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Abstract

In the last years, the correlation between air pollution and health issues
related to respiratory, cardiovascular and digestive systems has become evi-
dent. Today, urban aerosols raise the interest of both scientific community
and public opinion. METAS, the Swiss Federal Institute of Metrology, takes
part in AeroTox, a European Union’s research project involving the devel-
opment of a reference aerosol calibration infrastructure - a so-called mixing
chamber. In this chamber, pure air and particles are injected on top and
the resulting aerosol is sampled at the bottom. The quality of this aerosol
is assessed according to its concentration homogeneity: the purpose of this
master’s project is to improve it.
In addition, two research questions were addressed. How much can the mix-
ing chamber dimensions be reduced without affecting the concentration ho-
mogeneity? Dimensions are crucial because the mixing chamber must be
transportable. Also, how much can the flow rates be reduced without affect-
ing the concentration homogeneity?
Computational Fluid Dynamics (CFD) simulations and experiments were
employed. Numerical simulations were performed in COMSOL Multiphysics,
implementing a particle tracing and a diluted species model. This allowed
to investigate the structure of the flow and the involved mixing mechanisms :
diffusion, convection and turbulent dispersion. However, only the diluted
species model was successful. The simulated concentration at the outlet is
perfectly homogeneous. Experiments were carried out using two particle size
distributions: NaCl (size peak at 80 nm) and Polystyrene Latex (PSL, size
peak at 900 nm). Empirical data validate simulations and show a concentra-
tion homogeneity within 5%. Furthermore, uncertainty on the measurements
is of 4.24%: the simulated concentration homogeneity thus lies within the
uncertainty of the experimental findings. Moreover, experiments show that
salt particles reach a higher concentration homogeneity than PSL particles.
Finally, in case of salt particles, experiments prove that the flow rates can
be halved and even equalized and the length of the mixing chamber can be
reduced to 50% without drastically affecting the concentration homogeneity.
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1 Introduction
This master’s project was born as a cooperation between the Swiss Fed-
eral Institute of Metrology (METAS) and EPFL. The work behind this
thesis has been carried out entirely at METAS, exploiting its computa-
tional infrastructure and its laboratories. Fundamental was the advice and
the expertise of METAS Partikle und Aerosol division, in particular of Dr.
Stefan Horender and Dr. Konstantina Vasilatou, and of Dr. Mark Saw-
ley, EPFL lecturer. Finally, this thesis contributes to AeroTox, a Euro-
pean Union’s project. For further information about AeroTox, see http:
//empir.npl.co.uk/aerotox/.

1.1 Aerosols

The term aerosol is the abbreviation of aerosolution, from the Latin aero, air,
and solution. It was created in 1920s in analogy to hydrosol (21 ). In every-
day language, this term refers to the content of pressurized cans. In science,
it is much more: according to (9 ), any "collections of solid or liquid particles
suspended in a gas" constitute aerosols. In meteorology, aerosols are respon-
sible for the formation of clouds, fog and mist. Nowadays, many research
institutes focus on aerosols to understand the effects of air pollution on the
human body and the environment. Aerosols have several industrial applica-
tions, as the production of pesticides, paints and cosmetics (6 ). Aerosols are
classified according to the chemical nature of the solute particles or to their
dimension. With respect to this, aerosol particles never have a single size,
e.g. 100 nm. On the contrary, classification relies on size distribution, which
can vary from few nm to about 100 �m (22 ). Above this limit, aerosols are
not stable: particles have a high settling velocity and their drag law disap-
pears quickly.

This master’s project focuses on simulated urban aerosols. These are the
suspensions commonly addressed as air pollution. Mostly, they comprehend
carbon monoxide (CO), sulfur dioxide (SO2), nitrogen oxides (NOx), volatile
organic compounds (V OCs), ozone (O3), heavy metals, and respirable par-
ticulate matter (PM2.5 and PM10). To clarify, all the mentioned chemicals
apart from the particulate matter are gases. Thus, they are grouped un-
der the solvent phase of the aerosols, but their concentrations are increased
by the anthropogenic activity and cause health issues (19 ). On the other
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hand, particulate matter refers to a vast set of chemicals (24 ). Examples
are soot, the product of engine combustion (thus including black carbon and
other incomplete combustion products), sodium chloride and other salts, dust
(mostly SiO2 and Al2O3), pollen, etc. The composition of urban aerosols is
strongly dependent on the anthropogenic activity and the natural environ-
ment. For instance, salt particulate is present in higher concentrations close
to the sea, or during the cold season in Alpine environments (for safety rea-
sons, salt is spread on the roads to decrease the cryogenic point of water).
Other factors contributing to the aerosol diversity are chemical reactions.
Thanks to highly reactive compounds as ozone and NOx and to solar radia-
tions they are thousands and occur continuously.
It is now clear that only small fractions of urban aerosols can be reproduced in
laboratories, where a defined set of substances and chemical reactions comes
into play. However, according to the experiments to carry out, a significant
collection of chemical species is utilized.

