experimental results. These comparisons can be seen in Figure C.3 and Figure C.4 respectively.
Comparison of results



96 C. Temperature Gradient based Mixing Validation

Radial distribution of concentration (model comparison with experimental results)
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Figure C.3: Comparison of radial concentration distribution for a round turbulent jet: model vs. experiment [15]

Figure 8: Concentration-distribution along the axis of the jet
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Figure C.4: Comparison of axial concentration distribution for a round turbulent jet: model vs. experiment [15]

When comparing the radial distributions of temperature and concentration, given respectively by Figure C.1
and Figure C.3, it becomes apparent that the model predicts both parameters with no distinguishable dif-
ference in accuracy. The same can be said for the comparison of axial distributions between Figure C.2 and
Figure C.4. This means that, while there are discrepancies between predicted concentration profiles and ex-
perimental results, these are due to underlying modelling errors from the CFD model, which are described

in chapter 5. The calculation step from temperature gradient to concentration provides no discernible addi-
tional error for the given validation case.



Boundary Condition Specifications

D.1. Leap-1A Case Study Boundary Conditions

Parameter Specification Value Unit

Boundary type | velocity-inlet

Velocity Magnitude 391.6165 [ms™ 1
Direction Normal to boundary

Pressure Gauge Pressure 100 [Pal

Turbulence Intensity 5 [%]
Length Scale 0.03 [m)]

Temperature Static Temperature | 579.85 [K]

Table D.1: Core Inlet Boundary Conditions

o e o

o 1

Figure D.1: Location of the Core Inlet Boundary Condition in the Leap-1A model
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D. Boundary Condition Specifications

Parameter Specification Value Unit

Boundary type | velocity-inlet

Velocity Magnitude 303.9 (ms™1]
Direction Normal to boundary

Pressure Gauge Pressure 100 [Pal

Turbulence Intensity 5 [%]
Length Scale 0.03 [m]

Temperature Static Temperature | 229.63 [K]

Table D.2: Bypass Inlet Boundary Conditions

Figure D.2: Location of the Bypass Inlet Boundary Condition in the Leap-1A model

Parameter Specification Value Unit

Boundary type | pressure-far-field

Velocity Mach number 0.78 [-]
Direction Normal to boundary

Pressure Gauge Pressure 100 [Pal

Turbulence Intensity 5 [%]
Length Scale 0.03 [m]

Temperature Static Temperature | 218.81 [K]

Table D.3: Ambient Boundary Conditions



D.1. Leap-1A Case Study Boundary Conditions

Figure D.3: Location of the Ambient Inlet Boundary Condition in the Leap-1A model

Parameter Specification Value Unit

Boundary type | pressure-far-field

Velocity Mach number 0.78 [-]
Direction Parallel to boundary

Pressure Gauge Pressure 100 [Pal

Turbulence Intensity 5 [%]
Length Scale 0.03 [m]

Temperature Static Temperature | 218.81 [K]

Table D.4: Far Field Boundary Conditions

Figure D.4: Location of the Far Field Boundary Condition in the Leap-1A model
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D. Boundary Condition Specifications

Parameter Specification
Boundary type | wall

Velocity No Slip
Pressure Not specified
Turbulence Not specified
Temperature Adiabatic

Table D.5: Nozzle wall Boundary Conditions

o Y )
s o

Figure D.5: Location of the Nozzle Wall Boundary Condition in the Leap-1A model

Parameter Specification Value Unit

Boundary type | pressure-outlet

Velocity Not specified

Pressure Gauge Pressure at infinity (non-reflecting) | 100 [Pa]

Turbulence Intensity 5 (%]
Length Scale 0.03 [m]

Temperature Total Temperature 245.435 | [K]

Table D.6: Outlet Boundary Conditions

o ew . wmam

Figure D.6: Location of the Outlet Boundary Condition in the Leap-1A model
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Table D.7: Axis Boundary Conditions

Parameter Specification
Boundary type | axis

Velocity Not specified
Pressure Not specified
Turbulence Not specified
Temperature Not specified

Figure D.7: Location of the Axis Boundary Condition in the Leap-1A model
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D. Boundary Condition Specifications

