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Abstract
Continued emissions of greenhouse gases and the absence of stringent action from
global policymakers has given the world little time to combat the worst climate
change has to o↵er. In order to give ourselves more time, researchers propose methods in solar geoengineering that will increase the reflectivity of the planet and actively cool the Earth. One such method involves emitting a thin layer of aerosol
in the stratosphere, where aerosol backscattering e↵ects will be e↵ective in limiting
the increase of global average temperatures even if humans double the amount of
CO2 currently in the atmosphere. However, potential risks of this method include
the depletion of the ozone layer or unwanted heating in the lower stratosphere, and
the extent to which this may occur with solar geoengineering is uncertain. Current
chemical transport models are trying to better understand this risk but require better data on aerosol behavior in the stratosphere to improve their simulations. The
Stratospheric Controlled Perturbation Experiment (SCoPEx), led by researchers at
Harvard, aims to help gather this crucial data but cannot begin flight tests until the
risks of this experiment are better understood. A core risk was a poor understanding
of flight turbulence in the stratosphere, so for this project, we constructed realistic
expectations of this phenomenon by simulating the real propeller geometry of the
SCoPEx device and by implementing the e↵ects of background gravity waves. The
simulations ran provided a more clearer picture of how much turbulence is actually
generated by the propellers, and we found that gravity waves did not have a meaningful impact on turbulence in these simulations. Soon, these simulations will be
greatly improved by adding even more geometrical complexity and by combining
these solutions with chemical transport models. Hopefully these e↵orts will provide
enough technical data to greenlight future SCoPEX operations so that experimental
data can be collected for the solar geoengineering research community.
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Chapter 1

Introduction
Our ability to combat climate change is slipping through our fingers. Since the preindustrial era (c. 1850), the air temperature over land today is nearly 1.5o C greater.
1o C of this change happened over the course of the first 150 years. Since 2000, it has
increased another .5o C, indicating an alarming accelerated warming of our planet.

Figure 1.1: Rising Global Average Temperatures. [1]

Human actions such as burning fossil fuels for manufacturing and transportation,
engaging in rainforest deforestation to establish more livestock farms, and exhausting farmland for agricultural activities has caused massive increases in greenhouse
gases. [4] The gases include (GHG) such as carbon dioxide (CO2 ), methane (CH4 ),
and nitrous oxide (N2 O) concentrations in our atmosphere, e↵ectively trapping heat
and warming our Earth as a result (Figure 1.2).
Many nations are trying to commit to the Paris Agreement objectives; the main
goal aims to keep warming below 2o C. [4] However, this is nearly impossible at this
point due to a myriad of factors. One factor is the difficulty of getting every nation in the world to limit GHG emissions below the required amount. For example,
1
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Figure 1.2: The Greenhouse E↵ect. (Encyclopedia Brittanica)

many developing and industrializing economies are dependent on manufacturing as
an export, and if they were to be stopped, then their trade balance would su↵er
and cause weakening in the global economy. [5] Additionally, too many people in
the developed world rely on our fossil fuel-dependent energy systems. It may take
decades to fully transition everyone to a non-fossil fuel-based system, and by then,
it might be too late.
Aside from the difficulty of transitioning the world to sustainable energy use, one
of the most important climate factors is “thermal inertia”, a phenomena resulting
from positive feedback systems in our climate. As global average temperatures get
warmer, permafrost and ice sheets melt faster. Oceans intake more carbon and become warmer, and they do not release the carbon until a century later. The danger
is that climate models demonstrate that with CO2 accumulation in the atmosphere,
the negative impacts are not felt until a generation or two later. [6] In these couple of decades, without proper oversight, over-land air temperatures may certainly
rise to 2 3o C higher than pre-industrial temperatures. Although this 1 2o C
di↵erence may seem innocuous, a temperature increase such as this has potentially
catastrophic e↵ects. This warming would put up to 300 million people in danger of
facing scarce water supplies, limited access to food, and likely destruction of homes
and communities due to global warming-driven wildfires or floods. [4]
Many global leaders have a strong and dedicated focus on cutting GHG emissions,
but there are several key nations like the US, Russia, and Saudi Arabia who are not
receptive to having their emissions regulated and monitored by a third party. The
reason is that these nations are economically incentivized in the short-term to not
adopt such emission cuts despite the adverse long-term impact climate change will
2
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have on the global economy. [7] The technology to incentive all global participants
to cease GHG emissions simply does not exist or is too costly. While the world
is trying to cut as many emissions as possible for the future sustainability of the
planet, based on current policy trends, we cannot guarantee the containment of the
increase in global average temperatures. [8]