1.2 AeroTox

Over the years, health issues related to air pollution have become more and
more common, raising the interest of both scientific community and pub-
lic opinion (19 ). These diseases do not only affect the respiratory system,
but also the cardiovascular (12 ) (7 ) and the digestive (4 ), and increase the
stakes of developing cancer (13 ) and dementia. More in detail, according
to the AeroTox scientific team, exposure to Particulate Matter (P.M.) 2.5 is
responsible for almost 500000 premature deaths, causing the expenditure of
1600 bn $ a year (35 ) (to compare, about the 75% of the Italian GDP). The
just mentioned data refers to Europe alone. The main goals of AeroTox are:

1. the development of standardized aerosols and reference aerosol calibra-
tion infrastructure;

2. creation of toxicological standards through the exposure of lung cells
to fraction of simulated urban aerosols, both in vitro and in vivo. Cor-
relation between the exposure and the health effects and between in
vivo and in vitro acquired data;

3. the development of high-resolution imaging to highlight the effects of
urban aerosols on lung cells;
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4. the collection of reference material for the scienti�c community and the
European citizens.

1.3 Overview of other relevant studies

A literature review regarding investigations of �ows in mixing chambers has
been performed. (30) analyzes slurry jets in a mixing chamber of a high-
pressure abrasive slurry jet micro-machining (HASJM) system. Even if (30)
does not consider any aerosols, an experimental and a CFD study of a �ow in
a mixing chamber is performed. CFD outcome is validated experimentally in
the case of full �ooding of the mixing chamber. Thus, CFD results are used
to predict erosive e�cacy at di�erent working points than the full �ooding.
(31) performs unsteady Navier-Stokes CFD simulations of an air +SO2 �ow
in a mixing chamber with two counter rotating fans at each end. Experimen-
tal validation is then performed, showing that both of the employed models
(k-! SST and SAS) deliver reasonable outcome, in particular the latter.
Finally, several papers (14), (16), (26) (11) and (25) apply CFD simulations
to steam ejectors employed in refrigeration cycles. In particular, (25) exploits
CFD (Fluent package, k-! SST and realizable k-") to investigate the e�ects
of the geometries of primary nozzles onto the ejector performances. Eight
of those nozzles are tested, and the e�ect of the Mach number is addressed.
However, the geometry of the mixing chamber is �xeda priori . Moreover,
CFD outcomes are compared to experiments found in literature. The k-!
is better validated by the experiments and optimal conditions are reached
using only one of the eight nozzles and a �ow with a Mach number equal to
4. This study concludes that CFD is a suitable tool to investigate ejector
performances and that the selected primary nozzles have great in�uence on
them.
In conclusion, apart from (32), no studies relative to aerosol mixing cham-
bers and the in�uence of their geometry were found. On the other hand, this
literature review draws attention on di�erent mixing chamber types and on
successful CFD simulations. In some cases, those simulations are validated
by experiments at speci�c working points of the systems, and then used to
draw conclusions at di�erent working points, which cannot be easily tested
experimentally.

8



Aerosol Mixing Chamber Andrea GIORDANO

1.4 Goals

The general purpose of this master's project is to contribute to the design of
the reference aerosol calibration infrastructure mentioned among the Aero-
Tox goals. In other words, to develop a chamber where pure air and particles
are mixed and the resulting aerosol has the mosthomogeneous concentration
as possible. This master's project does not start from scratches. It continues
the research carried out by the Partikle und Aerosol Labor, in particular by
Dr. Stefan Horender, Mr. Kevin Auderset and Dr. Konstantina Vasilatou.
Their current e�orts are focused on reducing the dimension of the facility pre-
sented in (32). In terms of concentration, at the outlet their infrastructure
presents a spatial homogeneity within 1.1%. The primary research question
this master's thesis addresses is:"how much can the mixing chamber dimen-
sions be reduced without a�ecting the concentration homogeneity of the new
born aerosol at its outlet?"Indeed, this kind of chamber lies vertically. Also,
the original METAS mixing chamber is more than 4 meter long. To use it, a
dedicated laboratory is needed. Currently, the ideal target length has been
set to less than a meter. This allows a comfortable usage and the possibility
to easily transport the infrastructure. Another topic of discussion are the �ow
rates. The mixing chamber presented in (32) operates with a total air�ow of
180 L/min. The infrastructure currently investigated at METAS is as big as
1
3 of the original and needs only 60.5 L/min. Thus, the secondary research
question is: "how much can the mixing chamber air�ow be reduced without
a�ecting the concentration homogeneity of the aerosol?"The reduction just
pointed out is simply due to dimensions. Indeed, the longer chamber a �ow
of 120 L/min in the main pipe, whereas the shorter of 40 L/min. Their main
pipes diameters measure 0.164 m and 0.051 m respectively. Therefore, the
Reynolds number does not vary signi�cantly (Re1 = 1035 and Re2 = 1132)
and the two �ows are equivalent. Instead, the current master's project aims
at further reducing the �ow rates, in order to diminish the Reynolds number
too.
In addition, the designed mixing chamber should achieve satisfying concen-
tration goals with di�erent particle size distributions. Given the focus on
urban simulated aerosols, the peaks in size distribution are presented in Fig-
ure 1. This aspect is mainly tested experimentally (see section 5), using salt
particles (NaCl) and polystyrene latex (PSL).
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Figure 1: Size distribution of urban aerosol, showing peaks at 50 nm, 500
nm and 10� m. Source:

1.5 Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics consists in solving numerically the Navier
Stokes (N.S.) equations, implementing speci�c algorithms on computers. The
N.S. equation describe the motion of Newtonian �uids, but are extremely
complicated to solve. They are a system of non-linear, coupled, Partial Dif-
ferential Equations (PDEs). More in detail, their analytic solution exists
and is known only in speci�c cases. There is no proof that such a solution
exists for all �ows. On the other hand, research and applied sciences are ev-
ery day more interested in complicated �ows, often unstationary or involving
unusual 3D geometries. In many cases, CFD is the only tool to obtain whole
�elds of quantities related to the �ow. For all these reasons, it �nds many
applications in nowadays world. Examples are the developing �ow in a pipe,
the combustion of air-gasoline mixtures in an engine, the aerodynamics of a
vehicle, tomorrow's weather forecasts...

The expressionsolving numericallymeans approximating the PDEs describ-
ing the �ow with solvable equations (23). As many options are available, the
goal is to �nd simple equations which still model the phenomenon in a real-
istic manner. In every day language, the di�erences between exact and CFD
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solutions are often addressed astruncation errors. However, this statement
is incomplete. The main source of CFD inaccuracies are due to the solved
equations being di�erent, and thus the modelled phenomenon not entirely
sticking to reality. This is the reason why phenomena asarti�cial viscosity
take place. They have nothing to do with the �ow, but only with the solved
equations, which in this case allow a higher viscosity than the original ones.
In conclusion, it is up to the ability of the user to model the �ow properly.
Fortunately, complete simulation software are now available and many of
them feature useful Graphic User Interfaces (GUIs), where the most of the
models/con�gurations are clearly pointed out.

The origins of CFD date back to the earliest approaches to the Navier-
Stokes equations. Many common models were �rst conceived decades ago.
An example is the k-" turbulent model, which fundamentals were designed
by Kolmogorov in the 1940s. Back then, computers were the bottleneck.
Though, from the 1980s on, su�cient computational infrastructure became
available. Consequently, huge e�orts were performed to optimize algorithms,
implement existing models and invent new ones.

Key elements of a CFD simulation are thedomain, the mesh, the bound-
ary conditions and the selected equations, be it a complete numerical simu-
lation of the N.S. equations or the implementation of a simpler model (see
subsection 3.1.2).

1.5.1 Advantages and Disadvantages

The construction of any infrastructures is a resource-demanding activity. In
addition, design processes are rarely linear, but many times proceed by think-
ing and then discarding or con�rming new ideas. The use of simulation soft-
ware derives from the need of speeding design and testing related activities
and of reducing costs. In addition to these general advantages, CFD sim-
ulations allow users to havebetter understanding of the �ow, by providing
quantitative data (values, functions, derivatives...) of all variables in every
point of the domain. This is very complicated to achieve in experiments, and
impossible to realize in the meantime. Moreover,parametric geometriesare
easily set up: this allows users to test di�erent con�gurations/versions of the
same product. Finally,any boundary conditionscan be implemented.
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On the other hand, CFD simulations can be misleading. Improper or sim-
pli�ed models, or wrong boundary conditions can easily lead to false results.
Other sources of error are the number of computations per time step and
interpolations. The resolution of the mesh plays a major role in the precision
of the outcomes. To properly exploit CFD, users are supposed to understand
the physical phenomena they are modelling and quantitatively imagine what
the solution looks like. Hence,validation using observation/experiments is
necessary. Moreover, today's professional software are often provided un-
der strict licences, which hardly allow to export or postprocess �les to/with
other programs. In addition, when running complete CFD simulations as
Large Eddy Simulations (LED) or Direct Numerical Simulations (DNS) (see
subsection 3.1.2), computational costs rise and advanced infrastructures may
be needed.

