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Abstract

The demand for nanoparticles in various applications is increasing. These applications
can only be realised if nanoparticles can be specifically arranged and patterned on a
substrate. This thesis considers a direct write method that uses an aerodynamic focusing
nozzle to deposit these particles. A major challenge arises when the nanoparticles are
decreased in size. This research studies the control of the deposition resolution of small
sized nanoparticles (≤ 10 nm) in an aerosol flow.

A FEM model was developed to describe the particle’s path. These models were
made for a converging and converging sheath gas nozzle. Due to the small particle sizes
considered, it was found that only the Stokes (drag) force needs to be accounted for during
modelling. The effect of different nozzle exit throat, working distance, angle and flow
rate configurations are studied. Nozzle designs were evaluated using three performance
criteria, namely the contraction factor, focusing ratio and line width. These describe the
contraction of the particles within the nozzle system, the focusing after the nozzle system
and the width of the line, respectively.

It was found that smaller angles, longer converging sections and higher velocities re-
sulted in smaller line widths. Also, the contraction factor hardly depends on the particle
size. Smaller nozzle exit throats have significantly higher focusing ratios for particles
smaller than 10 nm. The working distance does not effect the contraction factor directly,
indicating capabilities of deposition on non-flat surfaces.

The converging nozzles can only deposit ≤10 nm particles if the nozzle exits are suffi-
ciently small. This can cause clogging. The focusing ratios, in these nozzles, never exceeds
the value of one, indicating always a larger line width than the nozzle exit diameter.

In the sheath gas nozzle system, high sheath gas ratios are essential for increasing the
contraction factor and particle velocity. This prevents clogging. Introducing the sheath
gas earlier in the nozzle system is more effective than at the end.

The best modelled contraction factor, focusing ratio and line width achieved, using 10
nm particles, with a converging nozzle are 1.0, 0.4 and 874 microns, respectively. This
nozzle has a nozzle exit throat of 400 microns and an angle of 10 degrees. However, a
modelled contraction factor of 9.3, focusing ratio of 3.8 and line width of 104 microns are
achieved using a converging sheath gas nozzle with a nozzle throat of 400 microns and an
angle of 5 degrees. Narrower line widths are expected if the throat diameters are reduced.

For the experiments, a setup was used in which nanoparticles are generated using a
spark ablation method. During these experiments it was seen that the maximum flow rate
is mainly dependent on the nozzle exit throat of the aerosol channel. The line widths,
during experimenting, were found to be wider due to inaccuracies in the stage and the
differences in settings between the model and setup.
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List of Symbols

The symbols are given in chronological order of this thesis.

FSt [N] Stokes force
FBa [N] Basset force
FVm [N] Virtual mass force
FPs [N] Pressure gradient force
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FMa [N] Magnes lift force
FSa [N] Lift force
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ρp [kg/m3] Particle density
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cM [-] Added mass coefficient
m [kg] Particle mass
g [ms−2] Gravitational acceleration
ω [m/s] Vorticity of the medium surrounding the particle
Ω [rad/s] Angular velocity of the particle
R [m] Capillary radius
ex [-] Horizontal unit vector
ey [-] Vertical unit vector
Rep [-] Reynolds particle number
U [m/s] Particle velocity field
Up [m/s] Fluid velocity field
Cm [kg/m3] Particle mass variation concentration
η [-] Contraction factor
r0 [m] Radial position of particle before lens
rp [m] Radial position of particle after lens
Dp [m] Particle diameter
Cs [-] Correction factor for Stokes law
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fd [-] Correction factor for Stokes law
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S∗ [-] Stokes critical value
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Chapter 1

Introduction

There is an increasing demand for nanoparticles, in the improvement and development of
various applications, due to their unique properties. These nanotechnology applications
can be found all around us, for example in food products, car coating and drug delivery.
[1]

Additive manufacturing (AM) methods use information from a computer-aided design
(CAD) file and convert this into a stereolithography (STL) file. [2] These methods are
nowadays also used to produce products in the sub-micrometer and -nanometer scale. This
category is very useful and relevant when considering the nanotechnology branch. In this
branch, precision development of products is key.

Direct Writing (DW) is a flexible multi-length scale processes family for depositing
functional materials on a substrate in order to form simple linear or complex conformal
structures. [3] This is, for example, used in different kinds of sensors, film transistors
[4], interconnects [5], solar cell grid contacts and RFID antennas [6]. The most impor-
tant advantage of these technique are their wide product and manufacturing flexibility.
Flow-based and droplet-based DW, are two popular ways to deposit particles within this
category. These techniques are not typical high precision printers for DW. However, the
writing speed and volume are usually higher than other techniques. These techniques also
usually have more writing freedom, which makes it possible to write on different kinds of
surfaces and roughnesses. For these (nano)particles to be deposited correctly, they have
to be well focused. This focusing is often created by using a good nozzle system. Design-
ing such a nozzle system for relatively small (nano)particles is very challenging since the
focusing then becomes significantly more difficult than for larger particles.

The aim of this thesis is to research: how to control the deposition resolution of an
aerosol flow of small (≤10 nm) nanoparticles. The setup that is improved for focusing is
the Spark Ablation Method (SAM) setup. This is a DW machine, based in the Precision
and Microsystems Engineering (PME) department of Delfts University of Technology (TU
Delft), that generates (metal) nanoparticles inline. After gaining the information needed,
to be able to control the resolution of deposition of the nanoparticles, three proposed noz-
zle designs are given.

This thesis is structured as follows, firstly the DW field is briefly explained. Hereafter,
the research approach and the problem statement are given. The physics of the aerosol, the
focusing of the nozzle and examples of focusing nozzles are given in chapter 2. Chapter 3,
describes the Finite Element Method (FEM) models that are constructed, using COMSOL,
to understand how to control the resolution of deposition of nanoparticles. This chapter
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CHAPTER 1. INTRODUCTION

is followed by a chapter that compares the different types of nozzles modelled in the
previous chapter. Chapter 5 gives the modelling results of the proposed nozzles, the
modifications made to the original SAM setup and an elaboration on the production of
these nozzles. This chapter is concluded by showing a few experimental results done with
the nozzles. Finally, the conclusions and recommendations are stated in the last two
chapters, respectively.

1.1 State-of-the-Art

The AM method that is considered in this thesis is DW. In this section, a brief explanation
of nanoparticles is firstly given. Hereafter, the State-of-the-Art of the DW techniques
available is discussed.

1.1.1 Nanoparticles

Particles are categorized as nanoparticles when they have dimensions that are smaller
than 100 nm. Single (nano)particles can combine and become larger particles (aggre-
gates). Aggregates with covalent, ionic or metallic bonds are formed when the primary
particles contact each other at edges and surfaces. Shear stress cannot break these aggre-
gates further down. Agglomerates with weak bonds are formed when particles contact each
other. As mentioned, these weak forces are usually due to covalent, ionic bonds working
on a small contact area, but they can also be caused by Van der Waals forces. Not only
the size of nanoparticles is an important characteristic, but also morphology, composition,
the nature of the interfaces and distribution of phases (if multi-phases is considered) are
of importance. [7]
These nanoparticles are used for various reasons. One of the reasons is that they have a
high driving force for diffusion due to the high surface to volume ratio. This is specifically
at higher temperatures. This then implies that these nanoparticles can be sintered over
shorter time scales at lower temperatures than larger particles. The thermodynamic prop-
erties are changed due to the surface free energy. This also results in a reduced melting
point. [8] So, due to the small dimensions of nanoparticles and the changing characteristics
of the same material, these nanoparticles are used in multiple products as stated earlier
in the introduction.

1.1.2 Direct writing

DW technologies can be classified in roughly four main categories as mentioned by Hon
et al. [3]. However, most of the following techniques use particle diameters of ≥100 nm.
Figure 1.1 shows a compact classification of the DW field. The bold terms in this chart,
indicates what is further discussed in this thesis. This overview is briefly elaborated on in
this section.

The first category made, is the flow-based DW. Here, the delivery of the material is
flowable and gas is used during the process. This technique uses technologies such as the
MicroPen and the nScript with an orifice or needle for the micro dispensing. This system
then can continuously deposit features with speeds between 0.1 mm/s and 300 mm/s.
These features can be as small as roughly 25 µm, the flow rates are in the nL/s range,
viscosity from 0.5 MPa s to 106 MPa s. This allows to deposit a large amount of different
ink compositions. [3]

6



1.1. STATE-OF-THE-ART

Figure 1.1: A compact summary chart of the direct write field, where the bold terms indicate
the focus of this research.

Most flow-based techniques are wet or dry systems that do not produce the particles
inline. The deposited droplet diameter and line width are approximately 5-100 µm and
25-400 µm, respectively. The particle diameter within these droplets are approximately
0.5-2 µm. [3, 9]

Within flow-based DW there are different methods that can be distinguished to create
local patterns (i.e. to do a selective patterning): focusing the beam, local trapping of
particles from a flow or masking. There are roughly three ways to focus the beam: aero-
dynamic focusing (nozzle based), electrostatic focusing and magnetic focusing. There are
different nozzle types within aerodynamic focusing: converging (C), converging-diverging
(CD), aerodynamic lenses (AL), converging-diverging-converging (CDC), capillary (Ca)
and sheath gas (SG) nozzles. These nozzles are discussed in section 2.5.

The second category is called energy beam based DW because it uses technologies
that are equipped with high-power lasers. The material on the substrate is transformed
and/or propelled by the use of these lasers. A variety of techniques are covered by laser-
based systems such as: matrix-assisted pulsed laser evaporation DW (MAPLE-DW), laser-
enhanced electroless plating (LEEP), laser-guided DW (LGDW) [10], laser-engineered net
shaping (LENS) [11], and Mesoscribe Technologies [12]. Laser-trimming the patterns can
realize writing features with resolution on the line width down to 2 µm [13]. Some non-
laser-based approaches such as focused ion beam DW are also included in this category.
Using gallium and precursor gases volumetric print rates of 0.05 µm3/s and features down
to 80nm can be written [3].

Most energy beam based techniques are dry systems that can both can produce parti-
cles inline or not inline. The deposited particle diameter and line width are approximately
0.05-10 µm and 0.1-50 µm, respectively. [3, 10, 11, 12, 13, 14, 15]

The third category is called tip-based DW. As the name already indicates, this category
uses techniques that use their tips to write. Nano fountain pen (NFP), capillary-based
liquid microdroplet deposition and dip pen nanolithography (DPN) are tip-based DW
technologies [16]. Non capillary tip-based DW techniques can reach down to sub-100 nm
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CHAPTER 1. INTRODUCTION

resolution, where the capillary based only reached a maximum resolution of 32 µm. All
techniques are either very close to or touch the substrate when writing.

Most tip-based techniques are wet systems that do not produce the particles inline.
The deposited droplet diameter and line width are approximately 0.1-10 µm and 0.05-50
µm, respectively. [3, 16]

The last category discussed is called droplet-based DW. Within this category droplets
containing (nano)particles are prouced and eventually deposited. A very popular tech-
nique within this category is the ”Inkjet printer”. This technology uses electrostatic,
hydro-dynamic, piezoelectric, acoustic and thermal energy to produce small droplets of
liquid. Hereafter, these droplets are ejected from a nozzle. There are two versions of this
technique: continuous inkjet (CIJ) and drop-on-demand (DOD). Using inkjet techniques
resolutions down to 20 µm are realized. For high-throughput operations the noncontact
approach is scalable, where hundreds to thousands of nozzles can be installed in a sin-
gle head. Since only a limited viscosity range is atomizable, inkjet is very sensitive to
the characteristics of the printing ink. Also, a certain volatility is required for correct
drying of the deposited ink. However, when the ink is too volatile nozzles can easily get
stuck. What complicates printing over nonplanar substrates in this technique, is that the
nozzle-to-substrate distance must be precisely controlled. [3]

Most droplet-based techniques are wet systems that do not produce the particles inline.
The deposited droplet diameter and line width are approximately 5-100 µm and 1-100 µm,
respectively. The particle diameter within these droplets are approximately 0.05-2 µm.
[3, 9, 17, 18, 19, 20, 21]

A subset of droplet-based DW is Aerosol-Based DW (A-DW). The definition of an
aerosol is a suspension of fine liquid or solid particles in a gas. A-DW technique is an
additive process which prints CAD/CAM features using machines that use a solid or
liquid beam. Collimated Aerosol Beam DW (CAB-DW) and Aerosol Jet are two A-DW
methods that are developed by North Dakota State University (NDSU) and Optomec,
respectively [17, 18]. Both techniques deposit material with sub-10 µm resolution using
a focused aerosol spray. Microcold spray (MCS) is an example of a method that uses a
solid feed and can be seen in fig. 1.2.

.

Figure 1.2: The Microcold spray system is shown in (a), where the deposition head of this
Microcold spray is shown in (b). This schematic overview is for solid aerosols and was made by
Bhattacharya et al. [20]

8



1.1. STATE-OF-THE-ART

This method deposits ductile metal particles onto a substrate after accelerating these
particles to near or above sonic velocities through a focusing nozzle [19, 20]. The main
difference between MCS, Aerosol Jet and CAB-DW is that MCS deposits lines that exhibit
conductivities near the bulk value without a thermal treatment afterwards.

Optomec [21] showed that when adding sheath gas to their nozzle in the Aerosol Jet
Printer, focusing was improved. The streamlines of the aerosol can then be focused to a
tenth of the nozzle orifice. This resulted in a minimum line width of approximately 10 µm.
However, the particles that were deposited are larger than the nanoparticle size range.

This technology (see fig. 1.3) roughly consists of two main parts, the Mist Generation
and the In-Flight-Processing [21].

Figure 1.3: A schematic representation of the Aerosol Jet Printer made by Optomec. [21]

The ”Mist Generation” part atomizes liquid raw material, which is done by the use
of an pneumatic or ultrasonic atomizer. After this step the aerosol is formed. Hereafter,
this aerosol flow needs to be focused and the droplets need to be eventually deposited.
This is done in the ”In-Flight-Processing” part. To focus this aerosol stream, a deposition
head is used that forms an annular, coaxial flow between this stream and a sheath gas
stream. This flow eventually exits the print head, and the droplets are deposited on the
substrate in front of it, through a nozzle. Focusing the aerosol with this technology, a
stream width of a tenth of the nozzle orifice can be achieved. This technology is CAD
driven, which means that from a standard ”.dxf file” a pattern is directly written. This
patterning is then made by placing a substrate on a surface, 1 to 5 mm from the nozzle
exit, and moving this by a computer-controlled system. However, the substrate can also
be fixed and the deposition head can be translated.