3
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Background
2.1

Solar Geoengineering

As a response to the insufficiency of current GHG emissions cuts around the world,
researchers are engineering solutions that supplement e↵orts by reducing the amount
of GHG in our atmosphere or by limiting warming of the planet. This field of research is known as geoengineering. Emerging technologies in this field are currently
split into two broad categories. First, carbon dioxide removal research involves
methods of capturing carbon in the air and turning it into safe waste products like
rocks. However, this process is slow and expensive. Second, there is solar geoengineering, a set of technologies that aims to reduce global warming by reducing the
solar radiation that reaches Earth.
Solar geoengineering aims to block fractions of solar radiation from entering the
Earth’s atmosphere as a means of reducing the amount of heat trapped due to
GHG. More specifically, solar geoengineering refers to a set of emerging technologies
that focus on methods that alter the Earth’s radiative balance. We refer to this
as albedo modification, which aims to increase the albedo or reflectivity of Earth’s
atmospheric surface. The main goal of solar geoengineering is to allow less sunlight
to reach the surface but still allow as much outgoing longwave radiation leave as
possible. By allowing less sunlight to reach the Earth, we can actively reduce the
amount of outgoing longwave radiation which becomes heat that gets trapped in
our atmosphere.
However, solar geoengineering is a dangerous balancing game, because we do not
want too much heat to get trapped in our atmosphere but also cannot block too
much sunlight since we rely on sunlight for energy and important functions like agriculture. Given these considerations, it is important to note that solar geoengineering
is not a replacement for major e↵orts in reducing GHG emissions or the amount of
carbon in our atmosphere. Rather, solar geoengineering may be an e↵ective supplement to these e↵orts because it could provide reductions in climate risk that are
unachievable by other means. [2]
There are several existing proposals that use solar geoengineering technology. One
option is to increase the cloud cover over oceans in a process known as Marine Cloud
Brightening. However, this option is ine↵ective because it would only cover 10% of
Earth’s surface, there is not a clear understanding on how well cloud cover can be
created and maintained, and there is little knowledge on how increasing cloud cover
4
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might a↵ect the precipitation cycle. Another option is to build reflectors out in
space, but this poses significant engineering and financial constraints. [2]
The cheapest and best understood option is known as Stratospheric Aerosol Injection (SAI). Employing this technology would only cost around 2-10 billion USD
annually. SAI works by creating a thin layer of an aerosol 25 km above sea level that
will scatter high frequency solar radiation backwards into space before it reaches the
ground, preventing the creation of outgoing longwave radiation which gets trapped
by GHG (Figure 2.1).

Figure 2.1: Stratospheric Aerosol Injection Solar Geoengineering. [2]

This method of cooling is akin to when volcanic eruptions launch aerosols into the
atmosphere, scattering away sunlight and resulting in cooling. The base similarity
between volcanic eruptions and SAI allows us to understand the impacts that implementing SAI might have. However, a volcanic eruption is an instant one-time
event and launches thick clouds of ash that block out visible sunlight e↵ectively.
This is unlike the strategy employed by SAI instruments, which would only emit a
thin plume of a singular aerosol into the atmosphere on a consistent schedule. SAI
is also highly scalable, with the potential for being able to cover large swaths of the
Earth. [2]

2.2

Stratospheric Solar Geoengineering Model Predictions

Since 2000, researchers have been working on climate models to understand how
solar geoengineering could limit increases in global average temperatures. In these
models, rather than simulating the aerosol in the atmosphere, they assume that a
uniform aerosol will block some percentage of solar radiation from entering the lower
atmosphere and they reduce the solar constant in these models. The solar constant
is a measure of how much solar radiation is entering the atmosphere. Many models
assume that CO2 levels will double in the next century, so the question asked is how
much stratospheric solar geoengineering is necessary or optimal?
5
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Answering the above question, models mostly agree that stratospheric solar geoengineering will prevent global average temperatures from exceeding 2.7o C above
pre-industrial levels. [8] Studies show that stratospheric solar geoengineering will
reduce extreme temperatures, changes in water availability, and the intensity of
tropical storms. It could also reduce the rate of sea-level rise, limit loss of sea-ice,
as well as prevent coral bleaching caused by rising sea surface temperatures. Most
importantly, it reduces carbon cycle feedback loops, such as the release of CO2 and
CH4 from melting permafrost, a process which accelerates warming. Economically,
long-term benefits are estimated to exceed $1 trillion while the cost of deploying
SAI technology would be at most $10 billion. [8]
It is also important to address the risks of stratospheric solar geoengineering. First,
stratospheric solar geoengineering might not perfectly o↵set the warming due to
GHG, and instead a↵ects other climate variables like the ones mentioned above.
Second, it is not well researched what the regional distribution of impacts might
look like, despite potential global benefits. Solar geoengineering could negatively
impact farms in certain regions of the world, for example. Third, stratospheric solar
geoengineering does not address the increase in carbon absorption by oceans and
subsequent acidification that would harm marine ecosystems and wildlife. [9]
While the above risks are dangerous and are cause for greater public concern, the
primary concern for researchers developing stratospheric solar geoengineering technology is that the impact of SAI on air quality, the ozone layer, and stratospheric
dynamics is not well understood. [9] Depending on the chemical composition of
the aerosol that is used and the method of injection, there could be vastly di↵erent outcomes. For instance, sulfate aerosols could reduce the ozone layer and heat
the tropical stratosphere, but they are still in consideration for use if the benefits
outweigh the costs. Additionally, aerosols can coagulate to form larger aerosols,
thus losing their e↵ectiveness and producing unwanted e↵ects. This specific risk
is discussed in chapter 2.4. This risk is also why the researchers, institutions, and
governments have grown wary of solar geoengineering technologies. As such, there
is an uphill battle to address as many uncertainties in the field as possible, and the
best researchers can do is to develop increasingly complex and accurate simulations
before real experimentation begins.

2.3

Stratospheric Aerosol Injection (SAI) Scattering

We can understand the e↵ectiveness of SAI and how it can increase the albedo of
Earth through the principles of scattering. Scattering refers to the physics of when
an incoming or incident particle changes path direction when interacting with other
particles in the incident medium. An often cited example of scattering is the passing
of white light through a prism, revealing a rainbow of colors. This phenomenon is
also responsible for why the sky is blue during the day or the horizon is red and
orange during sunset; when visible wavelength light passes through the atmosphere,
particles scatter light at di↵erent angles and intensities, giving us di↵erent colors of
the sky at di↵erent times of the day. [3]
The reason we perceive colors of the sky is due to the relative size of both the
wavelength of the incident ray and the molecule size of the particles in the atmosphere. The wavelength of visible light is typically from 400-700 nanometers and
6
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the size of atmospheric particles range from a few nanometers to 10 micrometers.
Since the relative sizes range from 1/100 to 10 times the wavelength of sunlight, we
can observe great variation in the types of scattering in the atmosphere. The small
particles are better at scattering light backwards and the larger particles are better
at scattering light forward. [3] Obviously, the larger particles are responsible for the
scattered light we observe. The tiniest aerosol particles actually reflect light away
from Earth. Since the overall goal of SAI is to scatter light backwards, small aerosol
particles are the best candidate for achieving the goals of solar geoengineering.