In conclusion, CFD simulations can bring bene�ts to design and test pro-
cesses. They can be de�nedvirtual experiments, but their �ndings have to
be con�rmed by real ones. For this reason, to achieve the goals of this mas-
ter's project, both CFD simulations and experimentsare performed.

2 Experimental Methodology

2.1 Setup of the Mixing Chamber

The mixing chamber this project refers to is the result of previous work per-
formed at METAS and is presented in Figure 2. In particular, it is a smaller
version of the chamber discussed in (32). It is a modular structure: it is the
sum of an inlet pipe, a central segment and an exhaust pipe. By removing,
adding or changing the central segments it can be elongated or shortened.
This a major advantage to increase thetransportability, one of the goals dis-
cussed in subsection 1.4. Starting from top, the mixing chamber features two
sets of inlets. Those on the very top are welded on a �ange clamped to the
inlet pipe. Geometrically, they are aligned with the chamber's longitudinal
axis. Instead, those on the side are inclined and thus are welded directly on
the inlet pipe (CAD drawing in Figure 3). They are addressed asslanted
inlets. All inlets have a diameter of 4 mm. Below the inlet pipe, the central
segment connects to the exhaust, at the bottom. It is available in di�erent
lengths and determines the dimensions of the infrastructure. Instead, in-
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let pipe and exhaust pipe have a �xed size. In every point, the diameter of
the chamber is 5 cm. Finally, components are sealed to each other byclamps.

As shown in the longitudinal cross section in Figure 2, a probe is inserted
from the from the outlet at the very bottom. It is the sampling tool used
during experiments and connected to a particle counter. Thus, particle con-
centration is not measured at the very bottom of the pipe, but at the upper
end of the probe, which is 22 cm long. Furthermore, the chamber is operated
vertically: to prevent it from accidental tilting and falling, a holding struc-
ture is provided. It is connected to the mixing chamber through a clamp
embracing the central segment of the pipe.

The structure of the chamber aims at increase mixing. On the very top,
7 are the inlets on the �ange: 6 of them draw a circumference centered on
the mixing chamber longitudinal axis. They all provide pure air. Instead, the
seventh inlet is placed in the centre (in correspondence with the chamber's
longitudinal axis), and injects a �ow of both air and particles. The inlets on
the side are inclined of 30degwith respect to the chamber's longitudinal axis.
They are created on purpose to stimulate vortex structures for the mixing.
These inlets inject pure air.

2.2 Reynolds Number

The Reynolds number is asimilitude parameter which allows to extract the
fundamentals of any �ows. It is de�ned as follows:

Re =
�UL

�
=

UL
�

(1)

where � is the �uid density, U its bulk velocity, L the characteristic length
and � the dynamic viscosity. The latter can also be expressed as� = � � � ,
where � is the kinematic viscosity. As the Reynolds number is the ratio of
inertia to viscous forces, its physical meaning is the power relation between
these two quantities. Except for the characteristic length and the bulk veloc-
ity, all variables involved in the Reynolds number represent �uid properties.
In case of �ow in a pipe, the characteristic length is the diameter of the
pipe. Furthermore, when the Reynolds number is smaller than 2000, the
�ow is laminar. Its velocity �eld is ordered, there is high momentum di�u-
sion and low convection. Thus, little or no mixing (only given by di�usion).
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Instead, when the Reynolds number overcomes 2300, the �ow becomes tur-
bulent. This regime is chaotic, features high convection, dispersion, vortexes
and swirls and thus provides high mixing.

The mixing chamber here analyzed presents di�erent pipes (inlets and main
pipe). Their diameters di�er of an order of magnitude. When categorizing
the �ow regime, the choice between the Reynolds numbers is important. In-
deed, with the operating �ow rates, the two Reynolds numbers are one below
and one above the transition value (� 2300). When considering the main
pipe, with a diameter of0:05 m and a total �ow of 60 L/min, the resulting
Reynolds number is 1700 (laminar). Instead, when considering the slanted
inlets, with a diameter of 0:004 m and a total �ow of 6:67 L/min, the re-
sulting Reynolds number is 2400 (de�nitely turbulent). On the other hand,
when leaving the inlets the nature of the �ow cannot change so abruptly.
The correct way to de�ne the �ow regime is to use the Reynolds number
of the chamber region that in�uences the �ow. Further insights about this
topic are discussed is subsection 4.1.
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Figure 2: CAD drawing: frontal, side, top projection and longitudinal cross-
section of the mixing chamber and its holding structure
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Figure 3: CAD drawing: top, frontal projection and longitudinal cross-
section of the inlet pipe positioned on top of the mixing chamber

16



Aerosol Mixing Chamber Andrea GIORDANO

3 Numerical Methodology

In the following section, the chosen CFD software, the selected numerical
models and the theory behind them are discussed. A brief introduction to
turbulence and the mixing mechanisms is also provided.