After this deposition process, a post process is often needed. This is usually done to
increase certain properties of the deposited material, such as electrical conductivity, or to
cure this deposited material. The post processing differs for different materials, mainly
because not all materials can handle the high-temperature post processing (ca. 250 ◦C).
However, a laser can be integrated in the system which enables sintering of the deposited
material while leaving the substrate unharmed.
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CHAPTER 1. INTRODUCTION

1.2 Problem statement and goal

Most research done on aerodynamic focusing only considers particles in the range of hun-
dreds of nanometer to hundreds of micrometers. Focusing the relatively small nanoparti-
cles is very challenging. When decreasing the size of the (nano)particles that are desired
to be deposited, these particles will be more likely to follow the streamlines when exiting
the nozzle due to their smaller relaxation time. [22] This results in less focusing after the
nozzle exit and wider line widths. This behaviour is further clarified in chapter 2.

This thesis focuses on being able to control the deposition of small nanoparticles.
Hence, the problem statement of the research is: Controlling the deposition resolution of
an aerosol flow of ≤10 nm nanoparticles. The setup available at the PME department in
TU Delft, is an aerosol DW method that uses aerodynamic focusing. It is chosen to study
the control of deposition of these small particles on this system. This setup is further
described in section 1.3. The desired goal of the project is: Designing a nozzle system
for a flow-based DW setup that controls the deposition resolution to aerodynamically focus
≤10 nm nanoparticles to a line width of approximately 100 µm. Section 1.4 explains what
method is used to manufacture these nozzle systems.

1.3 Direct write setup

The setup used is named the Spark Ablation Method (SAM). SAM is used to aerodynam-
ically focus the continuously generated nanoparticles inline. The discharge that is used in
this generator enables the system to produce metal or alloy nanoparticles (see fig. 1.4). To
generate these nanoparticles, two electrodes are placed in the same plane directly in front
of each other. The electrodes are then locally heated to very high temperatures (typically
20000 K [23]) which results in locally evaporation of the material.

Figure 1.4: A spark discharge generator that is also used at the Precision and Microsystems
Engineering department in Delfts University of Technology. [24]

Hereafter, a gas carries the vaporized materials (nanoparticles). In this setup this gas
is chosen to be argon. A high concentration of nanoparticles is formed due to that the
vapor cloud, that is formed by the electrodes, is very small compared to other evaporation-
condensation processes. This also results in relatively fast cooling below the boiling point.
[7] After the atoms leave the electrodes they start to coalescence and form, ca. 0 nm to 20
nm, spherical nanoparticles (primary particles). Hereafter, these primary particles start
to agglomerate and thus from (larger) differently shaped and sized (nano)particles. This
process is shown in fig. 1.5.

10



1.3. DIRECT WRITE SETUP

Figure 1.5: Generation of (nano)particles using the spark discharge generator used in the setup
at the Precision and Microsystems Engineering department in Delfts University of Technology. [24]

Thus, the result is an aerosol of argon gas mixed with polydisperse metal or alloy
nanoparticles. This aerosol is then is directed to a nozzle (in a vacuum chamber) which
significantly increases the velocity of the (nano)particles and eventually focuses these
(nano)particles on a substrate. [7] This setup is shown in fig. 1.6.

Figure 1.6: Original Spark ablation method setup.

A few experiments, on this setup, showed that the regular C nozzles reached a line
width of approximately 400-700 µm. However, the SAM setup also brings advantages to
the aerodynamic flow-based DW field. First, the flow is more pure, in the sense of the
particles in it. Since the system is inline everything happens at once, which results in no
additional contamination. Secondly, this system uses atmospheric pressure which makes
it easier to install. Also, the system uses electrodes that are only locally heated to create
the (nano)particles. This makes the electrodes in the system long lasting. Most setups use
cartridges that need to be replaced frequently. Finally, this setup has a high throughput.
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CHAPTER 1. INTRODUCTION

1.4 Approach

To be able to focus the small particles as desired, a (aerodynamic) focusing system needs
to be designed (nozzle). The two approaches used to design such a good nozzle are given
in the bullet points below.

• Shape and geometry - By manipulating the shape and geometry of the nozzle,
the streamline conditions and velocity of the particles in it can be varied. If this is
designed correctly, a shape can be manufactured to focus these nanoparticles to the
desired goal.

• Sheath gas - By making a nozzle with sheath gas implemented in it, the streamlines
can be focused in a certain direction. By using this technique the desired goal can
be achieved.

By changing the shape and geometry of the nozzle, the performance of the focusing
could be improved. To understand which shapes and geometries could positively influence
the resolution of deposition, the physics of aerosol and different nozzles are studied, as
given in chapter 2.

Implementing sheath gas should help increase the focusing. When adding sheath gas
to a nozzle, the particles that leave the nozzle are forced to stay near the centerline and
should eventually result in narrower lines when deposited. The designed nozzle should be
able to be connected to the sheath gas line of the system and be leak proof at the same time.

The two nozzles to be studied are: a regular C nozzle and a converging sheath gas
(CSG) nozzle. First, the regular C nozzle is modelled in COMSOL and studied. Hereafter,
different sheath gas flows are calculated and the CSG nozzle is studied using COMSOL.
Hereafter, the proposed nozzles are studied and printed. Finally, some experiments with
the designed nozzle are done. The design and operational parameters that are studied are
mentioned in the bullet points below.

• Design: The diameter of the exit of the nozzle (nozzle exit throat).

• Design: The sheath gas entry at different points (nozzle length) and angle of depo-
sition (angle).

• Operational: The distance to the substrate (working distance).

• Operational: Different distribution of the aerosol and sheath gas flow rates.

To be able to have more shape and material freedom when designing the nozzle sys-
tem, it is chosen to 3D print the nozzles. The Stereolithography (SLA) type 3D printer
is available at PME and is used to print the nozzles. This 3D-printer, prints with a reso-
lution of approximately 300 microns. [25, 26] There are a few materials that can be used
with the SLA printer: Acrylonitril-butadieen-styreen (ABS) tough and High Temperature
Mold 140V2 (HTM140V2). They are both polymers, however the latter one has a better
resolution. Hence, HTM140V2 is the material used to print the nozzles.
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1.5 Research questions

A few problems need to be solved to be able to reach the goal. These problems are
formulated in the research question and are given in the bullet points below.

• What model is capable of showing the deposition resolution of different nanoparticles
sizes and how is this model made?

• How do the shape and geometry of the nozzle influence the deposition resolution?

• How does the distance of the nozzle to the substrate influence the deposition reso-
lution?

• How does sheath gas influence the deposition resolution?

• How do these design and operational parameters influence different particle sizes?

• Can this polydisperse setup study the line width of small particles or is a size selector
needed?

At the end of this research one should be able to answer these questions.
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Chapter 2

Aerosol Science and Technology

To be able to control the resolution of deposition of nanoparticles, the physics of aerosols
needs to be understood. This chapter will first explain the general physics of aerosol
particles in a flow and the forces acting on it. Then, the trajectory of relatively small
particles in a flow are explained. Hereafter, the flow and collection of these particles
after exiting the nozzle is discussed. Finally, the different types of nozzles are given and
elaborated on.

2.1 Forces

The seven main forces that are acting on a particle in a fluid, when modelled as aerosol,
are given in eq. (2.1).∑

F = FSt + FBa + FVm + FPs + FGr + FMa + FSa (2.1)

In this formula FSt is the Stokes force, FBa is the Basset force, FV m is the virtual mass
force, FPs is the pressure gradient force, FGr is the buoyancy force, FMa is the Magnus
lift force and FSa is the Saffman lift force [17, 27, 28, 29, 30, 31, 32, 33, 34, 35]. Where
FSt, FBa, FV m, FPs, FGr, FMa and FSa calculate respectively the steady viscous drag
force, non-steady viscous drag force, inertia of fluid surrounding particle added to particle,
pressure gradient, force caused by gravity, lift force due to particle rotation and lift force
on a particle with local shear flow.

Not all seven forces are accounted for when considering small (nano)particles. Forces
are only accounted for if they are not negligible compared to the Stokes force. When using
particles in the range of 10 µm, the gravity force is negligible. It was found by Marshall
that the Basset force may be neglected [31]. The virtual mass force, Basset force and
pressure gradient force could be ignored according to Crowe et al. [29]. The maximum
particle diameter used in this research is 100 nm, which is much smaller than this. Akhatov
et al. stated that the two most important forces are the Stokes and Saffman forces [17].

The randomness of particles suspended in a fluid can be described by the Brownian
motion. This random motion is due to collision between the fast-moving molecules in the
fluid. This is shown in eq. (2.2).

|FSum | 2a ≤ kT (2.2)
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In this equation FSum are all the forces acting on the particle. This phenomena can
be neglected when the thermal energy kT is less than the energy that is needed to move
a particle a the same distance as its diameter. Considering room temperature the termal
energy will be kT = 4×10−21m2kgs−2. Using eq. (2.2), FSum has to be between 1×10−15N
and 1× 10−16N. The forces that will be used during this research will be much larger, so
the Brownian motion can be neglected.

The stokes force was found by George Gabriel Stokes [36] by developing the first
theoretical model for the forces acting on small spherical aerosol particles in a viscous
fluid under laminar flow conditions and thus also a small Reynolds number (Rep < 1).
By solving the Navier-Stokes equation (equations of motion) for laminar flow around a
cylinder and sphere, Stokes came up with the force on a particle as stated in eq. (2.3) [37,
38, 39]. This equation gives the force exerted.

FSt = 6πaµf (uf − up) (2.3)

In this equation µf , a and u − up are the fluid viscosity, particle radius and the fluid
velocity relative to the moving particle [37, 38, 39].

The Basset force can be important when considering high rate acceleration or deceler-
ation. Considering the acceleration of a sphere in the Stokes regime in a quiet fluid, this
force can be derived. The past acceleration on the drag is accounted for using this force.
[40] The Basset force is given in eq. (2.4).

FBa = 6a2
√

(πρfµ)

∫ t

0

(
duf/dt− dup/dt√

t− τ

)
dτ (2.4)

In this equation (t− τ) and ρf are the elapsed time since previous acceleration from 0
to t, where τ is the stokes relaxation time and the density of the fluid, respectively.

The ratio of the Basset to the Stokes force is given in eq. (2.5). [40]

εBa =
|FBa|
|FSt |

=

√
18ρfτ

πρpt
=

√
18ρfa2

πµt
(2.5)

For the Basset force to be large, the particles have to accelerated at a very high rate
(t << τ). Considering the maximum particle size to be 10 µm, which is much larger than
in our case, this would result in a t of 0.00004 s. In this research this would be even a
smaller number. Hence, this is not an acceleration that the particles will reach so that is
why the Basset force can be neglected.

The Virtual mass force is considered when looking at the inertia added to a system.
Deflection is caused when a solid body moves through a fluid or gas. Extra inertia will
be added, since the carrier and body cannot occupy the same physical space at the same
time. [41] This equation is given in eq. (2.6).

FVm = −cM
ρf
ρp
m

(
duf

dt
− dup

dt

)
(2.6)

In this equation m is the particle’s mass and cM is the added mass coefficient. This
coefficient is in case of a sphere equal to 0.5.
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Again, considering the largest effect of this force would be at the largest particle. This
force is calculated with a particle size of 10 µm, which is much larger than the particles con-
sidered in this research. Calculating the first parts results in: m ρf

ρp
= 4

3πρfa
3 = 5×10−15kg.

If steady state is assumed then duf
dt ≈ 0. For the term

dup

dt to be relevant it needs to scale
with 107. Since we already established in the Basset force that such high accelerations
will not be reached, this part of the equation will be too small. For this reason the Virtual
mass force can be neglected.

The difference in pressure across the surface is caused by the acceleration of external
flow past the particle. This is the pressure gradient force as given in eq. (2.7).

FPs = m
ρf
ρp

(
Duf

Dt

)
(2.7)

In this equation D/Dt is the rate of change with the time following a fluid particle.
This can also be written as: Duf

Dt = duf
dt − [(up − uf) · ∇] uf .

As shown in the Virtual masss force m ρf
ρp

= 5 × 10−15kg, which is a relatively small

digit. The term Duf
Dt can be neglected. So that is why the pressure gradient force can be

neglected.

To represent the weight of displaced medium the Buoyancy force is used. This force
buoys up a object that is partially immersed in a fluid or gas. This force is equal to the
weight of the fluid or gas displaced by this object. Equation (2.8) gives this force.

FBu = m

(
1− ρf

ρp

)
g (2.8)

In this equation g is the gravity constant. Equation (2.9) gives the ratio of the Buoy-
ancy to the Stokes force.

εBu =
|FBu|
|FSt|

=
2a2 (ρp − ρf) g
9µ (uf − up)

(2.9)

Since the Buoyancy force will only dominate if the relative velocity is significantly
small, this force can be neglected.

When the spinning of the particle has a specific velocity, a lift force can be caused.
[42] This force is the Magnus force. The velocity gradient of the flow causes a spin, this
results in a difference of velocity on the particles upper and lower side. The Magnus force
caused by this will push the particle to the higher velocity and is given in eq. (2.10). [40]

FMa = −3

4
m
ρf
ρp

(
1

2
ω −Ω

)
× (up − uf) (2.10)

In this equation ω and Ω are respectively the vorticity of the medium surrounding the
particle and the angular velocity of the particle.

The ratio of the Magnus to the Stokes force is given in eq. (2.11).

εMa =
|FMa|
|FSt|

∼=
a2ρfUf

6µR
(2.11)

In this equation Uf and R are respectively the carrier flow mean velocity and the Ca
radius.
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Since the particle size is squared, it can be seen that this force will only be dominant if
the particle size is large. For such small particles that will be considered in this research,
it is safe to say that this force can be neglected.

The lift force applied to aerosol particles in Poiseuille flow (simple laminar shear flow) is
the Saffman force. [34] This force was made by P.G. Saffman in 1965. [34] The magnitude
of the relative velocity and the rate of shear of the particle with respect to the fluid is
proportional to the lift. This force is calculated with eq. (2.12).

FSa = 6.46a2 (u− up)

√
ρfµf

∣∣∣∣∂u∂y
∣∣∣∣ sign

(
∂u

∂y

)
ey (2.12)

In this equation 6.46, u and up are a constant determined by Saffman due to numerical
integration [34], the axial velocity component of the gas and the axial velocity component
of the particle.

The ratio of the Saffman to the Stokes force is given in eq. (3.10).