Figure 2.2: Scattering of Light with Increasing Particle Size from (a) to (c). [3]

2.4

Fluid Dynamics of Stratospheric Aerosol Injection

Scattering of sunlight is strictly dependent on the size of the aerosols emitted. However, the aerosols are often solid or liquid chemical compounds that deal with many
physical and chemical reactions in the stratosphere. This relates to another uncertainty of SAI addressed earlier, which is that little is actually understood about how
aerosol particles may interact in free space in the stratosphere. For example, it is
still unknown whether the amount of energy aerosols particles have when colliding
with one another will cause the particles to coagulate. In order to answer this, understanding fluid dynamics in the stratosphere would be helpful for creating better
models for studying SAI coagulation models.
The stratosphere is the second layer of the atmosphere on top of the troposphere.
We generally classify the stratosphere as layers of low density and low viscosity air
10 km to 50 km above sea level, but this varies depending on latitude such that
the bottom boundary of the stratosphere or the tropopause is much closer to the
ground at the poles than at the equator. For the purpose of this paper, we can
focus on what happens in the middle of the stratosphere at an altitude of around 25
km (Figure 2.3). At this height, stratified layers of air are very stable with respect
to vertical motions, meaning there is little vertical mixing of air. Limited weather
activity happens in this layer, such that if aerosols were suspended at that height,
it would be difficult to remove them since precipitation cannot drag these particles
down. [3]

7
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Figure 2.3: Layers of the Atmosphere. (UCAR)

While aerosols themselves would not fall further down in the atmosphere due to
the properties of the stratosphere, coagulation will cause them to grow in size and
thus fall to a lower altitude, causing undesired heating e↵ects at the tropopause.
Furthermore, coagulation and resulting increase in particle diameter would cause
the aerosols to lose their desired backscattering properties. Thus, understanding
how coagulation occurs with SAI aerosols is critical. While coagulation models can
be complicated since they require well-defined complex chemical transport models,
one can start with analyzing how well eddies form as a result of turbulence. These
aerosols suspended in air in the atmosphere will not coagulate unless they collide,
and this coagulation process would be encouraged by the presence of eddies. Because
the air is very stratified in horizontal layers in the stratosphere, aerosols will not
mix vertically. However, deployment of SAI technology may result in the turbulence
and eddies that drive coagulations.
Turbulence is the response of a flowing fluid when it has instabilities. These instabilities are caused by orthogonal shears to the direction of flow, and they immediately
break into these eddies or swirls of flow. In technical terms, unstable flow creates
turbulent kinetic energy which continually dissipates into internal energy caused
by molecular viscosity. Turbulence can also be thought of as a superposition of
eddies that interact with one another non-linearly to create quasi-random chaotic
motions. [3] This phenomenon is well documented and easily visualized (Figure 2.4).
For instances of turbulence in the context of SAI, we would first want to determine the eddy viscosity defined as the intensity of mixing as a result of momentum
sources orthogonal to the direction of flow. We would then want to determine the
turbulence eddy dissipation rate, which is defined as the rate of turbulent kinetic
energy dissipated to internal energy.
To determine these parameters, we can run a k " turbulence model in a computational fluid dynamics (CFD) simulation. Refer to chapter 3.1 for a more detailed
discussion of this model. The advantage of this simulation over others is that this
simulation can quickly calculate the values of the parameters at every timestep by
reducing computational costs. This is important for work that requires simulation
8
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Figure 2.4: Turbulence in the atmosphere. (Wikipedia)

of complex geometries and large domains.
Determining mean flow characteristics for turbulent flow conditions is not easy.
Simulations require one to choose between having a transient (time dependent)
solution or a steady-state (time independent) solution. If we are looking for the mean
turbulent flow, then we need to arrive at the best possible steady-state solution. To
do this, the solution must converge such that after many iterations, the velocities and
kinetic energy levels are unchanged across the entire simulation domain. Turbulent
flow models sometimes can converge to a steady state solution, but this is rarely the
case since dissipation of turbulent kinetic energy is a quasi-random process, resulting
in eddy formation that di↵ers from iteration to iteration. This can appear to be a
source of great uncertainty in research that aims to develop realistic expectations for
SAI technologies, but it’s still very common for researchers to calculate steady-state
solutions for unsteady turbulent flow.

2.5

The Stratospheric Controlled Perturbation Experiment
(SCoPEx)

Earlier, we discussed how simulations of solar geoengineering are being constructed.
However, simulations ranging from the broad large scale impact models to the specific turbulence and coagulation models that are meant to address uncertainties
in the field are actually based on weakly supported assumptions due to lack of
real representative data. Unless small scale experiments are conducted to improve
parameterization of models, simulations cannot improve in accuracy and SAI experiments will never be approved for deployment. In order to make SAI technology
a reality, the Anderson, Keith and Keutsch research groups on Harvard’s campus
are spearheading an experiment known as Stratospheric Controlled Perturbation
Experiment (SCoPEx). SCoPEx is a flying device that will run experiments in the
stratosphere to specifically get data on aspects of aerosol microphysics and atmospheric chemistry that are not well studied. [10]
It should be clarified that SCoPEx is not a first attempt at solar geoengineering
and cooling surface temperatures. As outlined in the SCoPEx project objectives,
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the main tasks are to perform a set of specific field experiments that contribute to
an understanding of solar geoengineering efficacy and risks as well as provide an
insight on best practices in creating solar geoengineering technology. This e↵ort
will hopefully improve large scale simulations designed to predict the impacts of solar geoengineering and set norms and best practices for future solar geoengineering
projects. [10]
The SCoPEx device is a gondola equipped with instruments that can be lifted into
the stratosphere by a weather balloon propelled by airboat propellers (Figure 2.5).
These instruments are measuring tools used to understand both the winds and turbulence at flying altitudes as well as the chemical interactions that may occur when
spreading plumes of aerosols. During deployment, as the SCoPEx gondola flies in a
straight line at a walking pace (⇠1 m/s), it will spray a plume of aerosols. As the
instrument is emitting these aerosols, the propeller fans will cause some amount of
disturbance in the air, leaving what is known as wake turbulence. This turbulence
is caused by the vertical wind shears created in the fans’ rotational movement, and
as we learned in chapter 2.4, the amount of turbulent kinetic energy determines
the number of eddies formed in the wake of the propellers. The device will then
U-turn and fly back into the aerosol plume to take measurements on what aerosol
interactions have occurred. [10]