D.2. Simple Free Round Jet Validation Boundary Conditions

Boundary type | velocity-inlet
Parameter Specification Value Unit
Velocity Magnitude 51 (ms~1]
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pal
Turbulence Intensity 0.1 [%]
Length Scale 0.00100 [m]
Temperature Static Temperature | 293 [K]
Table D.8: Free Jet Validation Case Core Inlet Boundary Conditions
Boundary type | pressure-far-field
Parameter Specification Value Unit
Velocity Mach number 0.001 -]
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pa]
Turbulence Intensity 0.1 (%]
Length Scale 0.00100 [m]
Temperature Static Temperature | 293 (K]
Table D.9: Free Jet Validation Case Ambient Boundary Conditions
Boundary type | pressure-far-field
Parameter Specification Value Unit
Velocity Mach number 0.001 -]
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pal
Turbulence Intensity 0.1 (%]
Length Scale 0.00100 [m]
Temperature Static Temperature | 293 (K]

Table D.10: Free Jet Validation Case Far Field Boundary Conditions

Boundary type | wall

Velocity No Slip
Pressure Not specified
Turbulence Not specified
Temperature Adiabatic

Table D.11: Free Jet Validation Case Nozzle wall Boundary Conditions

Boundary type | pressure-outlet

Parameter Specification Value Unit

Velocity Not specified

Pressure Gauge Pressure at infinity (non-reflecting) | 100 [Pal)

Turbulence Intensity 0.1 [%]
Length Scale 0.00100 | [m]

Temperature Static Temperature 293 [K]

Table D.12: Free Jet Validation Case Outlet Boundary Conditions
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Boundary type | axis

Velocity Not specified
Pressure Not specified
Turbulence Not specified
Temperature Not specified

Table D.13: Free Jet Validation Case Axis Boundary Conditions
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D. Boundary Condition Specifications

D.3. Co-flow Experiment Validation Boundary Conditions

Boundary type | velocity-inlet
Parameter Specification Value Unit
Velocity Magnitude 282 (ms~1]
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pal
Turbulence Intensity 5 (%]
Length Scale 0.00308 [m]
Temperature Static Temperature | 792 (K]
Table D.14: Co-axial Transonic Validation Case Inner Jet Inlet Boundary Conditions
Boundary type | velocity-inlet
Parameter Specification Value Unit
Velocity Magnitude 175 [ms™ 1
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pal
Turbulence Intensity 5 [%]
Length Scale 0.00308 [m]
Temperature Static Temperature | 293.15 (K]
Table D.15: Co-axial Transonic Validation Case Outer Jet Inlet Boundary Conditions
Boundary type | pressure-far-field
Parameter Specification Value Unit
Velocity Mach number 0.01 -]
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pa]
Turbulence Intensity 5 (%]
Length Scale 0.00308 [m]
Temperature Static Temperature | 293 (K]
Table D.16: Co-axial Transonic Validation Case Ambient Boundary Conditions
Boundary type | pressure-far-field
Parameter Specification Value Unit
Velocity Mach number 0.01 [—]
Direction Normal to boundary
Pressure Gauge Pressure 100 [Pa]
Turbulence Intensity 5 (%]
Length Scale 0.00308 [m]
Temperature Static Temperature | 293 (K]

Table D.17: Co-axial Transonic Validation Case Far Field Boundary Conditions
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Boundary type | pressure-outlet

Parameter Specification Value Unit

Velocity Not specified

Pressure Gauge Pressure at infinity (non-reflecting) | 100 [Pal

Turbulence Intensity 5 [%]
Length Scale 0.00308 | [m]

Temperature Total Temperature 294.425 | [K]

Table D.18: Co-axial Transonic Validation Case Outlet Boundary Conditions

Boundary type | axis

Velocity Not specified
Pressure Not specified
Turbulence Not specified
Temperature Not specified

Table D.19: Co-axial Transonic Validation Case Axis Boundary Conditions






Flow Field Solver Results

velocity
Velocity Magnitude [ m's |

0.00e+00  4.66e+01 9.32e+01 1.40e+02 1866402 233e402 2.80e+02 326402  373e402 4200402 4.66e+02