εSa =
|FSa|
|FSt|

=
6.46

12π

√
Rep =

6.46

12π

√
2aρm |uf − up|

µ
(2.13)

As can be seen this force has a larger range of particle size where it is still dominant.
For this reason the Saffman force could also be considered as a dominant force. However,
this force can be neglected for maximum particle diameters of 100 nm. The calculation to
show this for this research is given in section 3.2.2.

2.2 Particle carried by a fluid flow

The equations showed in the previous section are not specifically for relatively small spher-
ical aerosol particles. This section will describe why the relatively small particles will tend
to follow the streamlines.

To describe the motion of relatively small spherical aerosol particles, that are suspended
in a fluid flow, Robinson’s inequality can be used. This is given in (eq. (2.14). [43]

dUp

dt
=

U−Up

τ
(2.14)

In this equation Up, U and τ are the particle velocity, the fluid velocity field and
the particle relaxation time, respectively. [43] However, this equation does include the
aerodynamic drag effect of the particle, but it does neglect the effects of Brownian diffusion
or lift forces. If the particle is in a non-uniform flow, other forces may be considered
according to Fuchs and Maxey and Riley. [44, 45] But, if the volume of the particle and
the fluid are the same, the particle is much heavier than the fluid and the local particle
Reynolds is less or equal to a few hundred, these other forces can be neglected. [44] When
considering small particles in a carrier flow eq. (2.14) is slightly different. Robinson [46]
made a so called ’virtual’ particle flow, this flow is a continuous spatial distribution of
uniformly sized, small particles each governed by eq. (2.14). When doing so, eq. (2.14)
can be written as given in eq. (2.15).

DUp

dt
=

U−Up

τ
(2.15)
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In this equation D
dt is the differentiation following the particle trajectory of the virtual

field. The particle mass variation concentration is given in eq. (2.16).

1

Cm

DCm
Dt

= −∇ ·Up (2.16)

In this equation Cm is the particle mass variation concentration and is defined as the
average particle mass per unit volume of aerosol. [46].

Robinson combined eqs. (2.15) and (2.16) and came up with the Robinson’s inequality
given in eq. (2.17).

DCm
Dt

> 0 (2.17)

In this inequality the relaxation time is considered to be constant. Also, it is assumed
that the particles are in equilibrium with fluid far upstream. If this holds, than the equality
can be made for incompressible irrotational flows. The meaning of this equality is that
the local particle concentration will be more likely to increase along particle trajectories.
When considering eq. (2.17) and assuming that the flow is irrotational, axisymmetric and
incompressible, it is concluded that the particles will be more likely to concentrate around
the centerline. However, for this inequality to be used the Up, ∇ ·Up and ∇×Up have to
be defined.

2.3 Contraction factor and near axis description of a parti-
cle stream

When assuming a steady laminar flow and considering where a particle is at different times
in a nozzle, the contraction factor can be derived. Assuming an aerodynamic lens (type
of nozzle) and fluid, with particles, passing though it as shown in fig. 2.1, this contraction
factor of a particle stream can be explained.

Figure 2.1: The contraction factor of a particle stream showed by using as an example an
aerodynamic lens. [43]

The particle enters at a radial position r0(−∞), when this particle passes the lens,
the radial position of the particle is defined as rp(∞). The parameter rp(∞) will be
different from r0(∞), the radial position of the fluid streamline, because of the inertial
effects present. This difference is the contraction factor of a particle stream as given in
eq. (2.18).

η ≡ rp(∞)

r0(∞)
(2.18)

Obtaining a general analytical expressions for this contraction factor of a particle
stream for a random particle size and position r0(−∞), is not possible. Nonetheless, when
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a particle is close to the axis and is small, the near axis description of a flow can be used.

When considering axisymmetric flow, a particle near the axis has some important
equations. These equations will be given below without the derivation. The particles will
follow the streamlines, in and out of the nozzle, if the velocity of the flow (i.e. Stokes
number) and the relaxation time are not high enough. The relaxation time here indicates
after how long the particle will follow the flow streamlines again. To focus the particles
after they exit the nozzle, this should be considered. For this reason, the relaxation time
and the Stokes number are given in eqs. (2.19) and (2.20), respectively. [44]

τ =
ρpD

2
pCs

18µfd
(2.19)

In this equation ρp, Dp, µ and Cs are the material density of the particle, the diameter
of the particle, the viscosity of the fluid and a correction factor for the Stokes law when
the particle diameter comes close to the mean free path (λ) and the slip becomes higher,
respectively.

S =
τ0U0

L0
=
ρpD

2
pCs0U0

18µ0L0
(2.20)

In this equation U0 and L0 are the characteristic flow velocity and the characteristic
length, respectively. All the other quantities that have a ’0’ in the subscript are values that
are based on upstream conditions, where the particle and fluid flow are in equilibrium.

This means that if the Stokes number is (much) smaller than one, the relaxation time
will also be very small and thus the particles will follow the streamlines instead of their
own path. However, if the Stokes number is increased (much) above one, the relaxation
time will be high and the particle will less likely follow the streamlines and will follow
their own path.

The parameter Cs given in eqs. (2.19) and (2.20) is defined in eq. (2.21).

Cs = 1 +Knp [A+Q exp (−B/Knp)] (2.21)

In this equation Knp is the particle Knudsen Number as given in eq. (2.22) and A, B
and Q are constants [44, 47].

Knp0 =
λ0
Dp

(2.22)

The particle Knudsen number is a ratio of the mean free path length in the system to
the particle diameter. This is a dimensionless number. The Knudsen number is directly
related to the pressure. To have a high Knudsen number, the mean free path should be
increased. This could be achieved by using a vacuum chamber.

More interesting dimensionless numbers to look at, when considering particles in a
flow, are the Reynolds number and Mach number. The Reynolds number foresees the
patterns in a fluid’s behaviour. This number can also be explained as the ratio of the
inertial and viscous forces. This number is then used to check whether the flow is laminar
(orderly) or turbulent (chaotic and random). When considering high Reynolds numbers
(Rep0 > 2000) the inertial forces are then much higher than the viscous forces, which will
results in a turbulent flow. Looking at low Reynolds number (Rep0 < 10) it is seen that
the viscous forces are more dominant and will result in laminar flow. [48] Turbulent flow is
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not desired when focusing particles. This Reynolds number can be related to the particle
or the flow and are given in eqs. (2.23) and (2.24), respectively.

Rep0 =
ρ0|U0 −Up|Dp

µ0
(2.23)

In this equation |U0−Up| is the relative velocity. They Reynolds number for the flow
is similar to the particle Reynolds number (eq. (2.23)) and is given by eq. (2.24).

Re0 =
ρ0U0DH

µ0
(2.24)

The Mach number gives the ratio of the flow velocity (v) and the local speed of sound
(a). This number relates to the speed and thus again relates to how well the particles
will follow the streamlines. This then relates to the focusing of the particles. The Mach
number is given in eq. (2.25). [49]

Ma =
v

a
, with a =

√
κRT (2.25)

The parameters κ, R and T are the isentropic coefficient, (ideal) gas constant and
temperature of the gas, respectively. For monatomic gases (e.g. He) κ is 1.67 and for
diatomic gases (e.g. nitrogen) this isentropic coefficient is 1.4. [49, 50, 51]

It is important to notice that eqs. (2.20), (2.22), (2.23) and (2.25) are dependent of
each other. When the mean free path is large, the velocity of the particles can also be
higher. Thus a higher Knudsen number could result in a higher Stokes number. When
considering the Mach number, it is noticed that a higher value would result in higher par-
ticle speed. This again results in a higher Stokes number and thus will affect the focusing
of particles.

The Knudsen, Mach and Reynolds numbers are related by eq. (2.26). [52]

Kn =
Ma

Re

√
γπ

2
(2.26)

In this equation γ is the ratio of specific heats.

2.4 Mach disk and collection efficiency

After the particles are focused as explained in previous sections, they need to exit the
nozzle and be deposited on a substrate.

The upstream (p1) and downstream (p2) pressures are the pressures entering the nozzle
and after the nozzle, respectively. This pressure difference is one of the main factors that
determines the velocity in a nozzle. The minimum downstream pressure for a subsonic
flow is given in eq. (2.27).

p∗

p1
=

2

γ + 1

γ
γ−1

(2.27)

In this equation p∗ is the minimum downstream pressure for subsonic flow and γ is the
material dependent heat capacity ratio of the gas.

Placing a substrate at the nozzle exit, causes a stagnation region to be create, as shown
in fig. 2.2.
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Figure 2.2: Schematic representation of the important components after a nozzle exit. [53]

The stagnation points indicates where the velocity of the gas is zero. The flow lines
split and move around the substrate at this region. The gas velocity through the nozzle
determines the stagnation region size. There are sharper flow bends for higher velocities,
resulting in a smaller stagnation region.

Mach disks are formed after the nozzle exit. This is a very important part of the flow
expansion. The distance of this disk is calculated using eq. (2.28). [54]

Lm = 0.67dn

√
p1
p2

(2.28)

Lm indicates where the first Mach disk is generated, dn is the nozzle throat diameter.
These disks continue with the same interval, but they become weaker until the flow loses
too much energy. The characteristics of this Mach disk after the nozzle are shown in
fig. 2.3.

Figure 2.3: Schematic representation of the important components after a nozzle exit. [55]

It is seen that, close to the substrate, a bowshock is formed. A stagnation area is
formed behind this bowshock. Wall jets are the flow parallel to the substrate. If the
pressure ratio in eq. (2.27) is larger than the pressure ratio between the stagnation area
and the surrounding, the wall jets reach sonic velocities.

The successful deposition of these particles in a flow is described by the collection
efficiency. When considering the collection of aerosol particles impaction is defined as a
special case of curvilinear motion [56]. The same principle applies for all inertial impactors.
The aerosol passes through a nozzle and when exiting this nozzle it is aimed at a substrate.
This substrate is referred to as impaction plate. The streamlines are bended by an abrupt
90◦ because the flow is deflected. This is shown in fig. 2.4

If the inertia of a particle is high enough, it will not be able to follow the streamlines
and will impact on the impaction plate. If it is assumed that the particles will adhere
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Figure 2.4: Streamlines are bended because the flow is deflected after the exit of the nozzle. [56]

to this plate after impaction, it can be stated that the smaller particles will follow this
(90◦) streamline and will not hit this plate, due to their small relaxation time. When
considering this, it is possible to explain an impactor as a unit that seperates particles in
two size ranges. The first range are the particles that have a (sufficiently) high inertia and
these particles will be removed from the airstream. The second range are the particles
that have too low inertia and will stay in this airstream and will avoid the impaction plate.
[56]

When considering the impaction theory a curve can be made that explains the col-
lection (impaction) efficiency versus particle size. This curve is shown in fig. 2.5. The
collection efficiency mainly is determined by the Stokes number as showed in section 2.3.
[56]

Figure 2.5: Impaction efficiency versus particle size. [56]

Fernandez de la Mora et al. [57] showed that the collection efficiency η versus the
nozzle-to-plate distance divided by the particle diameter L

dn
does not show any remarkable

degradation when the particle diameter is decreased. This behavior is shown in fig. 2.6.

Fernandez de la Mora et al. [57] also concluded that when the nozzle-to-plate distance is
small, and thus particles have a very low Stokes number and cannot be captured inertially,
the collection efficiency will take a value that is nonzero with minimal values near 6.5%.
This result is unexpected, because the subcritical deposition of particles with negligible
intertia (small particle sizes) are usually because of diffusion. These Brownian diffusivities
are very size dependent, which makes this a very remarkable result. This result can be
clarified if the diffusion is turbulent and not Brownian.
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Figure 2.6: The collection efficiency η versus the nozzle-to-plate distance divided by the particle
diameter L

dn
. [57]

2.5 Different nozzle systems

As introduced in the first chapter of this thesis, designing and using the right nozzle is very
important to have good aerodynamic focusing. The equations in previous chapter show
that the dimensions are very important to achieve focusing. These dimensions directly
translate to the shape and geometry of the nozzle, which makes them a key factor in
focusing. The focusing is achieved by designing the nozzle in such a way that the particle
divergence at the exit of the nozzle is minimal. Different types of nozzles have been made,
using the physics of aerosol discussed in the previous sections, to achieve better focusing.
These nozzles are discussed in this section.

2.5.1 Converging nozzle

The working principle of flows through the C nozzle is the basis for the majority of the
nozzle systems. This is the reason why the C nozzle will be explained in more detail in
this section.

As the word already indicates, a C nozzle decreases in cross-sectional area. Because
of conservation of mass, the speed increases when the aerosol flow, that passes through it,
enters the smaller cross-section. The aerosol flow has to move faster to maintain a con-
stant amount of aerosol moving through the restricted part of the nozzle. The energy of
the random motion of the molecules (pressure) will be converted to faster forward motion,
which will result in the increase of the aerosol flow. However, this will then cause a pres-
sure drop in the nozzle. Hence, a C nozzle accelerates subsonic fluids. At the narrowest
point (nozzle throat), the flow will reach sonic velocity. However, the pressure ratio has
to be high enough to do so. The nozzle is said to be choked if this transition of subsonic
to sonic velocity is achieved.

Research done by De la Mora and P. Riesco-Chueca [37] concluded some interesting
properties of particles in a flow in a C nozzle. When considering a hypothetical linear flow,
it has been found to be that the focus is infinitely sharp. In this type of flow only Stokes
values higher than 1

4 can pass the nozzle axis. Considering symmetrical nozzles, the focus
can also be indicated as infinitely sharp when the streamlines are close to the symmetry
axis. Defocusing can occur when the streamlines are far from the nozzle centerline, which
is due to a geometrical aberration. It has also been shown by De la Mora and P. Riesco-
Chueca [37], using numerical examples, that by restricting the region where the particles
are flowing into a reasonable angle away from the axis, the width of the focal region can be
decreased by the order of two compared to the nozzle diameter. If it is assumed that the
jet is exiting through a slit in an infinitely long thin plate, this angle away from the axis
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can be taken higher than 1
4π. It is also found that focusing can only occur if the Stokes

value exceeds the critical value S∗. This value is usually in the order of unity. The focusing
is the least sharp near the critical condition. Here, the geometric-aberration tend to be
singular and the focal goes to infinity. Hence, to achieve high-resolution it might be better
to stay in the finite distances from the source. This observation could clarify why the
previous experiments done by De la Mora and P. Riesco-Chueca [37] had an unassertive
degree of focusing. In these experiments the surface that collected the particles leaving
the nozzle was hundreds of nozzle diameters away of the source. Since the spatial location
of the singularity, where the particles cross the symmetry axis, depends on the relaxation
time, varying this point will result in a particle mass spectrometer of great sensitivity and
separation power.