Figure 2.5: Visualization of the SCoPEx device. (HSGRP)

Simulation of eddy formations is vital for this experiment because it is unclear how
eddy formation will cause coagulation of aerosols to occur. If coagulation simulations based on turbulence models can produce the same results as the experiment,
then we can be more confident that our simulations are accurate. Potential experiments in the future focus on sulfate and calcite aerosols. If dealing with sulfate
droplet aerosols, some amount of turbulence is actually needed to bond the smaller
initial particles to the right size. If dealing with a calcite powder aerosol, however,
consistent particle size during emission is crucial. However, for both classes of par10
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ticles, too much coagulation will cause the particles to fall to the tropopause and
cause unwanted heating or climate risks (i.e., ozone depletion by sulfate aerosols).
While it would be a success to have the experiment work as intended, the negative
consequences of unexpected mistakes would be costly. As such, initial e↵orts will
involve just the emission of frozen water particles to ensure that the instruments
work properly. Next steps would involve emitting the next least risky aerosol, calcite powder, a non-toxic and naturally found chemical compound.
Due to these uncertainties in the flight experiment itself, SCoPEx has been delayed
in its deployment. Slated to launch last year, pushback from an external advisory
board has delayed the flight date to ensure that all the right steps are being taken
to mitigate potential risks of solar geoengineering research. Until simulations of this
experiment have adequately addressed all existing concerns, the external advisory
committee will not allow SCoPEx to operate.

11
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Project Overview
This thesis project is part of the e↵ort to convince the advisory board to give the
green light for the operation of SCoPEx. The goal is to reduce uncertainty within
the SCoPEx mission by having detailed analyses on what to expect when SCoPEx
instruments are in the stratosphere and are collecting critical data for solar geoengineering models. This e↵ort is divided into three major parts: simulating fluidic properties of the stratosphere during SCoPEx flight, in lab experiments with
aerosols, and presenting a reasonable coagulation model that combines the flight
simulation output and known chemical transport models. This project explores the
turbulent fluidic properties of stratospheric air when disturbed by the propellers
during flight using previous work in combination with a consideration for theorized
critical parameters with relevance to potential turbulence.

3.1

Past CFD Simulations of the Propellers

Before this project, two projects attempted to simulate the wake of the propellers.
Both simulations used computational fluid dynamics (CFD) based on the k " turbulence model, which is further iterated in the methodology section of this project.
The di↵erences between the simulations were the CFD solvers used and the geometrical models used. I will discuss the pros and cons of each simulation, and then how
I intend to improve upon the models.
In an earlier iteration of this simulation, the main objective was to investigate how
an emitted plume of sulfate aerosols would behave in the propeller’s wake over the
range of a few kilometers. To do so, this method employed JAVAPROP, a tool used
for designing airfoils and analysis of the performance of these airfoils. However, it is a
relatively simple program that relies solely on blade element theory, a mathematical
theory that determines the behavior of propellers by breaking the propeller blade
into small parts. These small parts will integrate into an annulus when making a
full revolution due to the propeller movement, allowing us to determine the thrust
produced by the entire propeller. In accordance with this theory, the JAVAPROP
simulation was based on a disk zone that assumed the propeller movement was
integrated over its entire revolution. This solution gave a qualitative understanding
of what would happen during flight. Due to the simplicity of the model based on
blade element theory, computational requirements were decreased and the model
could simulate the e↵ects of the propeller over a large domain. However, because of
this simplicity, we can only derive qualitative understandings from the simulation.
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Modelling the propellers as a disk zone created virtually no turbulence since the
thrust from the fan was uniform in the direction of the fan rotation axis. As such,
the lack of vertical shearing did not cause eddies to form, and so unrealistically
represented SCoPEx flight.

Figure 3.1: JAVAPROP Simulations of the Propeller. (Merwan)

In a more recent iteration of this simulation, the main objective was to provide
a more realistic understanding of the behavior of turbulence from the fan. This
method employed the powerful CFD solver Fluent, which is the same tool used for
this thesis project. Unlike the model above, this simulation considered the fan to
be a pump in a large fluidic air domain. The pump was also considered to be a
disk modeled as a fan. However, in Fluent, there is the option to treat the fan
as a boundary condition with parameters for rotation and pressure changes. This
resulted in a more accurate simulation of turbulence. We could derive quantitative
understandings from this simulation. However, this simulation did not address the
idiosyncrasies of the propeller geometry and over-generalized many aspects of the
atmospheric conditions by making the propeller a fan pump.

Figure 3.2: Fluent Simulation with Pump. (Lup)

Drawing from both past simulations, a priority of this project’s simulation is to
refine the geometry of the simulation. Instead of modelling the fan as a disk, this
13
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project uses the real design of the two-blade propeller for simulation. Additionally,
this simulation is going to take into account a parameter that has been theorized
to have e↵ects on stratospheric stability. This parameter is known as gravity waves
(not to be confused with gravitational waves in astrophysics).