3.1 Theoretical Premises

3.1.1 Turbulence and Navier Stokes equations

According to (10), the "essential feature of turbulent �ows is that the ve-
locity �eld varies signi�cantly and irregularly in both time and space."More
in detail, turbulent �ows are chaotic �ow regimes where energy is injected
at large scales and is dissipated at small scales by viscosity. This transport
mechanisms is addressed asinertial cascadeand is caused by inertia. Qual-
itatively, turbulence is characterized bystreaks, strain regions and swirls.
Their interaction is complicated because they often merge and split. In ad-
dition to this, regions where the particles' vorticity is particularly high are
named eddies. They involve di�erent scales, from the dimension of the en-
tire turbulent region down to that of a boundary layer. In particular, the
higher the Reynolds number, the smaller the tiniest eddies will be. Quanti-
tatively, turbulent �ows are characterized by high Reynolds numbers. Thus,
in all �ow regions (apart from boundary layers), inertia prevails over viscous
forces. Finally, the order of magnitude of the Reynolds number is equal to
the ratio of the largest eddy scale to the smallest one.

The Navier-Stokes (N.S.) equations describe the motion of all Newtonian
�uids. Solving them would unlock the complete knowledge any �ows, includ-
ing turbulent regimes. However, they are a set of coupled non-linear Par-
tial Di�erential Equations (PDEs), and their analytic solution is unknown1.
Moreover, there is no demonstration stating that an analytic solution always
exists. In many cases, and especially when modelling turbulence, the N.S.
equations are solved numerically.

1Precisely, analytic solutions exist for some speci�c cases, where some quantities or a
dimension can be neglected. An example iscreeping �ow, where Re� 1
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3.1.2 Numerical Implementation of Turbulent Flows

There are two main ways to compute turbulent �ows: solving the Navier-
Stokes equations numerically, or making additional assumptions and build a
so-calledturbulence model. In the �rst case, Direct Numerical Simulations
(DNS) come into play. They are computationally expensive, but calculate
every scale of the turbulent �ow. Typically, DNS are performed on powerful
computing facilities. On the other hand, turbulent models neglect some
scales: Large Eddy Simulations (LES) do not solve the smaller scales, nor do
the k-" models. Despite being less accurate, turbulent models are still valid
and widely-used tools: they are computationally cheaper and most of them
can be run on modest hardware.

3.1.3 Reynolds Averaged Navier-Stokes Equations

Despite being deterministic, turbulent systems are chaotic and thus non-
reproducible. To overcome this limit, Reynolds developed astatistical de-
scription of turbulence by averaging in time all Navier-Stokes equations. He
gave birth to the Reynolds Averaged Navier-Stokes (RANS) equations. Orig-
inal N.S. quantities (asui (x; t )) are then described as follows:

ui (~x; t) = Ui (~x; t) + u0
i (~x; t) (2)

where U is the time averaged value and u' the instantaneous �uctuations.
According to the nature of the turbulent �ow, averaged quantities are con-
stant or time dependent. In case they are constant, the turbulent system
is stationary and is commonly addressed asstatistically stationary. Thus,
average quantities lose their time dependence:

ui (~x; t) = Ui (~x) + u0
i (~x; t) (3)

Conversely, for unstationary turbulent �ows equation 3 remains unchanged.
Despite this, Reynolds averaging works as a�lter and brings an advantage:
the time variation of averaged values is much smoother than instantaneous
�uctuations. In particular, the larger the time interval on which averages
were performed, the smoother those averages will be. An example is provided
in Figure 4.
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Figure 4: Smoothing e�ect of averaging process in an unsteady turbulent
�ow. The dot line is the average of the solid line. Source: (33)

RANS equations describing a statistically stationary �ow are found below.
They consider an incompressible �uid with constant properties (viscosity and
density independent of temperature):

@Ui
@xi

= 0 (4)

�U j
@Ui
@xj

= �
@P
@xi

+
@

@xj
(� ij � � u0

j u
0
i ) (5)

with � ij = � ( @Ui
@xj

+ @Uj
@xi

).
While equation 4 is scalar, equation 5 is vectorial. Thus, for such a system
there are four linearly independent equations. Strictly speaking, RANS are
not equivalent to the original N.S. equations: an additional tensor (� u0

j u
0
i )

appears in the right hand-side of the momentum balance equation. It is ad-
dressed asReynolds stress tensorand expresses the e�ects of instantaneous
�uctuations on the average values. It comes out as a consequence of the av-
eraging process, which gets rid of the time dimension. Its components bring
in other 6 unknowns.

In conclusion, there are 10 unknowns: 3 velocity components, 6 Reynolds
stresses and pressure. On the other hand, only four linearly independent
equations are available: the system cannot be solved.