Altogether, it has been showed that the particles have to be close to the centerline
to be able to achieve good focusing. Also, the distance of the surface that collects the
particles should not be too far away.

All these results and findings, made by De la Mora and P. Riesco-Chueca [37], are
found by considering idealized examples. These findings are limited by multiple factors,
for instance: turbulent mixing at the boundary of the free jet, viscous phenomena on
the nozzle walls, the non-linearity of the drag law connecting the two phases, fluid com-
pressibility and the effects of a collecting surface placed on the path of the jet. When
considering the sharpness of focusing for very heavy molecules and fine aerosols, the most
crucial limiting factor turns out to be diffusion.

Also, Israel and Friedlander stated that, under some flow conditions, the angle of di-
vergence is so small that even well after the nozzle the focusing could stay as small as the
size of the tip of the nozzle. [58] However, in this statement it was not taken into account
that there might be a collecting surface at the exit of the nozzle. The particles are pushed
towards the middle of the nozzle when the inertia of a particle is higher than the drag
force that is acting on it. [37]

When designing for a C nozzle, the drag force (Stokes force eq. (2.3)) is the only force
that is taken into account. Nevertheless, all the other observations made by De la Mora
and P. Riesco-Chueca [37] and Israel and Friedlander [58] should also be considered when
designing for such a nozzle.

2.5.2 Converging-diverging nozzle

CD nozzles are often used in rockets and are called ’de Lavel’-type nozzles [59]. First, the
flow is subsonic and converges to the minimum area, which is called the throat. The size
of the throat chokes the flow and determines the mass flow rate. When considering the
throat, it is important to realize that the flow is always set to be sonic, which means that
the Mach number is equal to one. After the throat, the nozzle diverges again and the flow
isentropically expands to a much higher Mach (and Stokes) number. This Mach number
could reach supersonic values and depends on the area ratio of the end of the diverging
part to the throat. The static pressure and temperature decreases from the end of the
diverging part to the throat due to the expanding of the supersonic flow. The temperature
at the end of the diverging part determines the speed of sound at this point, this then
determines the velocity at the end of the diverging part. This velocity, pressure and mass
flow through the nozzle then will determine the thrust that is produced by the nozzle.
Hence, to achieve a (sub)sonic flow a C nozzle will be used and for a supersonic flow a CD
nozzle will be preferred.
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Each cross section (A) in the nozzle can be calculated with eq. (2.29).

A

A∗
= Ma

[
2

κ+ 1
+
κ− 1

κ+ 1
Ma2

]− κ+1
2(κ−1)

(2.29)

In this equation A∗ is the minimum cross section of the nozzle (i.e. the nozzle throat).
When designing for the CD nozzle, the drag force (Stokes force eq. (2.3)) is only taken

into account. An ideal CD nozzle is shown in fig. 2.7.

Figure 2.7: A schematic representation of an ideal converging-diverging nozzle. [59]

It has also been found that CD nozzles can be used to produce droplets considerably
smaller than the channel it is in. This can be tuned by changing the throat width of these
nozzles. The C part of these nozzles have the task to stabilize and accelerate the flow
of particles arriving at the junction. When the flow enters the nozzle throat, and thus
enters the diverging part, the flow speed starts to decelerate. The pressure difference and
the velocity gradient should be maximum at the nozzle throat. This difference results in
a section, near the nozzle throat, where the droplets will break. [60, 61] This breaking
results in smaller droplets and thus could result in smaller line width, thus higher focusing.
This indicates that by scaling this nozzle throat width, the droplet size may be scaled and
that the channel width can remain unchanged. Keeping the channel width the same would
also result in the flow resistance to almost stay the same. At the same time droplets with
sizes of one order smaller than the width of the microchannels which are highly uniform
can be made in the flow-focusing microfluidics with a CD section. [62].

2.5.3 Aerodynamic lenses

Usually, to make particle beams a supersonic expansion of a gas with particles in it, it is
passed through a nozzle in vacuum. As stated by Xuefeng Zhang et al. [22], the beam of a
gas with particles can be focused significantly by passing these particles through AL. These
lenses are a construction with axisymmetric subsonic expansions and contractions before
the attached nozzle. When designing a device like this, the most important components
are the attached nozzle and the AL. This type of focusing uses the fact that the particles
are not inertialess. Because the inertia of particles is considered, the gas that passes
through subsonic contraction and expansion through an orifice, will not necessarily follow
the flow streamlines and thus can converge and focus. Collimation of particles close to the
axis will occur if the particles have a displacement towards the axis of symmetry. However,
particles may be lost if they impact on the front area of the lens. Xuefeng Zhang et al. [22]
found that these two phenomena, collimation and lost of particles, occur when the stokes
law is close to unity (St=1). They also found that the diverging of a beam is a function
of nozzle geometry, particle Stokes number and Reynolds number. They concluded that a
stepped nozzle will help to focus these particles and that the scaling of the particle velocity
depends on the speed of sound. Figure 2.8 shows the particle trajectory of different particle
diameters through an aerodynamic lens.
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Figure 2.8: A schematic representation of the trajectories of different particles sizes through an
aerodynamic lens. [22]

It can be seen that, very little net radial displacement is present in the top plot of
fig. 2.8 and that in the lower plot of fig. 2.8 this displacement is much higher. This is due
to the fact that if the particles are relatively small, the particle inertia will also be very
small and thus the particles will almost completely follow the streamlines. However, when
the particles have sufficient particle inertia, they will barely follow the streamlines.

Peng Liu et al. [43] also stated that AL are axisymmetric contractions and enlarge-
ments, that create convergent-divergent flow accelerations, to ensure that the particles
move closer to the axis as shown in fig. 2.9.

Figure 2.9: A schematic representation of a aerodynamic lenses apparatus. [43]

A gas with particles in it passes through these axisymmetric contractions and enlarge-
ments before the nozzles starts to expand. Particles, that have a size smaller than a certain
critical value, can be brought closer to the axis and can be kept there by using multiple of
these AL. Particles that are close to the axis have low radial drag forces. Hence, they will
stay near by the axis and create a small particle beam width downstream. This minimum
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width is mainly effected by the Brownian motion and the lift forces that are acting on
the particles when the nozzle is expanding. Peng Liu et al. [43], used theoretical models
and showed that the effects of the Brownian motion are present in all types of particles.
However, the lift forces are only present when considering nonspherical particles and are
often much more dominating than the effects of the Brownian motion. Thus, using AL
could result in remarkable tight and collimated focused particle beams, but is very size
dependent.

2.5.4 Converging-diverging-converging nozzle

The CDC nozzle is an elaboration on the CD nozzle. Again, the flow is first subsonic
and converges to the minimum area. However, the CDC nozzle has two, instead of one,
throats. After the first throat the flow reaches to higher Mach numbers. Using a CDC
nozzle the particles are even more collimated and focused around the axis before exiting
the nozzle. A typical CDC nozzle is shown in fig. 2.10. [17, 18]

Figure 2.10: A schematic representation of a typical converging-diverging-converging nozzle. [63]

A beam is called collimated when the velocity of the particles are parallel to the axis
of the nozzle. This is an optimal and efficient way of focusing the aerosol flow. [64] The
idea behind the CDC nozzle is similar to the idea used in the AL [43, 65]. Moreover,
CDC nozzles produce narrower collimated beams and less overspray than an AL nozzle.
Using collimated beams gives the freedom to use less demanding control systems that
control the distance between the nozzle exit and the substrate. Figure 2.11 shows a visual
representation on how the collimation of the particles occurs in such a CDC nozzle.

Figure 2.11: Collimation of particles in a typical converging-diverging-converging nozzle. [17]

2.5.5 Capillary nozzle

Akhatov et al. [64], showed the influence of the Saffman force on the dynamics of the fluid
when considering aerosol flows through micro-capillaries. When the conditions are correct,
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Akhatov et al. [64] concluded that the Saffman force that is acting on the aerosol particles
in a gas flowing through a micro-Ca, will cause the particles to migrate to the centerline
of the Ca. This is an important observation since the classical aerodynamic focusing only
consider the Stokes force and the particle inertia of a gas-particle interaction. When using
this method that Akhatov et al. [64] presented, a line width of circa 1 µm could be
realised. The flow in this Ca nozzle is a Poiseuille flow. This method is schematically
shown in fig. 2.12.

Figure 2.12: A schematic representation of the working principle of a capillary nozzle made by
Akhatov et al. [64].

Akhatov et al. [64] showed that when implementing a micro-Ca nozzle in a slightly C
nozzle, the streamlines will be inclined to the axis with a relatively small angle and will
not be exactly unidirectional. This observation is shown in fig. 2.13.

Figure 2.13: Radial and axial velocity of the gas in a capillary nozzle implemented with a slightly
converging nozzle. [64]

Akhatov et al. [64] also considered the trajectories of particles when starting at dif-
ferent positions. This is done with both considering the Saffman force and without this
force. The results are shown in fig. 2.14

In this plot it was assumed that the particles are only driven by inertia, after they
leave the Ca. The particles of the same size then will move to the centerline and will
form a focal point next to the tip of the Ca, which is due to the Saffman force and the
geometrical convergence of the Ca. The dashed lines in fig. 2.14 shows the geometrical
convergence, since the Saffman forces where neglected there and the particles are then only
driven by the Stokes drag and inertia. The solid lines, in this plot, show the effect of the
Saffman force. Then, the particles are driven by the Stokes drag, inertia and the Saffman
force. When comparing the difference of these two results, it can be concluded that the
Saffman force has to be taken into account when designing these type of nozzles. If the
Saffman force was not accounted for in this case of Akhatov et al. [64] the focusing would
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Figure 2.14: The trajectories of particles when starting at different positions. This is done with
considering the Saffman force (solid lines) and without this force (dashed lines). [64]

be calculated and modelled to be much better than it actually is. When depositing small
particles on a substrate with a micro-Ca nozzle that is slightly C, it has to be taken into
account that because of the Saffman force the divergence of the particle trajectories will
be a lot faster after the focal point. Hence, the distance between the tip of the micro-Ca
and the substrate has to be controlled very accurately. This is hard to realise in practice.

2.5.6 Sheath Gas

Nozzles could implement the usage of SG to force the particles that leave the nozzle to
stay near the centerline and thus focus. However, this type of focusing is dependent on
multiple factors. Goth et al. [66] stated that the stage speed and the three adjustable
flow rates on their instrument affected the width of the lines printed. However, it has to
be taken into account that they focused on the number of layers deposited. Furthermore,
Mahajan et al. [67] also researched the depending factors of focusing. However, in their
study they only focused on the focusing ratio (FR), nozzle size, carrier gas flow rate and
stage speed for Aerosol Jet Printing. The focusing ratio in this study is defined as shown
in eq. (2.30).

Focusing Ratio (FR) =
Sheath gas flow rate

Carrier gas flow rate
(2.30)

Another assumption made is that, nor the ink nor the other conditions are changed. The
distance between the nozzle tip and the substrate (working distance) was kept constant at
a distance of 2 mm. By testing and experimenting, Mahajan et al. found some relations
between the line width and thickness with respect to other factors. It was found that,
until a certain point, when increasing the FR the line width decreases. It was also noted
that with a increasing FR, the line thickness variations also increases, but that of the line
width decreases. This phenomena is shown in fig. 2.15.

Mahajan et al. [67] also found that there is a relation between the nozzle size and the
line width and thickness. To find this relation they kept the carrier gas flow rate and stage
speed constant at 16 sccm and 2 mm/s, respectively. It was found that smaller nozzles
produce smaller line widths and thicknesses (finer lines). This trend is shown in fig. 2.16.
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(a) Focusing ratio versus the line width and
thickness. (b) Profilometry scan for different values of the fo-

cusing ratio.

Figure 2.15: The dependency of the line width and thickness with respect to the focusing ratio.
[67]

(a) Focusing ratio versus the line width while
considering the nozzle size.

(b) Focusing ratio versus the thickness while consid-
ering the nozzle size.

Figure 2.16: The dependency of the line width and thickness when considering different nozzle
diameters. This is done with respect to the focusing ratio. [67]

In these plots the effect of the FR with respect to the line width and thickness is also
considered. It was noted that with smaller nozzles the difference in line width is larger
when increasing the FR (see fig. 2.16). A drawback of a high FR in a (relatively) small
nozzle is that the pressure in these nozzles will be high. Because of this, there is an
limitation in the maximum value of the FR in smaller nozzles.

One of the depending factors, that was found by Mahajan et al. [67], is the carrier
gas flow rate. However, this can also be considered as the FR, since the line width and
thickness depend on the ratio of the SG flow rate to the carrier gas flow rate. This
dependency is shown in fig. 2.17.

It is noted that the carrier gas flow rate does not really effect the line width. However,
when considering the thickness much more change is seen. At higher carrier gas flow rate
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(a) Carrier gas flow rate versus the line width
while also considering the focusing ratio. (b) Carrier gas flow rate versus the thickness while

also considering the focusing ratio.

Figure 2.17: The dependency of the line width and thickness when considering different carrier
gas flow rates. This is done with respect to the focusing ratio. [67]

the thickness is also seen to be increased. However, since higher carrier gas flow rate
means more material deposited, at some point the material will spread and the thickness
will decrease. This is also seen in fig. 2.17b. Since the carrier gas flow rate is part of the
FR, the same trend is seen when increasing this parameter.

Finally, Mahajan et al. [67] also found another dependency. It has been found that
when increasing the stage speed that the line width and thickness will decrease. The
FR does not change this trend, it just increases the effect as seen previously. These
observations are shown in fig. 2.18.

(a) Stage speed versus the line width while also
considering the focusing ratio.

(b) Stage speed versus the thickness while also con-
sidering the focusing ratio.

Figure 2.18: The dependency of the line width and thickness when considering different stage
speeds. This is done with respect to the focusing ratio. [67]

All in all, it is found that C, CD, Ca and SG nozzles are the best nozzle choices
when designing for small particle sizes and a polydisperse flow. This result is used in the
proposed nozzle designs as given in chapter 5.
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Chapter 3

Modelling

Firstly, this chapter explains the different models and designs that are made. Then,
the construction of these models is explained. Hereafter, the model outcome is given
by showing which type of results can be extracted from the simulations. Finally, the
validation of the models is given.

3.1 Type of models

First, only the shape is studied on a standard C nozzle, as given in section 2.5.1. The
three main shapes/geometries variables that are studied on this nozzle, are summarized
in the bullet points below. The geometry of a standard C nozzle, with these geometrical
aspects, is shown in fig. 3.1.