3.2

Inferring Gravity Wave Parameters

Gravity waves are also known as buoyancy waves, caused by restoring force from
Archimedes’ principle. Gravity waves are generated when parcels of air in the atmosphere that are cooler and thus denser fall closer to the ground due to gravity and
replace warmer and thinner air. This act of replacement causes air parcels above
and below to oscillate as forces attempt to restore equilibrium. [11]

Figure 3.3: Gravity Waves in the Atmosphere. (Wikipedia)

Gravity waves and their impacts are defined by an oscillatory function that is parameterized by wave frequency, wavelengths, amplitudes, and temperatures. We can
define these parameters by using climate data collected by weather balloons known
as radiosondes. These radiosondes collect climate data at di↵erent heights. The relevant data points for inferring gravity wave parameters are pressure, temperature,
and wind speeds. With these values, we can obtain gravity wave data.
Will Fried, a friend and colleague (S.B. ‘19), wrote his senior thesis on the process
of inferring gravity wave parameters for use in simulations like the one proposed in
this thesis. Half of his project was providing a library of code that can choose any
weather station’s radiosondes and automatically download 11 years worth of climate
data. It cleans the downloads for any empty datasets, and then can infer all gravity
parameters from the data.
The other half of Will’s project was focused on determining how gravity wave parameters might be correlated to one another or how gravity wave parameters might
14
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show variations over factors such as time or location. To summarize, gravity wave
parameters can all be thought of as independent variables with insignificant correlation to one another. However, there is predictable variation in gravity wave
parameters from season to season.
Due to the lack of variation among gravity wave data and the inherent quasirandomness in gravity wave parameters, I will use Will’s code to obtain inferred
gravity wave parameters in bulk with no feature labelling other than the parameters
themselves.

3.3

Project Outline

To reiterate the objective of this project, this simulation aims to accurately model
propeller wake turbulence using the geometry of a real fan with background e↵ects
due to gravity waves. The workflow of the project is represented by this schematic:

Figure 3.4: Project Outline.

The core of the project is to construct the realistic simulation. This begins with
understanding fundamentally what is going into the simulation, how to set the parameters, and what is happening underneath the hood of the CFD solver Fluent.
This will be covered in the first two sections of the methodology.
As one of the parameters is the gravity wave background conditions, there will be an
in-depth discussion on how to elucidate these gravity wave parameters. Due to the
large volume of data output, it is not feasible to run a simulation for every gravity
wave parameter output. As a result, we will be employing a method of generalizing
data that is representative of possible gravity wave parameter combinations. Out
of all the unsupervised learning algorithms tested, ranging from PCA to various
clustering models, k-means clustering provided the best generalizations.
Lastly, the simulations di↵ered by the background conditions with variations in
background gravity wave conditions, background wind velocity, and data locations.
Simulations provided both quantitative and qualitative understandings of propeller
turbulence as well as insight on the limits of CFD simulations.
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Methodology
4.1

Computational Fluid Dynamics Simulation Theory

When fluid experiments are expensive, time intensive, or not yet possible, we use
CFD simulations to provide a robust theoretical solution for our research questions.
More specifically, CFD is the science of predicting fluid flow, heat transfer, mass
transfer, chemical reactions, and related phenomena through numerically solving
di↵erential mathematical equations that explain the physics of the listed phenomena. CFD simulations also must take into consideration the many important properties of fluids such as velocity, pressure, temperature, density, and viscosity. Two
properties are especially important; density (⇢) is a fluid’s mass per volume and
viscosity (µ) is a fluid’s resistance to flow. For instance, honey is more dense and
viscous than water. If you add honey to water, the honey sinks. Between the two,
honey is harder to stir. In any CFD simulation, we must first define density and
viscosity.
Let’s start with the most fundamental mathematical model governing the physics
of fluid dynamics that accounts for most of the above properties. We refer to the
Navier-Stokes (N-S) equation that every CFD simulation uses. The N-S equations
are based on laws of conservation of mass, energy, and momentum, meaning that
a change in any of these properties must be accounted for somewhere else in the
model. The equation for incompressible flow is:

@~v
⇢
+ (~v · r)~v = ⇢~g rP + µr2~v
(4.1)
@t

In order to solve them with a computer, we translate these equations to a discretized
form using a numerical method. Generally, we use the finite volume method for
CFD problems. The finite volume method is a generalization of the N-S equations
by simplifying the equation to an analysis of control volumes. A control volume is a
mathematical abstraction of a fixed region meant for studying fluxes coming in and
out of the volume. As such, we use the conservation of mass equation, equating a
change in mass of the control volume to the balance of mass fluxes of the control
volume.
Z
Z
d
⇢dV +
⇢(~u · ~n)dS = 0
(4.2)
dt C.V.
C.S.
In practice, the finite volume method requires that we divide the fluid problem
domain geometry into many small parts we call cells that will become our control
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volumes to study the flow of mass. These cells can take the form of one of several
common 3D shapes from hexahedrons to pyramids to tetrahedrons. We fit these
cells together like a puzzle until we recreate the domain geometry - we call this a
mesh.
Underneath the hood of the CFD simulation, the computer is solving a system of
equations. In order to come to a solution, it uses initial and boundary conditions
to solve the equations. Typical initial conditions refer to setting values for cells at
t = 0. Examples include setting velocities for most cells at 0, but these velocities
can change at t > 0. Typical boundary conditions are meant for calculations made
at t > 0 in a CFD simulation. Examples include a no-slip boundary condition at
domain walls, keeping an inlet at a constant velocity, or keeping an outlet at constant pressure.
CFD simulations have evolved to account for a number of mathematical models.
Since we are studying turbulence generation, we use the k " model as a supplement
to the Navier Stokes equations. This model allows us to study its two namesake
variables: turbulent kinetic energy (k) and turbulent energy dissipation rate (").
The turbulence kinetic energy, k and its rate of dissipation ", are obtained from the
following transport equations:

@
@
@
µT @k
(⇢k) +
(⇢kui ) =
(µ +
)
+ Gk + Gb
@t
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@xj
k @xj
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C2" ⇢

"2
k

(4.3)

YM + S "

(4.4)
In these equations, Gk represents the generation of turbulence kinetic energy due to
the mean velocity gradients, Gb is the generation of turbulence kinetic energy due
to buoyancy, YM represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate.
C1" , C2" , and C3" are constants. k and " are the turbulent Prandtl numbers for k
and ", respectively. Sk and S" are user-defined source terms. Lastly, the turbulent
(or eddy) viscosity, µT , is computed by combining k and " as follows:
k2
(4.5)
"
Where Cµ is a constant. With these equations, a CFD simulation would be able to
solve for fluid flow in a domain with turbulence.
µT = ⇢Cµ

One last important consideration for CFD simulation is whether the solution will
be transient or steady-state. A transient solution is a collection of instantaneous
calculations made at every time step, allowing the user to watch the fluid flow
develop over time if desired. A steady state solution is quasi-transient since it
solves for flow over time, but it is ultimately searching for a convergent solution
that eventually does not change with time. CFD simulations are time-dependent,
so the obvious choice for an unsteady turbulent simulation would be to solve for a
transient solution. However, the goal sometimes is to look for a generalization of
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the flow phenomena occurring in the simulation rather than having an inaccurate
time-step in a transient solution. If this is the case, then the choice would be to
have a steady state solution.

4.2

Using ANSYS Fluent

An industry standard CFD solver is Fluent developed by the company ANSYS. We
will use Fluent and related ANSYS products to construct our simulation. Using the
ideas laid out in the above section, we discuss what our workflow was. For detailed
instructions on how to recreate the simulation, refer to Appendix A for step by step
instructions.
The first step was to obtain the geometry of the propeller to simulate.

Figure 4.1: Fan CAD.

Then, using functions that allow us to englobe existing parts with a cylinder easily
as well as merge and subtract parts from these cylinders, we constructed a geometry
to simulate with a large domain and fan element with the propeller inside subtracted
out to create a solid part. The fan disk and domain shown are all air fluid. (Figure
4.2)
We need to create a mesh for this geometry. Using ANSYS, we first defined what
the inlet, outlet, and walls were. This makes the setup in Fluent easier. We then
try to create the mesh by altering the element sizes until the quality of the mesh
was optimal. (Figure 4.3)
Now that the setup of the geometry is done, we go into Fluent to set the conditions
for our simulation. We choose to have a steady-state calculation for a k " turbulence model and change the density and viscosity of air to reflect the real values in
the stratosphere. Next, we want to set the gravity wave influence for our domain.
To implement the gravity wave background conditions, we can interpret a userdefined function that models such background conditions. This user-defined function
18
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Figure 4.2: Fan & Domain.

Figure 4.3: Mesh.

is based on the language C. This is a unique feature in ANSYS, allowing us to define a
specific velocity profile that scales every cell’s horizontal velocity at the end of every
timestep by a function with gravity wave parameters. Refer to Appendix B for the
code and more detailed explanations.
✓
◆
2⇡
vnew = A ⇤ vold ⇤ sin
x 2⇡f t
(4.6)
This equation that defines the gravity wave influence is due to the oscillations caused
by the shifted air masses as we learned in chapter 3.2.
The gravity wave oscillations are actually compressing and relaxing the air in the
horizontal direction, which would allow horizontal winds passing through to move
speed up or slow down depending on the position and timing of the wind. This
is why the above equation is used to vary the y-velocity profile in our simulation.
(Figure 4.4)
Lastly, we want to set our rotating fan to spin at some revolutions per minute (rpm)
and to set our travelling speed. Research from the SCoPEx research team developed
this simulation study of the propeller and calculated how fast the device would travel
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Figure 4.4: Showing that there are sinusoidal variations in velocity when using a UDF.

given the propeller spin rate (Figure 4.5). While the device is flying through the
air space, we want to keep the fan in place while it spins in our simulation, so we
instead place an inlet condition with a velocity magnitude equal to the theoretical
speed of the device.

Figure 4.5: Graph related the rpm of the fan to the velocity of the device.

4.3

Generalizing Gravity Waves Parameters

The next step is to determine these parameters. Using Will’s codebase, we downloaded radiosonde data from 5 locations across the US: New York, Illinois, California, New Mexico, and Texas. Since Will’s project only used 4 stations total located
20

Chapter 4

in New Mexico and Texas, we provide geographical diversity by selecting these 5
weather stations.
After running all of Will’s analytical code, we are provided with 3000 sets of the
desired gravity parameters: amplitude, wavelength, and frequency. Due to the
computational complexity of the simulation, it would not be feasible to run the
simulation with every set of parameters. We need a method that generalizes the
data into a limited set of gravity wave parameters that holistically represents the
whole. We determined that K-means clustering would be an e↵ective method for
obtaining generalized gravity wave parameters. We were further motivated to use
this method since clustering is a common practice for determining assumptions from
large datasets in climate science.
The K-means clustering algorithm is an unsupervised machine learning algorithm
that aims to find K number of non-overlapping subgroups in a set of data. This
is a centroid based algorithm, where the main objective of the K-Means algorithm
is to minimize the sum of distances between the points and their respective cluster
centroid.
This objective is modeled as:
J=

m X
K
X
i=1 k=1

wik kxi

µk k2

(4.7)

where wik = 1 for data point xi if it belongs in cluster k; otherwise, wik = 0. µk is
the centroid of xi ’s cluster. We then want to solve a minimization problem in two
parts. First, minimize J w.r.t. wik and treat µk as fixed to obtain the new clusters.
m

K

XX
@J
=
kxi
@wik
i=1 k=1
) if k = arg min kxi

µk k2

µk k2 , wik = 1, else,wik = 0

j

(4.8)
(4.9)