3.1.4 Closure models

To solve the RANS equations,closure modelsare necessary. Their intent is
to make further hypothesis about the Reynolds stresses, express them inde-
pendently of instantaneous velocities, and write additional equations. As a
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consequence, solving the RANS equations means obtaining the average val-
ues of the velocity �eld, but not its �uctuations.

Over the years, many closure models have been formulated, each of them
with advantages and shortcomings. It is in the interest of the user to check
whether such assumptions are compatible with their speci�c �ow.

3.2 Comparison of Di�erent Software

Initially, the software considered to perform numeric simulations were COM-
SOL Multiphysics and ANSYS Fluent. The former uses a Finite Element
Method (FEM) solver, whereas the latter a Finite Volume Method (FVM)
solver. The main di�erence lies in theconservativenature of the FVM, clearly
an advantage in CFD. Indeed, FVM de�nes a virtual volume (called control
volume) for each mesh node and, exploiting the Green Gauss' theorem, trans-
forms all volume integrals with divergence terms into �uxes. The sum of all
�uxes of each cell is then null. On the contrary, in FEM the conservation of
mass is not automatically veri�ed. In addition, both software are known to
be versatile, but in COMSOL it is possible to de�ne and solve new PDEs.
Instead, in ANSYS it is not designed for customized PDEs, but is in general
more optimized and e�cient with built in models. Finally, COMSOL has an
intuitive Graphic User Interface (GUI) and is much more user-friendly than
ANSYS.

For all the above reasons, COMSOL was selected over ANSYS. In addition,
METAS has been purchasing COSMOL licence for more than �ve years.
Carrying out this project with COMSOL is an opportunity for METAS to
investigate whether another solver is necessary for CFD.

3.3 Numerical Models

3.3.1 k- " Model

The k-" is a closure model of particular interest, as it employs modest compu-
tational resources. Brie�y, its additional equations are related to the trans-
port of turbulent kinetic energy and its dissipation. Its hypothesis regards
the turbulent viscosity and its main downside is that it does not perform well
with adverse pressure gradients and low Reynolds number �ows. This model
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was �rst proposed (standard k-") in (2) and then improved in (3). Further
details are given below.

To understand the main assumption of this model, a brief �ashback is nec-
essary. In 1877 Boussinesq linked the total stresses (� tot = � ij � � turb =
� ij � � u0

j u
0
i ) to the gradient of the average velocity �eldU (Boussinesq as-

sumption):

� tot = ( � + � T )
dU
dy

(6)

Equation 6 is clearly an analogy toNewton's shearing stressequation:

� = �
du
dy

(7)

In equation 7, the coe�cient � is the dynamic viscosity. It exclusively de-
pends on the �uid and its state. Instead, in equation 6 the dynamic viscosity
is corrected with a so-callededdy or turbulent viscosity, which depends on
the velocity of the �uid. This is the only way to work out the relation, as the
turbulent stresses are quadratically proportional to the velocity. (10) and
(27) show that equation 9 can be simpli�ed de�ning themixing length scale
lm . They come up to the following expressions:

� T = � T =� = l2
m

dU
dy

(8)

and thus:

� turb = l2
m (

dU
dy

)2 (9)

which de�nitely show that � T depends on the average velocity �eld.

On the other hand, the k-" model is based on the turbulent viscosity as-
sumption by Prandtl and Kolmogorov. According to dimensional analysis,
they de�ned it as:

� T := c
k

1
2

lm
(10)

However, since the turbulent kinetic energy and the turbulent dissipation are
de�ned as:

k :=
1
2

u0
i u

0
j (11)
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" := C"
k

3
2

lm
(12)

in the k-" model the turbulent viscosity is de�ned as:

� T = C�
k2

"
(13)

Finally, the main assumption of this model lies in theisotropy of the turbu-
lent viscosity.

The previous assumption alone is not su�cient to close the problem. Hence,
the k-" considers two additional transport equations:

@k
@t

+ U � r k = r � (( � +
� T

� k
)r k) + Pk � " (14)

@"
@t

+ U � r " = r � (( � +
� T

� "
)r " ) + C"1

"
k

P + C"2
"2

k
(15)

where Pk represents the production of turbulent kinetic energy. The �rst
equation isexact, whereas the second is an analogy for the dissipation". In
both of the equations, the �rst term on the left hand-side can be seen as a
Lagrangian derivative of k or" expressed in spatial coordinates (Dk

Dt and D�
Dt ).

Finally, coe�cients C"1 and C"2 are determined experimentally.