• The nozzle exit throat.

• The working distance of the nozzle to the substrate.

• The angle at the nozzle exit throat.

Figure 3.1: Graphical explanation of the geometry of a standard (converging) nozzle.
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The nozzle exit throat is defined as the diameter of the exit of the nozzle. This diam-
eter is varied and studied. The working distance is the distance of the end of the nozzle
to the impaction plate (substrate) where the particles are collected. Finally, when chang-
ing the angle, the length of the nozzle also changes. These two variables are studied in one.

The different C nozzle designs are summarized in table 3.1.

Variables Input variables for Converging nozzle
Input 1 Input 2 Input 3 Input 4

Diameter nozzle exit throat 0.4 mm 0.6 mm 0.8 mm 1 mm

Working distance 0.1 mm 0.5 mm 1 mm -

Angle 10◦ 15◦ 35◦ 50◦

Table 3.1: The different inputs of the different studied variables, on a converging nozzle, using
COMSOL.

The SLA 3D printer has a minimum printing resolution of about 300 µm. For this
reason, nozzle exit throats starting from 400 µm are studied. The working distance is
set by hand, hence this distance cannot be too small. Too large working distances are
expected to have worse line width. For this reason working distances from 0.1 mm to 1
mm are studied. Finally, the angle effects the length of the nozzle. To have nozzles not
too large or small, angles starting from 10 degrees to 50 degrees are studied.

Furthermore 5 different particle diameters are considered in the model: 100 nm, 50
nm, 20 nm, 10 nm and 5 nm. So, there are 11 different COMSOL models with 11∗5 = 55
different solutions and simulation models to consider.

When considering the CSG nozzle, the the aerosol and sheath gas flow rate ratio and
the geometry of this nozzle is studied. The four main variables studied for this type of
nozzle are summarized in bullet points below.

• The change in ratio of the aerosol and sheath gas flow rate introduced to the nozzle.

• The nozzle exit throat.

• The working distance of the nozzle to the substrate.

• The angle at the nozzle exit throat.

The effect of sheath gas to the system is studied by changing the ratio of the aerosol
and sheath gas flow rate. The nozzle exit throat and working distance have the same
definition as for the standard C nozzle above. However, when the angle is varied, the
length of the nozzle will also change. This effects the position where the sheath gas is
introduced to the flow. So, the angle will also be studied to understand the difference of
early and late introduction of the sheath gas to the system. The different CSG nozzle
designs are summarized and given in table 3.2.
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Variables Input variables for Converging Sheath Gas nozzle
Input 1 Input 2 Input 3 Input 4 Input 5 Input 6

Ratio Aerosol flow rate/Total flow rate (A/T) 2/8 3/8 4/8 5/8 6/8 7/8

Diameter nozzle exit throat 0.4 mm 0.6 mm 0.8 mm 1 mm - -

Working distance 0.1 mm 0.5 mm 1 mm - - -

Angle 5◦ 10◦ 15◦ 35◦ 50◦ -

Table 3.2: The different inputs of the different studied variables, on a converging sheath gas
nozzle, using COMSOL.

The nozzle exit throat, working distance and angle variables have for each input three
different aerosol flow rate/total flow flow rate (A/T) ratios inputs. So for example, the 0.4
mm diameter nozzle exit throat model is made for A/T=2/8, A/T=4/8 and A/T=7/8.
This is done to be able to study if the effectiveness of the sheath gas changes when con-
sidering different geometries. Again, all the models have on their turn also a parametric
sweep of 5 different particle diameters. All this results in 6 + (12 ∗ 3) = 42 different COM-
SOL models with 42 ∗ 5 = 210 different solutions and simulations models to consider.

In total there are 11 + 42 = 53 different COMSOL models made with 55 + 210 = 265
different solutions and simulation models to consider. All these models will be compared
in chapter 4.

3.2 Construction of models

To understand and control the resolution of deposition, the models should provide more
information then just on the deposited particles. The information needed is summarized
in the bullet points below.

• The line width after deposition of the particles.

• The axial velocity of the flow and particle.

• The radial velocity of the flow and particle.

• The contraction factor of the nozzle.

Chapter 2 has shown that the particle velocity, flow velocity and the Stokes Number
are very important when considering the path that particles follow. This is the reason
why information about the axial and radial velocity of the flow and particle are very im-
portant. Finally, the effect inside the nozzle on focusing the particles needs to be known.
This is shown by looking at the contraction factor of the nozzle. All this information is
also considered for the different particle sizes.

Considering the requirements of the information needed and the programs available,
the Finite Element software COMSOL Multiphysics 5.5 is used. This program should be
able to provide all the freedom and information needed to design and study the different
types of nozzles. COMSOL is capable of giving the results in data (text files) and graph-
ically.
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Within COMSOL different physics modules are available to use. The enumeration
below summarizes the physics modules that are used for all the models. Also, this enu-
meration states these modules in the correct order of addition.

1. High Mach Number flow, k-ε (hmnf).

2. Particle tracing for fluid flow (fpt).

The approach used here is, first simulating the flow within and outside the nozzle and
then adding the particles to this flow. The use of module number 2 has a specific assump-
tion: one way interaction. Since the particle concentration is very low (below 0.1%) and
the particle sizes are very small (nanometer range), the particles cannot effect the profile
of the flow. Thus, because of the particle concentrations and particle sizes used in this
research, these modules can be used and plausible models could be expected.

3.2.1 High Mach Number flow, k-ε (hmnf)

First, only the flow is simulated and thus only the module High Mach Number flow, k-ε
(hmnf) is used. For this part of the simulation a stationary solution will be sufficient to
calculate the flow in- and outside of the nozzle. The stationary study is used when field
variables do not change over time. This type of study is used in a fluid flow to compute
the steady flow and pressure fields.

This module is used to model gas flows at high Reynolds numbers (turbulent flow).
This module can handle sub- and supersonic velocity magnitudes and turbulent flow in
supersonic ranges. This interface solves for conservation of mass, energy and momentum.
The standard two-equation k-ε model with realizability constraints is used to model the
turbulence effects. Wall functions are used to model flow and heat transfer close to the
walls. It also supports heat transfer in surface-to-surface radiation as well as in solids.

To be able to simulate the models designed, this interface solves the equations given
in eqs. (3.1) to (3.3).

∂ρ

∂t
+∇ · (ρu) = 0 (3.1)

ρ
∂u

∂t
+ ρ(u · ∇)u = ∇ · [−pI + τ ] + F (3.2)

ρCp

(
∂T

∂t
+ (u · ∇)T

)
= −(∇ · q) + τ : S− T

ρ

∂ρ

∂T

∣∣∣∣
p

(
∂p

∂t
+ (u · ∇)p

)
+ Q (3.3)

Where, ρ is the density in kg/m3, u is the velocity vector in m/s, p is the pressure in
Pa, τ is the viscous stress tensor in Pa, F is the volume force vector in N/m3, Cp is the
specific heat capacity at constant pressure in J/(kg∆K), T is the absolute temperature
in K, q is the heat flux vector in W/m2 and Q contains the heat sources in W/m3. S is
the strain-rate tensor, which is calculated using eq. (3.4).

S =
1

2

(
∇u + (∇u)T

)
(3.4)

36



3.2. CONSTRUCTION OF MODELS

The eqs. (3.1) to (3.3) are Navier-Stokes equations for a simple compressible fluid. This
interface can handle flow of any Mach number. The Mach number is defined in eq. (3.5).

Ma =
|u|
a
, with a =

√
κRT (3.5)

Where a is the speed of sound in m/s. The parameters κ, R and T are the isentropic
coefficient, (ideal) gas constant and temperature of the gas, respectively.

Using these equations, eq. (3.1) should be hyperbolic and eqs. (3.2) and (3.3) elliptic
for stationary flow. However, diffusive effects are neglected due to the small particles and
the high velocity of the flow. This will result in the entire system of equations to become
hyperbolic.

This module also assumes that the fluid is an ideal gas (k=1.667). Density and specific
heats are related to the pressure and temperature, by the ideal gas law. To accurately
approximate the viscosity and thermal conductivity of an ideal gas, the Sutherland’s Law
is used. These are given in eqs. (3.6) and (3.7) respectively.

µ

µ0
=

(
T

T0

)3/2 T0 + Sµ
T + Sµ

(3.6)

k

k0
=

(
T

T0

)3/2 T0 + Sk
T + Sk

(3.7)

Where, µ, µ0 k, k0 , T , Tk,0 and Sk are the, viscosity, viscosity at reference temper-
ature, thermal conductivity, thermal conductivity at reference temperature, temperature,
reference temperature and the Sutherland constant, respectively.

All the values are filled in and adjusted correctly to an argon gas with copper particles
aerosol. The inlet pressure is set to the inlet pressure of the SAM setup. Since this setup
operates at the atmospheric pressure, this parameter is set to be 1 bar (105 Pa). The
nozzle is mounted in a vacuum chamber, so the outlet pressure is considerably lower.
Since the aerosol also is deposited in this chamber, the pressure will be slightly higher
than the pressure of an completely closed vacuum chamber. For this reason the outlet
pressure is chosen to be set as 100 Pa for the time being. If during the experiments this
outlet pressure turns out to be higher, the line widths are expected to have larger values
than the model and vice versa.

After adding these parameters, a nozzle is introduced to the model. Since the nozzles
are symmetrical, only one half of the 2D model is designed. This decreases the file sizes and
the calculation time of the simulation (computational cost). The objects were designed
using Polygons. The three main parts that are of importance in this model are:

• The nozzle.

• The impaction plate, i.e. the substrate.

• The vacuum chamber where the nozzle and substrate are operating in.

Later on in the process a mesh has to be added to the model to be able to do calculations
and simulations with it. These three parts are made using multiple polygons, to have the
freedom of adding finer or coarser meshes in the sections where it is needed. An example
of a standard C nozzle, substrate and vacuum chamber, is shown in fig. 3.2.
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Figure 3.2: An example of multiple polygons used to model a standard converging nozzle, sub-
strate and vacuum chamber.

For the model to work, the initial values and other variable values have to be set.
Within the initial values, the pressure is set to 110 Pa and the temperature to 293 K.
These are roughly the conditions in the vacuum chamber. The symmetry is set to be at
the vertical (zero) axis. The walls of the nozzle, substrate and vacuum chamber are set to
have a no slip condition and that nothing can pass through them.

The inlet of the system is chosen as the inlet of the aerosol inlet of the nozzle. The
most important values of this inlet are the pressure and Mach Number. The flow is chosen
to be a normal inflow.

The outlet is chosen to be at the outlet of the vacuum chamber. The flow is set to be
subsonic there and the pressure set to be the outlet pressure as discussed earlier.

Other important values that are used for this module are given in table 3.3.

Variable Value

µRef 2.23e-5 Pa s

kRef 0.0179 W/(m K)

TRef 300 K

SK 166.7 K

Mn 0.03995 kg/mol

γ 1.667

MaInlet 0.0011

Table 3.3: Important values used in the High Mach Number flow, k-ε (hmnf) module.

To study the designs with this module, a relatively coarse mesh is added to the system
first. The system starts calculating at the initial pressure and stops calculating at the
final (inlet) pressure. This cannot be done without steps. If the steps are too large, the
model will not converge and there will be no final solution and no good simulation of the
flow. If the steps are too small, the file will be too large and might not open anymore. A
good trade-off needs to be made here by using educated guesses and trial and error. The
following educated guess is used for all the models: 120 150 200 250 300 400 range(500,
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1000, 6000) range(7000, 2500, 20000) range(20000, 2000, 100000) Pa. This guess is then
fine tuned for each model if necessary.

After solving the first model with the relatively coarse mesh, the mesh is increased
to obtain more realistic values. This is also done in steps until the mesh is fine enough
that the solution barely changes anymore. Every mesh calculation can be used as initial
guess for the finer mesh. Doing the calculation in this way, the computational cost is min-
imized. The models are computed on the TU Delft Cluster, using WinSCP. This allows
the models to be computed using 4 Intel(R) Xeon(R) Gold 6150 CPUs at 2.70 GHz (using
4 sockets with 20 cores in total). This is done to reduce the computational time from
a few days (on own computer) to several hours (on the cluster) per model. After com-
puting the models, the calculations and simulations for the flow are available for analyzing.

3.2.2 Particle tracing for fluid flow (fpt)

After modelling the flow, the particles are added into it by using the physics module
Particle tracing for fluid flow (fpt). The trajectory of the particles can be simulated using
COMSOL, since it is assumed that the impact of the particles on the flow is neglibible.
This assumption can be made since the particles to be studied are in the nanometer range
and the velocity is high. The motion of these particles is defined by Newton’s second law,
as given in eq. (3.8).

m
d2x

dt2
= F

(
t,x,

dx

dt

)
(3.8)

Where, x is the particle position in m, m the mass of the particle in kg and F is the
sum of all forces that are acting on the particle in N . In this module, the particle Reynolds
number is defined as given in eq. (3.9).

Rep =
|u− up| 2rρ

µ
(3.9)

Where, u is the fluid velocity in m/s, up is the particle velocity in m/s, r the radius of
the particle in m, ρ the density of the fluid in kg/m3 and µ the viscosity of the fluid in Pas.

Chapter 2 showed that there are roughly seven forces that act on a particle in a fluid,
when modelled as aerosol. However, it was concluded that the main force that will be
acting in this system on the particles is the Stokes force, i.e. the viscous drag force. It
was also seen that the Saffman force, i.e. the lift force on a particle with local shear, is
sometimes large enough to have some influences when accounted for.

As mentioned in chapter 2, the ratio of the Saffman to the Stokes force is given in
eq. (3.10).

εSa =
|FSa|
|FSt|

=
6.46

12π

√
Rep =

6.46

12π

√
2aρm |uf − up|

µ
=

6.46

12π

√
2 ∗ (100 ∗ 10−9) ∗ 1.784 ∗ 1

2.23 ∗ 10−5
= 0.0217

(3.10)

As can be seen, this force has a larger range of particle size where it is still dominant.
However, the particles we are interested in are in the range of 10-100 nm. These particles
have a low relaxation time, indicating that the difference in fluid and particle velocity
(|uf − up) can be assumed to be very small. The particle diameter (a) is also very small.
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This leaves us with the following ratio ( |FSa|
|FSt| ) of maximum 0.0217 for 100 nm particles and

for 10 nm particles a value of 0.00685. This indicates that the Stokes force is much more
dominant in these models. Adding the Saffman force will increase the computational time
and file size and add barely any effect. Hence, the Saffman (lift) force is neglected.