Second, we minimize J w.r.t. µk and treat the wik ’s as fixed to obtain the new
centroid locations.
m

X
@J
=2
wik (xi µk ) = 0
@µik
i=1
Pm
wik xi
) µk = Pi=1
m
i=1 wik

(4.10)
(4.11)

The pseudocode for the above functions is as follows. First, Specify number of clusters K. Then initialize centroids by randomly selecting K points from the dataset for
the centroids without replacement. While the centroid positions are still changing,
compute the sum of the squared distances between the data points and centroids and
assign data points to the closest centroid to form clusters. While doing so, compute
the new centroids for the clusters by taking the average of all the data points in a
cluster.
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Because we’re using centroids, typically K-means algorithms are better at analyzing
elliptical sets of clustered data. We found that the data points for sets of gravity
wave parameters are actually quite rounded. The structure of the data is like an oval
folded in the middle at a 90 degree angle, making it an appropriate set to analyze.

Figure 4.6: Clusters of gravity wave parameters from three di↵erent viewpoints.

One “drawback” of the K-means algorithm is that it does not automatically identify
the appropriate number K that determines the number of clusters identified. We
instead employ the elbow method to determine the ideal number of clusters. The
elbow method measures within-cluster sum of squared-errors (WCSS) after running
the K-means algorithm for many values of K. Once plotted, the trend of WCSS
resembles that of a bent elbow, and the optimal choice for K is at the joint since
for higher values of K, the amount of WCSS does not decrease significantly. This of
course is just heuristic for choosing an appropriate value for K, and looking at the visual representation of the K clusters will help determine what the number should be.

Figure 4.7: The Elbow Method.
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Before clustering, we needed to normalize the dataset. Amplitude, wavelength, and
frequency are three very di↵erent parameters. As such, we used Z-Score normalization so that every normalized feature had a mean of 0 and a std. dev. of 1.
x0 =

x

µx

(4.12)

x

We chose K = 7 for the algorithm and at the end of the clustering got the normalized centroids of the clusters. We un-normalized the sets of centroid parameters
by multiplying the centroid with the standard deviation and added the mean back.
These parameters were then saved for parameterization of the simulation.

Figure 4.8: Clusters formed after running K-means.

4.4

Putting It All Together

With these parameters determined and the simulation setup, Fluent can calculate
the solution. Since this is a steady-state solution, we run enough time-steps or iterations until the solution has roughly converged for this turbulence simulation. This
was found to be about 100 iterations. We analyze exactly how many iterations are
needed based on the residuals. Residuals are calculated as the di↵erence between the
previous iterations solution and the current iteration’s solution. Once the residuals
stopped decreasing at a significant rate, we don’t calculate any more iterations.
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When the steady-state solution is calculated, we export the Fluent data for analysis
in post processing. While there are many features to study, we focus on visualizing
the flowpaths in the simulation using streamlines. We also want to study how much
turbulence is generated and what the cross-sectional area of turbulence looks like.
To do this, we create cross-sections at various points along the domain and sample
points from the cross section to measure eddy viscosity.
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Results & Discussion
5.1

Limitations of the Simulation

After initially running the simulation with background speed of 1 m/s with a fan
speed of 600 rpm per the propeller study, the solution did not converge as expected
due to the cyclic turbulence that the fan would generate. Here is a 3D plot of the
domain with streamlines originating from the inlet:

Figure 5.1: Demonstrating Turbulence with Streamlines.

The way the streamlines are plotted, the thicker the white line, the faster the velocity with a legend for reference on the left hand side of each box. Of note, in figure
5.1.a, we see that there is a huge wall of air pushed in the positive z direction at some
small distance away from the fan, causing what looks like a lot of turbulence, which
is an exciting visual cue because a complex fan geometry should cause noticeable
turbulence. We can see in figure 5.1.c that there are streamlines swirling in the fan
domain area, which is another sanity check.
However, upon further investigation of the simulation’s eddy viscosity profiles at
cross sections along the domain, a weird behavior is produced. Exactly at the center of the fan or at x=0, a concentrated line of points reach high values of eddy
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viscosity. We theorize that it could be a result of the hole at the center of the fan
propellers causing this jet of data points. However, the production of such dramatic
results could mean that my simulation was not dealing with the instabilities as well
as hoped.

Figure 5.2: Eddy Viscosities at 1 m/s Background Speeds.

A study of running the simulation at 2 m/s would clarify what is happening in the
simulation. Below is a 3D plot of this simulation’s domain with streamlines originating from the inlet:

Figure 5.3: Unexpected Dramatic Behavior.

Simulations of propellers demonstrate that it should not be possible for the propeller
to cause such turbulent behavior over this wide range. This dramatic behavior could
be due to mesh elements that are not dealing with the calculation very well at this
speed. We can explore the eddy viscosity for this simulation and see that the tur26
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bulence is much too wide and too great. If this simulation is accurate, then there
is a certainty that it would be too difficult to spread aerosols. But based on past
simulation work, this solution does not seem accurate.

Figure 5.4: Eddy Viscosities at 2 m/s Background Speeds.

These eddy viscosity profiles not only show an asymmetrical distribution of eddy
viscosities across in the cross section, but it also shows that the width of the turbulence is around 18 m in diameter, around 9 times the actual size of the propeller fan.
This might be a result of the CFD simulation not being able to produce a realistic
solution given the high amount of initial turbulence, resulting in exacerbated e↵ects
in iterations later in the simulation.
While these simulations don’t arrive at accurate convergent solutions at higher
speeds, we can reduce inlet speeds and fan rotation rpm to make useful analyses. A
study of running the simulation at .5 m/s provides a steadier flow field. Figure 5.5
is a 3D plot of this simulation’s domain with streamlines originating from the inlet.
Similarly, running the simulation at .25 m/s is even steadier. Figure 5.6 is a 3D plot
of this simulation’s domain with streamlines originating from the inlet.
Even though running the simulation at .25 m/s inlet speed gives us the most reasonable output, the SCoPEx device is not likely to operate this slowly due to forces
on the weather balloon due to wind shear. As such, we settled on using the .5 m/s
inlet speed to complete the analyses.