Figure E.1: Contour plot of the velocity in the near-field of the Leap-1A engine
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pressure
Absolute Pressure [ Pa ]

8.63e+03 1.13e+04 1.40e+04 1.67e+04 1.93e+04 2.20e+04 247e+04 2.74e+04 3.00e+04 3.27e+04 3.54e+04

Figure E.2: Contour plot of the pressure in the near-field of the Leap-1A engine

temperature
Static Temperature [ K]

1686402  217e402 2686e+02  3.15e+402  36de+02  4.12e+02  4.61e+02 5.10e+402  559e+02  6.08e+02  656e+02

Figure E.3: Contour plot of the temperature in the near-field of the Leap-1A engine



Investigation into pyCycle

In their 2019 paper "pyCycle: A Tool for Efficient Optimization of Gas Turbine Engine Cycles", Hendricks and
Gray name two main motivations for the development of pyCycle. Firstly, "current state-of-the-art thermo-
dynamic cycle analysis tools are not well suited to integration into vehicles [sic] level models" [13]. Secondly,
as aircraft design becomes more multidisciplinary, gradient-based optimization techniques are a key ingre-
dient to vehicle-level design optimization with manageable computational costs. Existing tools are not well
suited to implementing these gradient-based techniques. The objective, then, was to "develop a new thermo-
dynamic cycle analysis tool, called pyCycle, that provides analytic derivatives suitable for use with gradient-
based optimization".

Working principles of pyCycle

pyCycle was developed on the framework of OpenMDAO. An Extended Design Structure Matrix (XDSM)
showing the general structure of the pyCycle tool can be found in Figure F1. Within it, four basic code blocks
can be identified:

* Cycle block: This is the core module of the tool. It contains all governing thermodynamic equations for
the engine model. Though shown here as a single block, it consists of all submodules that the engine in
question is built out of.

* Balance block: This block contains a set of implicit state variables and the associated nonlinear residual
equations. In practice, this block ensures the engine model is valid by requiring all physical dependen-
cies and design rules to be satisfied.

* Solver block: The residual equations from the Balance block are converged by this block.

* Optimizer block: This block runs an optimization algorithm to find the design variables that satisfy the
given constraints and minimize the objective function.

When modelling a single flight condition, the approach can be summarized as follows:

1. Specify the "On-Design" conditions and optimize the cycle for these conditions. Typical on-design con-
ditions are Top-of-Climb (TOC) and Sea Level Static (SLS) conditions. By setting the known or expected
key design parameters such as compressor pressure ratio or maximum turbine inlet temperature (TIT),
the on-design calculation results in a set of physical design values, e.g. the turbine and compressor map
scalars. The XDSM for On-Design calculations on a geared turbofan engine is shown in Figure E2.

2. Using the physical design parameters from the on-design calculation, the cycle analysis can now be
performed for any flight condition. This is defined as the "Off-Design" condition calculation. The
XDSM for Off-Design calculations on a geared turbofan engine is shown in Figure E3.
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/ Cycle Inputs / / Balance Inputs /
|

| |
/ Cyecle Design Balance Design
/ Variables Variables

State Variables

Optimizer

Objectives,
Constraints

Outputs

Cycle Outputs

Residual Values

Figure E1: General pyCycle analysis tool structure [13]
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Figure E2: XDSM for a pyCycle On-Design calculation of a geared turbofan cycle [13]

Multi-Point Design Mode

Aside from the On-Design and Off-Design mode calculations, a third calculation mode is included in pyCy-
cle: the Multi-Design Point (MDP) mode. This combines the functionality of On- and Off-Design analyses.
Rather than sequentially specify a single design point and then calculate all off-design conditions, the two
are combined to simultaneously evaluate performance at multiple operating conditions. This allows the cy-
cle analysis to be used as part of an optimization process that results in a design satisfying constraints and
requirements at multiple design points. The XDSM for a Multi-Design Point analysis of a geared turbofan
engine can be seen in Figure E4.
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Figure E3: XDSM for a pyCycle Off-Design calculation of a geared turbofan cycle [13]
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Figure F4: XDSM for a pyCycle Multi-Design Point calculation of a geared turbofan cycle [13]
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