The empirical expression for the drag force used in this model is given in eq. (3.11).

F = πr2ρ |u− up| (u− up)
[
1.84 Re−0.31p +0.293 Re0.06p

]3.45
(3.11)

Since the system is drawn as a 2D axisymmetric object, the particles need to under-
stand that they can pass the axial symmetry and move in all directions freely. The only
limitation to the movement of the particles that is induced, are the walls. The system is
designed in a way that the particles cannot pass these walls of the nozzle, substrate and
vacuum chamber. The SAM setup uses copper electrodes, so the particles in the aerosol
are made out of copper with a density of 8960 kg/m3. Since different (nano)particle sizes
are studied, multiple particle sizes are added to the system.
The same in- and outlets are used as in the previous module. The difference is that the
particles are added to the inlet part. It is chosen to add 10 same-sized particles to the
flow at different radial initial positions. These particles are equally divided over the total
width of the inlet of the system. The particles have a velocity due to the flow calculated
in the High Mach Number flow, k-ε (hmnf) module. If the particles hit the substrate,
vacuum chamber wall or outlet, they will adhere to it.

To be able to solve for the particle tracing equations, a time dependent study is com-
puted for this module. This study is used when field variables change over time. In fluid
flow, it is used to compute unsteady flow and pressure fields.

In this type of study, the time is defined by using step sizes. These step sizes are very
important to achieve the correct models since the particles move over time. If this step
size is too large, the particles can ignore the boundaries (walls), and between two steps
suddenly be next to the nozzle. Another event that could occur if the step size is too
large, is that the particle can deposit at the wrong point. So, the step size should be
small. However, if the step size is too small, the computation time will be very high and
the files will be too large to run on the computer or even the cluster. A good balance has
to be found for each model. This balance is found by using educated guesses and trial and
error.

The final results are achieved by using the time dependent study on the second mod-
ule, which uses the stationary solution of the first module. A parametric sweep is used to
model and simulate the particle trajectories of each given particle size independently.

After solving the model on the cluster, the particle tracing is added to the flow. With
this model all the information can be extracted that is desired as given in the beginning of
this chapter. The different C models, with one in- and outlet, are designed and simulated.

3.2.3 Adding a sheath gas line

To study the effects of sheath gas, another inlet is added to the High Mach Number flow,
k-ε (hmnf) module. The newly added inlet is the sheath gas inlet and the previous inlet
of the model stays as the aerosol inlet. An example of the polygon geometry of the system
is shown in fig. 3.3.
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Figure 3.3: An example of multiple polygons used to model a converging sheath gas nozzle,
substrate and vacuum chamber.

There is no direct way to add a sheath gas flow rate to the system. Using the volumetric
flow rate (Q), as showed in fig. 3.4 and given in eq. (3.12) [68], this problem is solved.

Figure 3.4: A fluid channel to illustrate the volumetric flow rate equation. [68]

Q =
V

t
=
Ad

t
= Av̄ (3.12)

The velocity of the flow is calculated using eq. (3.12). This velocity (v̄) is then used
to calculate the Mach Number, as given in eq. (3.13).

Ma =
v̄

c
(3.13)

In this equation c is the speed of sound in argon in m/s. With this equation it
is assumed that the pressure and temperature are atmospheric. The aerosol flow rate
and the sheath gas flow rate have a maximum total value and thus, there is a trade off
between these two values. When adding the correct Mach Numbers to both inlets, the
desired sheath gas flow rate is successfully added to the system. A MATLAB script with
the exact calculation is shown in appendix A.
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3.3 Model outcome

In this section, outcome examples of the C and CSG nozzle models are given.
To achieve good performances, the mesh should be chosen fine enough. If this is not

done, the velocity profile and the particle movement are not accurate enough and will
not be a good representation of the reality, i.e. the experiments. In figs. 3.5 and 3.6 this
phenomenon is shown for the C nozzle. Figure 3.5a shows a C nozzle, modelled using a
coarse mesh. The velocity profile after calculating and simulating for this mesh is shown
in fig. 3.5b.

(a) The coarse mesh visualized. (b) The flow velocity visualized using a coarse mesh.

Figure 3.5: A coarse mesh used to model the flow velocity of a converging nozzle in COMSOL.

Figure 3.6a shows the same nozzle but now with a much finer mesh. The velocity
profile after calculating and simulating for this mesh, is shown in fig. 3.6b.

(a) The fine mesh visualized. (b) The flow velocity visualized using a fine mesh.

Figure 3.6: A fine mesh used to model the flow velocity of a converging nozzle in COMSOL.

The finer mesh shows a better velocity profile, although it does not look like much
of a difference, these small differences could eventually change the deposited particles
significantly. This is mainly due to the small inertia of the particles. The same comparison
with the meshes is also done for the CSG nozzle as is shown in figs. 3.7 and 3.8.
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(a) The coarse mesh visualized. (b) The flow velocity visualized using a coarse mesh.

Figure 3.7: A fine mesh used to model the flow velocity of a converging sheath gas nozzle in
COMSOL.

(a) The fine mesh visualized. (b) The flow velocity visualized using a fine mesh.

Figure 3.8: A fine mesh used to model the flow velocity of a converging sheath gas nozzle in
COMSOL.

Again, it is seen that the fine mesh shows a better velocity profile than the coarse
mesh. For this reason the models are made using fine meshes. It was seen that meshes
finer than the shown meshes, do not differ the velocity profile enough anymore to be sig-
nificant. Meshes as fine as these are used for the models.

To have an idea how the nozzle actually looks like in COMSOL, a 3D model is shown
in fig. 3.9. The C nozzle is shown in fig. 3.9a and the CSG nozzle in fig. 3.9b.

The most interesting part to consider, is slightly before and after the nozzle exit throat.
A 3D simulation of the flow behaviour in these parts is given in fig. 3.10. The C nozzle is
shown in fig. 3.10a and the CSG nozzle in fig. 3.10b.
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(a) The converging nozzle. (b) The converging sheath gas nozzle.

Figure 3.9: 3D view of the velocity profiles of the converging and converging sheath gas nozzle.

(a) The converging nozzle. (b) The converging sheath gas nozzle.

Figure 3.10: 3D view of the flow behaviour slightly before and after the nozzle exit throat.

The particle trajectories can be visualized in various ways. Figure 3.11 shows the
trajectories of the particles while using a C nozzle. These particles have a diameter of 50
nm. In fig. 3.11a the particle velocity is also shown and in fig. 3.11b the flow velocity is
shown.

(a) Showing the particle trajectories with the
particle velocity.

(b) Showing the particle trajectories with the flow
velocity.

Figure 3.11: The particle trajectories using a converging nozzle shown in two ways. These
particles have a diameter of 50 nm.
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The same is shown for the CSG nozzle in fig. 3.12.

(a) Showing the particle trajectories with the
particle velocity.

(b) Showing the particle trajectories with the flow
velocity.

Figure 3.12: The particle trajectories using a converging sheath gas nozzle shown in two ways.
These particles have a diameter of 50 nm.

The model only shows half of the line width. The correct way to interpret the line
width is given in fig. 3.13. For this example, a C nozzle is used with 50 nm diameter
particles.

Figure 3.13: Converging nozzle used to explain the interpretation of the line width.

Half of the line width here is approximately 375 microns. The total line width of this
example is then 750 microns.

All the examples of the results that are visually given, can also be given in text files.
Considering the variety of results that these models deliver, it is concluded that these
models are able to provide the information needed as stated at the beginning of this
chapter.
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3.4 Validation of models

To confirm the validity of the models, the velocity of the flow is checked. Considering
all the velocity profiles of the simulated nozzles, it is seen that Mach disks are formed
directly after the nozzle exit throat. It is known, from chapter 2, that this observation
should always happen. The velocity of the flow suddenly increases at the nozzle exit
throat, creating these Mach disks. This indicates that the flow velocity looks correct. To
be more sure about this confirmation, the profile of the axial (Z) and radial (R) velocities
are considered. These profiles are shown in a graph that shows the velocity from the
substrate (0 mm) to inside the nozzle (1-6 mm). This is also done at different distances
from the axis of the nozzle (0, 0.1 and 0.2 mm) and is shown in fig. 3.14. This is both
plotted for the C and CSG nozzle, as shown in figs. 3.14a and 3.14b respectively.

(a) For the converging nozzle. (b) For the converging sheath gas nozzle.

Figure 3.14: The z- and r-velocity at different distances from the nozzle axis at the last 6mm
before the substrate. The substrate is at 0 mm and the nozzle exit throat at 1 mm, everything
after that is in the nozzle.

The upper three lines are the lines corresponding to the Z-velocity and the lower three
to the R-velocity of the flow. Considering the particles in the nozzle, it is seen that the
particles have relatively low velocities and thus are in the subsonic regime. Close to the
nozzle exit throat these z-velocities do not pass sonic levels. The r-velocity is within the
nozzle very close to zero since the particles slowly converge towards the centerline and the
Stokes force is dominant. This is both for the C and CSG nozzles. Considering chapter 2,
it is known that within a nozzle the Mach number can maximum reach sonic levels, so
this observation is justly. Another interesting region is between 0 and 1 mm, this is the
region where the particles are outside the nozzle. It is seen that the particles reach their
highest speeds here (Mach disks). Again, this is both for the C and CSG nozzles. These
observation are again corresponding with what is known about these type of nozzles.
However, the r-velocity of the CSG nozzle is noticeably lower than that of the C nozzle.
This indicates that the sheath gas helps the particles to stay closer to the centerline. This
is also an effect that is expected. It can be seen that the velocity is 0 m/s at 0 mm. This
makes sense because when the particles are deposited they will not move anymore.

Considering the three different distances shown in the graphs, it is seen that the par-
ticles closer to the centerline always have higher velocities than the particles further from
this line. This is also a plausible observation, since a Poiseuille flow is expected.
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Figure 3.15 shows the typical solution of the C and CSG models, when considering the
line width of different particle sizes.

(a) Line width of relatively large (diameter of
100 nm) particles using a converging nozzle.

(b) Line width of relatively small (diameter of 10 nm)
particles using a converging nozzle.

(c) Line width of relatively large (diameter of
100 nm) particles using a converging sheath gas
nozzle.

(d) Line width of relatively small (diameter of 10 nm)
particles using a converging sheath gas nozzle.

Figure 3.15: Typical line widths of relatively large and small particles.

It is seen that larger particles always have a smaller line width than smaller particles.
It is known from chapter 2, that larger particles have a higher inertia and relaxation time
and thus will less likely follow the streamlines and will stay closer to the nozzle axis.
This results in smaller line widths. However, smaller particle have very low inertia and
relaxation time and will tend to follow the streamlines. This phenomenon results in larger
line widths. Figure 3.15 shows this phenomenon too.

Considering all these arguments and observations, it is concluded that the performance
and outcome of these models is validated and are good to model and simulate what will
happen during the experiments.
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Chapter 4

Modelling results

Firstly, this chapter compares the results of the different model designs of the C nozzle.
Hereafter, a comparison of the CSG nozzle designs is given. Then, the C nozzle is compared
to the CSG nozzle. This is mainly done by using the focusing ratio. This ratio is defined
as the nozzle exit throat over the line width (NT/LW).

4.1 Converging nozzle

The results gathered on the C nozzles are categorized in three main parts: the velocities,
the contraction factor and the line width. To study these parts, the nozzle exit throat,
working distance and angle (and nozzle length) are adjusted according to chapter 3. All
these results are summarized in graphs and given in the sections below.

Velocity

The resulting axial and radial particle speeds, when adjusting the C nozzle, are given in
fig. 4.1. These are the maximum speeds measured at the centerline and exit of the nozzles.
The values are interpolated, since data at exactly the nozzle exit could not be extracted
directly out of COMSOL. The interpolation is done by using the functions readmatrix and
spline in MATLAB. An example of this MATLAB script is given in appendix B.

The difference between the diameter of the nozzle inlet and outlet changes the velocity
of the flow and particles. The inlet diameter stays the same, causing the axial particle
speed to increase when the nozzle exit throat diameter is decreased, as shown in fig. 4.1a.
Smaller particles have higher axial speed, since they have lower inertia and tend to follow
the streamlines. This is because the smaller particles have a lower relaxation time and can
adjust their velocity to the flow velocity faster compared to the larger particles. However,
fig. 4.1b shows that particles with a diameter of 100 nm and 50 nm have a higher radial
speed. Since these values are interpolated, they will contain some margin of error. It is
expected that this observation is caused during the interpolation. Nevertheless, the radial
velocities in the nozzle are still negligible compared to the axial velocities.
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(a) Axial speed when changing the nozzle exit
throat.

(b) Radial speed when changing the nozzle exit
throat.

(c) Axial speed when changing the working
distance.

(d) Radial speed when changing the working dis-
tance.

(e) Axial speed when changing the angle and
nozzle length.

(f) Radial speed when changing the angle and nozzle
length.

Figure 4.1: The particle axial (Z) and radial (R) speeds of different particle sizes when changing
different parameters of a converging nozzle. These are the maximum speeds measured at the
centerline and exit of the nozzles. The values are interpolated.

If the substrate is too close to the outlet, the particle velocity can not reach high val-
ues. It is seen that the axial particle speed increases significantly if the working distance is
larger, as shown in fig. 4.1c. This increase is again higher for the smaller particles. Again,
the radial particle speed in the nozzle, as shown in fig. 4.1d, is higher for larger particles
and negligible compared to the axial speed.

Finally, different angles are studied. When the angle increases, the nozzle itself becomes
shorter and vice versa. It is seen that smaller angles have higher axial particle speeds than
larger angles, as shown in fig. 4.1e. This is due to the fact that these nozzles with smaller
angles are longer, which results in the particles to have more time to reach higher velocities.
This effect, again, is even larger for smaller particles. Repeatedly, the radial particle speed,
as shown in fig. 4.1f, is higher for larger particles and negligible compared to the axial
speed.
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Contraction factor

The resulting contraction factors, when adjusting the C nozzle, are given in fig. 4.2.

(a) The nozzle exit throat.
(b) The working distance.

(c) The angle and nozzle length.

Figure 4.2: The contraction factor of different particle sizes when changing different parameters
of a converging nozzle.

The contraction factor here is defined as given in eq. (4.1).