5.2

A Look at Turbulence in a More Convergent Solution

With the .5 m/s simulation, we analyzed how the distribution of turbulence changes
across the domain by measuring the diameters of cross sections where there are relevant eddy viscosities (> .001 Pa-s). We take these diameter measures based on the
full-width half-max (FWHM) size of the eddy viscosity Gaussian-like distribution of
data points as seen in figure 5.7.
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Figure 5.5: Reasonable Behavior.

We performed this measurement on data from cross sections taken from 3m behind
the fan to 3m after the fan at .5m increments, a bounded region that contains analyzable values of eddy viscosity. We plot a sample result below in figure 5.8. We
found that the diameter of turbulence peaks at the location of the fan and that the
distribution of these diameters is symmetrical across the fan. The turbulent viscosity peaks earlier behind the fan and has a rightward skew. This result tells us that
while the viscosity peaks closer to the inlet, it does not play a role in turbulent areas.

5.3

Lack of Variance Across Gravity Wave Parameters and
Location

The above analysis was done for data varying across radiosonde locations and across
the generalized gravity wave parameters, but every result with a di↵erent set of gravity wave parameters came out with nearly identical curves when analyzing both eddy
viscosities. This strengthens the above observation and our understanding of where
fan turbulence exists during flight. (Figure 5.9)
The lack of variance in the outcomes due to location also strengthens Will’s conclusion that gravity waves have i.i.d. parameters across locations since I sampled from
latitudes ranging from Illinois to Texas and longitudes ranging from New York to
California. The lack of variance in the outcomes due to gravity wave parameters
is a significant finding for several reasons. First, the theorized impact that gravity
waves have on simulating coagulation is rejected given this simulation output. This
makes sense if we consider the scale of turbulence that is analyzed here. We are
concerned with potential coagulation of nanometer sized particles while the range
of eddy formation only really spans a few meters. The large scale of gravity waves
thus will not really have an impact on the coagulation that might happen the small
scale of turbulence caused by the propeller. Second, concerns about flying during
di↵erent times of the year can be dismissed if gravity waves have less of an impact on
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Figure 5.6: Even Calmer Behavior.

turbulence. From Will’s study, we learned that variation in gravity wave parameters
only occur across seasons (e.g, summer vs. winter). If gravity waves have little to
no impact on eddy formation and thus coagulation, then SCoPEx will theoretically
have normally distributed results with variance as a result of instrumentation error.
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Figure 5.7: Full-Width Half-Max Measurements.

Figure 5.8: Turbulent Features from Propeller Wake.
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Figure 5.9: Lack of Variation Among Gravity Waves Parameters.
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Future Work
6.1

In Search of a Better Simulation Models

As mentioned in the results, this simulation does not work as well for idealized flight
speeds of 1-3 m/s. To improve this, we want to investigate the core cause for failure.
From analyzing the mesh of the domain and fan, we found that a very small fraction
of the elements of the mesh near the fan were left-handed, meaning that a mesh cell
is much larger in 2 dimensions than in the third dimension. Despite this, Fluent was
still able to run the simulation. Future e↵orts will be dedicated to making a more
suitable mesh for the fan propellers. The holes and small parts were not meshed
with great orthogonal quality, referring to how close the angles between adjacent
element faces or edges are to some optimal angle unique for the relevant geometry.
If the angle is not optimal, then the simulation will have difficulty running calculations for those particular cells. Another solution is to simulate the propellers with
a more generalized geometry by filling in the holes and placing the cone hub at the
front of the fan. This would be an easier geometry to mesh and would allow us to
run better simulations.
While gravity waves were shown to not have a significant impact on the outcomes in
this project’s collection of simulations, this might change with di↵erent simulations
if turbulence is produced at larger scales. Additionally, gravity waves don’t just
impact horizontal winds. Simulations in the future will not only keep the gravity
wave background conditions but also the direction of influence will be tilted at angles
to provide a more accurate simulation.

6.2

Putting it Together with the Coagulation Model

The end goal of creating a better simulation is to export the velocity fields and
combine it with the lab’s chemical transport models. First, this would require us to
increase the size of the domain. The purpose of keeping the domain smaller in this
project was to reduce computational complexity since initial analyses showed few
observable e↵ects at distances far away from the fan propellers. The combination
of the turbulence model and the transport model will hopefully provide an accurate
theoretical outcome for SCoPEx experiments and will provide members of the external advisory committee with convincing technical data to support their decision
of when to greenlight SCoPEx for deployment.
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Recreating the Simulation
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User Defined Function Code for
Implementing Gravity Waves

Ln. 1: ‘udf.h’ is a library built into ANSYS that has many functions. For specific
documentation, please refer to ANSYS published “Fluent UDF Manual”.
Lns. 2 - 4: Defining gravity wave parameters used in equation in Ln. 16.
Ln. 6: DEFINE PROFILE is an ANSYS library function that allows the user to
specifically recalculate a field parameter in the simulation, such as the yv elocity
which refers to the horizontal velocity along the direction of the domain.
Lns. 8 - 11: Declaration of variables, and defining the y coordinate as one dimension
in a 3D domain using the matrix operator [N DN D] which is a feature of ANSYS
user defined functions. We then turn it back into a regular variable x for computation.
Lns. 13 - 18: It goes through every cell in the domain and applies the influence of
gravity waves through the equation computation in Ln. 16.
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Survey of Eddy Viscosity Profiles
for .5 m/s Flow
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