Wall Functions

Close to the wall, the basic assumption of the k-" model is not valid. In
the boundary layer, dissipation reaches its peak, and turbulent viscosity its
minimum. To overcome this problem, the last mesh cell does not touch the
wall, but leaves a small gap, calledlift-o� (� +

w ). The lift-o� is expressed in
viscous units, which are pure numbers:

� +
w =

� wut

�
(16)

whereut =
p

j� w=� j is the friction velocity and � w the stress tensor evaluated
at the wall. Through the lift-o�, the �ow is computed using analytic functions
calledwall functions. As an example, the velocity is calculated following Von
Karman's logarithmic law:

U+ =
U
ut

=
1
kv

log(� +
w ) + B (17)
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where kv is the Von Karman's constant. The universality of this law was
validated experimentally: for many �ows,kv = 0:4 and B = 5:2. The bound-
ary conditions applied to the velocity are the no penetration condition and a
shear stress condition. The latter ensures matching between the stress tensor
obtained with the velocity and the stress tensor calculated with pressure.
As shown, the wall functions do not consider the subviscous layer, but only
the logarithmic law. To further improve the wall �ow region, the k-" model
can be modi�ed, giving birth to the low-Re k-" model. This model exploits
a very thin mesh close to wall, but is computationally expensive.

3.3.2 Particle Tracing for Fluid Flow

Lagrangian vs Eulerian

When modelling the motion of a particle in �uid �ows, two descriptions
can be employed: theLagrangian (also known asmaterial) and the Eulerian
(also known asspatial). The former implies the observer to be integral with
the particle, whereas the latter focuses on a so-called control volume. When
this is the case, conservation laws or balance equations relative to all quan-
tities are written. The Eulerian perspective is clearly simpler, especially in
experiments: taking any kind of measurements in a �xed position is much
simpler than following a moving object. When it comes to practice though,
equations are treated with numerical solvers and stability issues must be
considered. In case of a Finite Element Method solver (as COMSOL Mul-
tiphysics), the Lagrangian description implies no restrictions on the Peclet
2 number: stability is always ensured. For this reason, only the material
description is treated in this chapter.

Mixing mechanisms

In case of turbulence, two are the mechanisms contributing to the mixing
of particles (dispersed phase) in a �ow (continuum phase):dispersion and
di�usion . The former is due to the chaotic nature of turbulence and its com-
plicated �ow structure, made of vortexes, eddies and swirls. Conversely, the
latter interests any situations featuring spatial concentration gradients.

2The Peclet number is a similarity parameter obtained as the ratio of the rate of
advection of a quantity by the �ow over the rate of di�usion in the same �ow.
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Dispersion

To better understand dispersion, one should think of a simple de�nition
of turbulence: a chaotic regime, thus extremely non linear, where the �ow
dissipates energy through viscous e�ects (27). Qualitatively, a turbulent
�ow is characterized by �uctuations of vorticity. Also, it is made of streaks,
strain regions and swirls. Their interaction is complicated because they of-
ten merge and split. Furthermore, the mixing of mass, thermal energy and
momentum reaches its maximum in theeddies, regions where the particles'
vorticity is particularly high. Mathematically speaking, the mixing of parti-
cles can be understood from the de�nition of chaotic system. Such a system
is deterministic, but the slightest change in the initial conditions causes the
deriving solutions to be unpredictably di�erent. In the current case, this is
great news: despite particle injection is performed in a little portion of the
inlet of the mixing chamber, their resulting position will be di�erent. This
mechanisms is addressed asturbulent dispersion.

Di�usion

From the Latin di�undere , to spread out, di�usion is a physical phenomenon
which takes place on di�erent scales. It can be molecular or atomic, in
which case it is addressed asbrownian motion. As mentioned above, being
it proportional to the opposite of the gradient, di�usion smooths out any
concentration di�erences. Generally, di�usion is modelled by Fick's Law:

J = � D
@c
@x

(18)

where J indicates the mass �ux along the reference coordinate (x), c indi-
cates the dispersed phase concentration and D is thedi�usivity , a coe�cient
depending on the nature of the dispersed phase. It is important to highlight
that in ensembles, di�usion does not move particles, but it simply spreads
them. Their averaged displacement will be null. Finally, when modelling
Brownian motion, random walk often comes into play. In particular, this is
implemented when the goal is to simulate the motion of particles following
the Lagrangian description in a turbulent �ow.
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Coupling

The term coupling has both a mathematical and a physical meaning. It
refers to the in�uence of one phenomenon onto another. This topic is of
particular interest in scienti�c computation, because the impacts of two or
more phenomena onto each other must be carefully quanti�ed. To keep it
simple, let's analyze the current case. It is clear that the dispersed phase
is transported by the continuum one, but does the presence of the former
signi�cantly in�uence the latter? The a�rmative case results in a two-way
coupling, whereas the negative in aone-way coupling. To respond to that
question, one must remember that the given aerosol is highly diluted. As
shown below, the volume fraction� vD of the dispersed phase is estimated to
be smaller than1% of � vC , the volume fraction of the continuum phase.