Contraction factor =
(The distance of the furthest particle from the axis at the nozzle inlet

Half the diameter of the nozzle inlet )

(The distance of the furthest particle from the axis at the nozzle exit throat
Half the diameter of the nozzle exit throat )

(4.1)
The contraction factor indicates how well the nozzle system brings the particles towards

the centerline. Consequently, higher contraction would result in particles to move more
towards the centerline. However, the results, as shown in figs. 4.2a to 4.2c, indicate that
all C nozzles have a contraction factor of approximately 1. This means that, all these
nozzles do not contract the particles more towards the centerline within the nozzle. This
is an unpleasant result for a focusing nozzle. The only element that brings the particles
more towards the centerline, is the diameter of the nozzle exit throat. A smaller nozzle
exit throat will result in the particles to be closer to the axis when exiting the nozzle, but
still have a contraction factor of 1.

Line width

The resulting line widths, when adjusting the C nozzle, are given in fig. 4.3.
Line widths larger than 2500 µm indicate that the particles did not deposit on the sub-

strate. This phenomena only happens when particles are relatively small, i.e. a diameter
of 20 nm and smaller. However, when designing the nozzle exit throat smaller, it is seen
that these particles are able to deposit on the substrate. Considering the results, as shown
in fig. 4.3a, it is seen that smaller nozzle exit throats result in a smaller line widths. This
is due to the fact that nozzles with smaller nozzle exit throats result in higher (particle)
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(a) The nozzle exit throat.
(b) The working distance.

(c) The angle and nozzle length.

Figure 4.3: The line width of different particle sizes when changing different parameters of a
converging nozzle. Values above 2500 microns indicate that (most of) the particles did not deposit.

velocities and thus higher Stokes numbers. In addition, the particles are already brought
more towards the centerline before exiting the nozzle, making it easier to stay focused.

It is seen that the distance of the nozzle to the substrate (working distance) also mat-
ters. Very small distances, i.e. 0.1 mm, result in the widest lines, as shown in fig. 4.3b.
Moving the nozzles slightly more back to a distance of 0.5 mm, results in much smaller
line widths for small particles. However, for particles as small as 5 nm, it is seen that they
are unable to deposit. Moving the nozzle to a distance of 1 mm results, for particles of 10
nm and larger, to have wider lines than a distance of 0.5 mm. Particles smaller than 10
nm are able to be deposited with this distance. Considering the results, it is seen that too
small working distances results in smaller particles not being able to deposit. Moving the
nozzle further away from the nozzle, results in wider lines but smaller particles being able
to deposit. This phenomena is due to the fact that the (particle) velocities are higher for
a larger working distance. This increases the Stokes number and eventually decreases the
line widths.

Figure 4.3c shows that for larger particles the angle does not change the line width
much. This difference is much larger for smaller particles. If the angle is too large, i.e.
larger than 35 degrees, it is seen that small particles are unable to deposit. Angles of 10
or 15 degrees generally preform the best when considering line widths. This is because
these angles have higher (particle) velocities than larger particles. Since the nozzles are
longer, the particles have more time to reach a higher velocities within the nozzle.
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4.2 Converging sheath gas nozzle

The gathered results for the CSG nozzle are categorized in the same three parts as for the
C nozzle. However, unlike for the C nozzle, now the aerosol and sheath gas flow rates are
also adjusted. The results of the nozzle exit throat, working distance and angle are only
given for A/T=2/8 in this chapter. This is done to keep an clear overview and because
these models gave the best results. The results for the other flow rates can be found in
appendix C.

Velocity

The resulting axial and radial particle speeds, when adjusting the CSG nozzle, are given
in fig. 4.4. These are the maximum speeds measured at the centerline and exit of the
nozzles. The values are interpolated using the MATLAB script as shown in appendix B.

(a) Axial speed when changing the aerosol flow
rate over total flow rate (A/T).

(b) Radial speed when changing the aerosol flow rate
over total flow rate (A/T).

(c) Axial speed when changing the nozzle exit
throat.

(d) Radial speed when changing the nozzle exit
throat.

(e) Axial speed when changing the working distance.(f) Radial speed when changing the working distance.

(g) Axial speed when changing the angle and
nozzle length.

(h) Radial speed when changing the angle and nozzle
length.

Figure 4.4: The particle axial (Z) and radial (R) speeds of different particle sizes when changing
different parameters of a converging sheath gas nozzle. These are the maximum speeds measured
at the centerline and exit of the nozzles. The values are interpolated.
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When considering fig. 4.4a, it is seen that generally the axial particle speed is higher
for lower A/T ratios. A/T=2/8 indicates that the sheath gas has a flow rate of 6/8 of
the total flow rate. Thus, higher sheath gas flow rates cause the particles to have a higher
axial speed. This higher sheath gas flow rate also causes the radial velocity to be smaller,
as shown in fig. 4.4b. This is because the particles are forced to stay close to the centerline.

Figures 4.4c and 4.4d, show that for decreasing nozzle exit throat diameters, the axial
and radial speeds are higher. These speeds are also higher for larger working distances,
as shown in Figures 4.4e and 4.4f. Smaller angles result in higher axial particle speed, as
shown in fig. 4.4g. The particle radial speeds in the nozzle, as shown in Figures 4.4d, 4.4f
and 4.4h, can be neglected compared to the axial speeds.

Contraction factor

The resulting contraction factors, when adjusting the CSG nozzle, are given in fig. 4.5.

(a) The aerosol flow rate over total flow rate (A/T).
(b) The nozzle exit throat.

(c) The working distance. (d) The angle and nozzle length.

Figure 4.5: The contraction factor of different particle sizes when changing different parameters
of a converging nozzle.

According to fig. 4.5a, higher sheath gas flow rates result in a higher contraction factor.
This is due to the fact that the sheath gas pushes the particles more towards the centerline
and increases the particle velocities. Figure 4.5b shows that the nozzle exit throat diameter
does not effect the contraction factor of the nozzle itself. However, the overall contraction
factor is lower when the nozzle exit throat is larger. In fig. 4.5c it is seen that the working
distance does not effect the contraction factor directly. This indicates that the nozzle does
not have to work very close to substrate and can deposit on non-flat surfaces. Smaller
angles have a significantly larger contraction factor, as seen in fig. 4.5d. This is caused by
the fact that the nozzle is longer when the angle is smaller. Also, the particles have more
time to move towards the centerline with a less aggressive change in path.
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Line width

The resulting line widths, when adjusting the CSG nozzle, are given in fig. 4.6.

(a) The aerosol flow rate over total flow rate (A/T).
(b) The nozzle exit throat.

(c) The working distance. (d) The angle and nozzle length.

Figure 4.6: The line width of different particle sizes when changing different parameters of a
converging sheath gas nozzle. Values above 2500 microns indicate that (most of) the particles did
not deposit.

Figure 4.6a shows that a higher sheath gas flow rate results in smaller line width. This
is due to that the particle velocities are higher for this situation, which results in a higher
Stokes number and smaller line widths. Also, it is seen that the contraction factor for this
situation is higher, so the particles are closer to the axis before exiting the nozzle.

Figure 4.6b showes that significantly smaller line width can be achieved by reducing
the diameter of the nozzle exit throat. It is also seen that small particles, i.e. 20 nm and
smaller, can only be deposited on the substrate if the nozzle exit throat is small enough.

The working distance does not change the line width of larger particles much, as shown
in fig. 4.6c. However, when considering particles of the size 20-10 nm, the line width is
smaller when slightly increasing the working distance. To be able to deposit particles
smaller than 10 nm it is seen that the working distance needs to be slightly increased. It
is found that for 1 mm working distance, these particles are able to be deposited.

Changing the angle does not effect the line width much, when considering particles
larger than 20 nm, as shown in fig. 4.6d. However, for particles smaller than 10 nm, it
is seen that having a small angle is necessary to be able to deposit the particles on the
substrate with narrow line widths.

4.3 Comparison of the converging and converging sheath
gas nozzle

The focusing ratio is defined as the nozzle exit throat over the line width (NT/LW). The
focusing ratio of the different A/T ratios is given in fig. 4.7. This is first shown, to conclude
what the sheath gas does to the focusing ratio, before adding more changes to the CSG
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nozzle. This makes the comparison between the C and the CSG nozzle easier to explain
and understand.

Figure 4.7: The focusing ratios (nozzle exit throat/line width) of different particle sizes when
changing the aerosol flow rate to total flow rate ratio of a converging sheath gas nozzle.

Focusing ratios higher than one indicate that the line width is focused to a value smaller
than the diameter of the nozzle exit throat. It is observed that higher sheath gas flow
rates result higher focusing ratios. Also, the focusing ratios are higher for larger particles
than for the smaller ones. These observations are due to the higher particle velocities for
higher sheath gas ratios and the larger inertia of the larger particles. Also, the sheath gas
forces the particles inside the nozzle towards the centerline, causing the particles to leave
the nozzle more collimated.

The focusing ratios of both the C and CSG nozzle are compared to see the differences
between both nozzles. Figure 4.8 shows this difference when considering the nozzle exit
throat.

(a) The converging nozzle. (b) The converging sheath gas nozzle.

Figure 4.8: The focusing ratios (nozzle exit throat/line width) of different particle sizes when
changing the nozzle exit throat of a converging and converging sheath gas nozzle.

It is clearly seen that the focusing ratios of the CSG nozzles, as shown in fig. 4.8b, are
much higher than those of the C nozzles, shown in fig. 4.8a. The focusing ratio of the C
nozzles never exceed the value of one, indicating always a wider line width than the nozzle
exit throat diameter. The CSG nozzles have focusing ratios higher than one. However,
for smaller particles this focusing ratio decreases significantly. Larger nozzle exit throat
diameters, result in significantly lower focusing ratios for smaller particles. The 400 µm
nozzle exit throat shows a significantly higher focusing ratio for particles smaller than 10
nm.
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Figure 4.9 shows the difference between the focusing ratio of the C and the CSG nozzle,
when changing the working distance.

(a) The converging nozzle. (b) The converging sheath gas nozzle.

Figure 4.9: The focusing ratios (nozzle exit throat/line width) of different particle sizes when
changing the working distance of a converging and converging sheath gas nozzle.

Again, the CSG nozzles show much higher focusing ratios, than the C nozzles, as shown
in figs. 4.9a and 4.9b, respectively. The C nozzles again fail to pass the value of one consid-
ering the focusing ratios. The 1 mm working distance shows, even for the smallest particle
sizes, promising focusing ratio values for the CSG nozzles. However, a working distance of
0,5 mm has better focusing ratio for particles larger than 10 nm. All in all, working dis-
tances from 0.5 - 1 mm seem very promising to achieve good focusing, using a CSG nozzle.

The focusing ratios of the C nozzle and the CSG nozzle, when changing the angle at
the nozzle exit throat, is given in fig. 4.10.

(a) The converging nozzle. (b) The converging sheath gas nozzle.

Figure 4.10: The focusing ratios (nozzle exit throat/line width) of different particle sizes when
changing the angle of a converging and converging sheath gas nozzle.

The C nozzles have much lower focusing ratios than the CSG nozzles, as shown in
figs. 4.10a and 4.10b respectively. Again, the C nozzles are not able to pass the value
of one considering the focusing ratio, leaving the CSG nozzle again superior to it. It is
observed that the focusing ratios of the CSG nozzles stay decent for all particle sizes, when
using small angles such as 5-15 degrees.

Overall, these focusing ratios indicate that the CSG nozzles are much better at focusing
particles than the C nozzles. Also, it is seen that is very hard to have small line widths
with the C nozzle if small particles are deposited. The focusing ratios of the CSG nozzles
have in the case of small nozzle exit throats (400 µm) and angles (5-10 degrees) and a
working distance of 0.5-1mm decent values. The goal can be reached by designing a nozzle
that maximizes the potential of these values. These nozzles are proposed in the following
chapter.
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Chapter 5

Proposed nozzles

Firstly, this chapter gives the models and COMSOL results of the proposed nozzles. Here-
after, the modifications needed in the SAM setup to implement a sheath gas system, are
discussed. Then, the process to print a CSG nozzles is explained. This procedure is then
used to print a proposed nozzle. Finally, the experimental results gathered with a C nozzle
and the proposed CSG nozzle, are given and briefly compared.

5.1 Models and results

Based on the findings in chapter 4, three nozzle designs are introduced, labeled: Proposed
1, 2 and 3. Proposed 1 is based on the model used in the previous chapter with chosen
parameters to be in the most favourable range, as found through modelling. This model
is shown in fig. 5.1. Proposed 2 and 3 have a capillary and diverging end, respectively.

Figure 5.1: Proposed converging sheath gas nozzle design.
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This nozzle is set to have a nozzle exit throat of 400 µm, a working distance of 1 mm,
an angle of approximately 5 degrees and a total length of 60 mm. Further details about
the dimensions and geometry are given in section 5.2.2.

Two other nozzles are designed with this nozzle as the base, as shown in fig. 5.2. Pro-
posed 2 has exactly the same geometry as proposed 1, but has a capillary end at the nozzle
exit of proposed 1. The diameter of this part is also 400 µm and has a length of 3mm,
making the total nozzle length 63mm. This nozzle is shown in fig. 5.2a. Proposed 3 has
also exactly the same geometry as proposed 1, but has a diverging end at the nozzle exit
of proposed 1. This diverging part starts at 400 µm and becomes gradually after 5 mm
800 µm, making the total length of this nozzle 65 mm. This nozzle is shown in fig. 5.2b.
The capillary part and diverging part at the end were not studied. However, section 2.5
shows that adding a diverging and capillary part at the end will increase the velocity and
should cause the particles to migrate towards the centerline, respectively. This should re-
sult in narrower line widths. The exact geometries of both nozzles are given in section 5.2.2.

(a) Proposed 2. (b) Proposed 3.

Figure 5.2: Geometry difference of proposed 2 and 3.

Chapter 4 showed that the best results, for a CSG nozzle, are achieved when using the
ratio A/T=2/8. Hence, all the following results are based on this ratio.

The modelled particle velocities of the nozzles are given in fig. 5.3. These are the
maximum speeds measured at the centerline and exit of the nozzles. The values are
interpolated.
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(a) The axial particle speed. (b) The radial particle speed.

Figure 5.3: The particle axial (Z) and radial (R) speeds of different particle sizes of the proposed
nozzles. These are the maximum speeds measured at the centerline and exit of the nozzles. The
values are interpolated.

Figure 5.3a shows that proposed 1 has the lowest particle speed of all three nozzles.
Adding a capillary end results in an approximately 30% particle speed increase. More
than 200% particle speed increase is achieved by adding the diverging end. As mentioned
earlier in this chapter, it is expected that adding a capillary and diverging part would
result in higher velocities. Figure 5.3b shows the radial speeds. It is seen that the radial
speed in the nozzle is neglectable compared to the axial speed.

The modelled contraction factors of these nozzles is given in fig. 5.4.