Vchamber � � � 2:52 � 75 = 1463cc � 1:5 � 103cm3 (19)

� v is estimated by accounting for approximately104 particles per cubic cen-
timeter (d = 1 �m ):

Nparticles � 1:5 � 103 � 104 = 1:5 � 107 (20)

and then

Nparticles � Vparticles � 1:5 � 107 � 4 � (0:5 � 10� 6)3 � 7:5 � 10� 12m3 (21)

and
� vD

� vC
=

Nparticles � Vparticles

Vchamber � Nparticles � Vparticles
� 10� 6 < 0:01 (22)

Despite this, before rushing to theone-way couplingoption, (20) suggests to
evaluate the mass fraction� m too. Logically, the mass fraction is determined
multiplying the volume fraction by the ratio of the respective densities:

� mD = � vD �
� dispersed

� continuum
(23)

In conclusion, even if the density ratio is:

� dispersed

� continuum
=

2200kg/m 3

1:2 kg/m 3 � 1800 (24)

both � mD and � vD are negligible. Thus, as shown in (20), the one-way cou-
pling option can be safely picked.
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In general, the coupling options among which one has to choose are not
only the one-way and two-way coupling. By increasing the mass and the
volume fraction of the dispersed phase, mutual particle interactions have to
be taken into account. This case goes under the name offour-way coupling.
Below, a summarizing picture (Figure 5) from the COMSOL Multiphysics
manual (34) is shown. Here, the above mentioned coupling options are listed.
At the bottom of the image, the ultimate case is displayed: mass and vol-
ume fraction are so high that the mathematical description of the model is
insu�cient. The computation is then unsuccessful.

Figure 5: One-way (Sparse �ow), two-way (Diluted �ow) and four-way (Dis-
persed �ow) coupling modalities; Dense �ow (solver unsuccessful). Source:
(34)
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Mathematical Formulation

While implementing a Lagrangian description of the particle motion, the
computer solves an Ordinary Di�erential Equations (ODEs) per time step.
They all correspond to Newton's Second Law of dyamics:

d
dt

(mp~v) = ~Fext (25)

wheremp represents the particle mass,~v is the particle velocity vector (~v =
d~q
dt , ~q being the particle position vector) and ~Fext is the sum of all external
forces applied on the particle. In the present case, particle mass does not
vary in time. Thus, the previous equation becomes:

mp
d
dt

~v = ~Fext (26)

It is now fundamental to list all external forces applied on the particles:

� Particle-�uid �ow interaction force;

� Gravity force;

� Buoyancy force.

The �rst element is clearly fundamental because it depends on the di�erence
between particle and �uid velocities (see previous subsection). The kind of
dependence will be determined by the Reynolds number. Conversely, gravity
and buoyancy forces signi�cance has to be evaluated.

Particle-�uid �ow interaction force

The Reynolds number of the �ow around the particle is:

Rep =
dp(U � V)

�
(27)

In order to understand the dominant �ow regime, it is necessary to calculate
the maximum value of the Reynolds number. Thus, let's select

� U = 10m/s, as the maximum speed found when computing the �ow
with the K- � turbulent model is approximately 25m/s;
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� V = 0m/s, to imagine the worst possible scenario: the particle is in-
jected with null speed in the fastest portion of the �ow.

Then, the highest possibleReynolds number is:

Rep =
dp(U � V)

�
=

10� 6 � 10
1; 5 � 10� 5

= 0:67

It is probably overestimated by an order of magnitude, thus viscous forces
prevail upon inertia. Therefore, the selected interaction force in the solver is
Stokes drag, according to which:

FSt = 6��r p(~u � ~v) (28)

where~v is the particle velocity, and~u the �uid velocity.

Stokes law is obtained from the Navier-Stokes equations (27). To do so, it
is necessary tonon-dimensionalizethem and get rid of the negligible terms
exploiting the low Reynolds number assumption. The creeping �ow equa-
tions are then obtained. They are know for their particular properties, one
of them beingtime-reversibility. Now, Stokes law is obtained integrating the
pressure on the surface of a sphere.

Stokes Drag vs Aerodynamic Forces

Analyzing Stokes drag law, it is interesting to notice that the dependence on
the velocity is not squared, but linear. When dealing with higher Reynolds
numbers, aerodynamic forces are quadratically proportional to the velocities,
indeed:

D =
1
2

�V 2CD S (29)

Aerodynamic forces are directly proportional to thedynamic pressuretimes
the interested surface. The proportionality coe�cient CL or CD depends on
the speci�c case (Reynolds number, shape of the body, ...) and is usually
determined experimentally (see Figure 6).
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