Figure 5.4: The contraction factor of different particle sizes of the proposed nozzles.

All three nozzles have excellent contraction factors. Proposed 2 and 3 have slightly
better contraction factors than proposed 1. This is due to the higher axial particle speeds
of these nozzles. However, the significant higher speeds of proposed 2 and 3 are not pro-
portional to the contraction factor. Proposed 1 has a very good contraction factor given
its relatively low axial particle speed.

The line width of the proposed nozzles are given in fig. 5.5.
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Figure 5.5: The line width of different particle sizes of the proposed nozzles.

All three nozzles have approximately the same modelled line widths for each different
particle size. The main difference in the line width is in proposed 3, with particle diam-
eters of 5 nm. This nozzle shows significantly higher line width for these small particles.
These proposed nozzles show line widths of 104-134 microns for particles with a diameter
of 10 nm.

The focusing ratios of the proposed nozzles are given in fig. 5.6.

Figure 5.6: The focusing ratio (nozzle exit throat/line width) of different particle sizes of the
proposed nozzles.

The nozzles have approximately the same focusing ratios in each particle size. The
only difference is again with proposed 3 and a particle diameter of 5 nm. This particle size
shows a relatively low focusing ratio compared to the other nozzles. With these proposed
nozzles it is seen that even the small particles have focusing ratios above the value of one,
indicating a good focusing nozzle for small particle sizes.

All in all, it is seen that the proposed CSG nozzles have much better focusing aspects
than the traditional C nozzles. These proposed nozzles are used to reach the desired goal
of this research.
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5.2 Sheath gas implementation in experimental setup and
nozzles

The setup, as given in section 1.3, does have the possibility to add a sheath gas line, but is
was never fully connected and tested. The nozzles tested on this setup were the C nozzle
type. To implement sheath gas into the SAM setup, some modifications have to be made
to the setup itself and the nozzles, including the the procedure of printing and connecting
these nozzles.

5.2.1 SAM setup preparation

As discussed earlier, the SAM setup generates a polydisperse aerosol flow. Since the sizes
in this aerosol differ, different inertia forces will act on the (nano)particles. Smaller par-
ticles will more likely follow the streamlines, due to their small relaxation time, after the
nozzle exit.

Considering this, first the size dependency of the particles related to the nozzle design
is investigated. The results in chapter 4 showed that larger particles will always be better
focused than smaller particles. Due to this result, it is chosen to not add a size selector to
the system, but to focus all the particles in the system. The designed nozzles that focus
≤10 nm nanoparticles to a line width of approximately 100 µm, are good to experiment
with in this setup.

To connect a nozzle that uses sheath gas, the setup is slightly modified. The nozzle has
two entries instead of one, i.e. one for the aerosol and one for the sheath gas. The sheath
gas is supplied via another line to the vacuum chamber. The total system including these
modifications is given in a schematic view, as shown in fig. 5.7.

Figure 5.7: Schematic representation of the SAM setup with the connected sheath gas line.

The sheath gas line is connected to the vacuum chamber on the backside. A 4 mm
pipe is connected, on the inside, to the the sheath gas inlet. This is then connected to
the nozzle itself. Figure 5.8 shows the CSG nozzle connected and installed in the vacuum
chamber.

This enables the nozzle to receive sheath gas separately from the aerosol line. Consid-
ering the proposed nozzles, it is seen that all of these nozzles are significantly longer than
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Figure 5.8: Converging sheath gas nozzle connected and installed in the vacuum chamber.

the originally used C nozzles. The SAM setup was designed to fit these C-size-nozzles.
Unfortunately, the space in the vacuum chamber was not large enough to mount these
nozzle without damaging it. The pipe where the nozzles are mounted on was longer than
necessary. To be able to fit these nozzles in the vacuum chamber and mount them, this
pipe was removed and cut.

5.2.2 Nozzle preparation

To be able to print and connect the proposed nozzles properly, a few CSG type nozzles
are test printed. The first nozzle printed is the standard CSG nozzle with a nozzle exit
throat of 400 µm, as shown in fig. 5.9. A first CAD model of this concept was made using
Autodesk. This model is shown in fig. 5.9a. The dimensions and technical details are
shown in fig. 5.9b.

This model is printed using the SLA 3D printer with HTM140V2 as resin material.
After curing this nozzle an attempt was made to connect it to the aerosol and sheath gas
line of the SAM setup.

The sheath gas connection hole in this nozzle has a diameter of 4.3 mm, while the
connection itself is 5 mm. After printing the nozzle, this hole is drilled to 5 mm and
tapped. By mechanically drilling it to 5 mm, unnecessary leakage is prevented. This is
because the mechanical drilling has a higher resolution than the SLA printing. However,
this hole is made in a 15 degree angle with a 3 mm wall. This resulted in a fracture in the
hole. Also, the chips of the drilling and tapping caused the nozzle to be clogged. To fix
the fracture, manually resin was put around the (air pneumatic L-shaped pipe) connection
and cured. However, the nozzle was still clogged. Nevertheless, it was concluded that this
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(a) A North-West
view.

(b) The dimensions and technical details.

Figure 5.9: The first CAD model of the Converging sheath gas nozzle.

procedure of printing, drilling and tapping to connect the nozzle, is a successful idea. The
first, clogged and fractured, connected nozzle to the sheath gas pipe, is shown in fig. 5.10.

Figure 5.10: First connected converging sheath gas nozzle to the sheath gas pipe.

To solve the fracturing and clogging of the nozzle, a few updated CAD models were
made. In these models the Design for manufacturing (DFM) failures were adjusted. The
main DFM violations were at the sheath gas connection.

The DFM rules, that are used to adjust the nozzle, are given in the bullet points below.
[69]
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• It is important that only surfaces perpendicular to the centerline of the hole are
entered and exited when drilling. The drill tip will tend to wander if it contacts the
non-planar surface.

• Machining deep and small diameter holes is difficult. Hence they should be avoided.
Drills with small diameters tend to wander and are prone to breaking. Also, when
drilling too deep, chip removal becomes more difficult. Therefore, a hole diameter
to depth ratio of less than three is recommended.

• Avoiding holes intersecting with cavities is recommended in drilling operations. If
not, the drill will tend to wander and the chance of the drilling tool breaking in-
creases.

Using these rules, it was chosen to remove the angle of the sheath gas connection hole
and to make a muscle around the hole to prevent fracturing during drilling. The sheath
gas connection was drilled with a diameter of 5 mm and only 10 mm deep, to prevent
clogging and leakage. The aerosol connection hole is made 9.8 mm and is drilled to a
diameter of 10 mm and 10 mm deep. These modifications resulted in the nozzle shown in
fig. 5.11a. The dimensions and technical details are shown in fig. 5.11b.

(a) A North-West view.

(b) The dimensions and technical details.

Figure 5.11: Modified CAD model of the converging sheath gas nozzle.
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The modifications prevented the nozzle from fracturing and clogging. Also, the fitting
of the aerosol inlet hole was much better. This resulted in the first working and mounted
CSG nozzle.

It was concluded that this system will be able to print with sheath gas nozzles and
that this procedure completely works.

Using the same procedure as above, the proposed nozzles are printed and manufac-
tured. This procedure is used to ensure a tight and leakage proof fit without any fractures.
The same geometry is used, in these nozzles, for the muscle around the sheath gas inlet.
The rest of the shape and geometry of Proposed 1 is shown in fig. 5.12.

Figure 5.12: Shape, geometry and cross sections of Proposed 1.

As described earlier, Proposed 2 and 3 have the same shape and geometry as Proposed
1, the only difference is at the nozzle exit. All three nozzles are shown side to side in
fig. 5.13.
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(a) Proposed 1. (b) Proposed 2. (c) Proposed 3.

Figure 5.13: All three proposed nozzles.

A close up on the differences at the nozzle exit throat, are shown in fig. 5.14.

(a) Proposed 1.

(b) Proposed 2: Proposed
1 with an extra 3 mm
capillary end with a 400
µm nozzle exit throat.

(c) Proposed 3: Proposed 1
with an extra 5 mm diverging
end. This diverging part starts
with a nozzle throat of 400 µm
and becomes gradually, after 5
mm, 800 µm at the nozzle exit.

Figure 5.14: The differences between the three proposed nozzles.

Proposed 1 was printed and connected, using the same procedure found earlier. This
nozzle is shown in fig. 5.15.
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Figure 5.15: Proposed 1 connected to the sheath gas line of the SAM setup.

5.3 Experimental results

Experiments are conducted using a C and CSG nozzle. Considering chapter 4, it is seen
that the best C nozzle has the smallest possible nozzle exit throat and angle. For this
reason, the C nozzle used during the experiments, has a nozzle exit throat of 400 µm and
a angle of approximately 10 degrees. The CSG nozzle used during these experiments is
Proposed 1. Microscopic glass sliders are used as substrates in these experiments.

5.3.1 Effect of writing speed

To be able to write good lines and have a good comparison between the C and CSG
nozzle, the effect of the writing speed needs to be studied. This is tested by using the C
nozzle. During experiments the working distance was kept at 500 µm and the pressure in
the vacuum chamber was approximately kept at 285 Pa. The generator was set to have
a voltage of 1.3 kV and a current of 9.0 mA. The resulting printed lines, using different
writing speeds, are shown in fig. 5.16.

The line widths are measured using the Keyence microscope, which is a digital micro-
scope. To determine the average measurement error, the same configuration is used to
write two lines. These lines are then measured. This is done for several lines. Using these
values an estimated error margin is set for all the digital microscope measurements. The
average of all these differences is found to be: 18+45+9+28

4 = 25µm.

The lines are traditionally written by moving the stage to the right and then, following
the same path, back to it’s origin. This is done to increase the amount of particles
deposited per line. However, it causes an overlay error. It is clearly seen that high writing
speeds result in less deposited particles. To have good and visible lines, writing speeds of
maximum 0.1 mm/s should be chosen. For this reason, a speed of 0.045 mm/s is preferred
to go back and forth on the line. To prevent the overlay error, the nozzle is moved with
approximately half the speed (0.03 mm/s) to the desired position on the substrate. On
the way back a much higher speed of 5 mm/s is used to be able to neglect the particle
deposition. This results in approximately the same particle density, but a more accurate
line width since the overlay and stage offset error on the way back can be neglected.
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(a) Writing velocity=0.4 mm/s. (b) Writing velocity=0.2 mm/s.

(c) Writing velocity=0.1 mm/s. (d) Writing velocity=0.045 mm/s.

Figure 5.16: Digital microscope imaging showing the printed lines with different writing speeds,
using a converging nozzle. The line widths shown have an error margin of ±25 microns.

5.3.2 Effect of vacuum chamber pressure

Since the sheath gas line blows sheath gas into the nozzle in the vacuum chamber, the
pressure in this area (outlet pressure) will be higher for CSG nozzles than for the C nozzles.
To understand the effect of this difference, various outlet pressures were set while printing
lines with the C nozzle. The outlet pressure was varied by not connecting the sheath gas
line to the nozzle, but letting the sheath gas blow into the vacuum chamber. During the
experiments the working distance was kept at 400 µm. The generator was set to have a
voltage of 1.3 kV and a current of 9.0 mA. The resulting line widths are shown in fig. 5.17.

It can be seen that the line width slightly increases when increasing the outlet pres-
sure. This indicates that the CSG nozzles will have a small disadvantage, considering the
pressure, since they operate in a higher outlet pressure than the C nozzles.
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Figure 5.17: Line width, using a converging nozzle, when varying the vacuum pressure.

5.3.3 Effect of flow rates

Since the system has to operate at a pressure of 1 bar (inlet pressure), the flow rates of
the nozzles are restricted. Each specific nozzle has a flow rate value that keeps the system
at this pressure. The C nozzle used in these experiments has a flow rate of 1.00 l/min
and the CSG nozzle, Proposed 1, has a flow rate of 2.15 l/min. The flow rate of the CSG
nozzle is higher, since a separate line blows sheath gas into the nozzle. This indicates
that the maximum flow rate, that can be used in this system while operating at 1 bar, is
mainly dependent on the nozzle exit throat of the aerosol channel.

Experiments were done with different sheath gas flow rates, as shown in fig. 5.18.
During these experiments, the working distance was kept at 500 µm and the pressure in
the vacuum chamber was approximately 600 Pa. The generator was set to have a voltage
of 1.3 kV and a current of 9.0 mA. Figure 5.18a shows the line widths using the digital
microscope and fig. 5.18b shows these line width in a graph.

It can clearly be seen that increasing the sheath gas ratio results in narrower lines.
The same trend was also seen in chapter 4 when modelling these nozzles. However, the
results of the effect of sheath gas become less significant for values below A/T=2/8.

These line widths are found to be wider during the experiments than expected using
the models. This difference is due to all the losses that were not accounted for during
modelling. Firstly, the model assumes that when the particles hit the substrate, they will
directly adhere to it. It may well be that this is not the case during the experiments,
since particles can bounce and shift from their first impaction location on the microscopic
glass slider substrate. Secondly, it is assumed during modelling that the outlet pressure
would be 100 Pa. In reality this was higher. Finally, the stage has some inaccuracies. It
is very hard to set up the nozzle exactly parallel to the substrate and the desired working
distance. All these factors could explain why the line widths during the experiments are
slightly wider than seen during modelling.

Also, the stages moves down, due to gravity, when it is moved sideways. This shift can
be 50-200 µm when writing a line, which effects where the line is written on the substrate.
However, this shift does not effect the line width itself.
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(a) Digital microscope imaging: 1) A/T=1/10, 2) A/T=1/8, 3) A/T=2/8, 4) A/T=3/8, 5) A/T=4/8, 6)
A/T=5/6 and 7) A/T=6/8. The line widths shown have an error margin of ±25 microns.

(b) The trend of the different average line widths shown in a graph.

Figure 5.18: Line widths of Proposed 1 when varying the aerosol flow rate to total flow rate
ratio.

All in all, the experiments showed that the models are capable of representing what
will happen in reality.
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Chapter 6

Conclusions

The models showed that the contraction factor of the C nozzle is dependent on its shape
only, i.e. a small nozzle exit throat will physically move the particles towards the centerline.
Hence, the machinery used to make high deposition resolution C nozzles, should have very
high resolution to be able to print small nozzle exit throats. The C nozzles are only
capable of depositing ≤10 nm particles if these exits are sufficiently small. This makes
these nozzle more likely to get clogged. Also, the focusing ratio never exceeds the value
of one, indicating always a wider line width than the nozzle exit throat diameter.

The models also showed that the deposition resolution is much better with the sheath
gas system. High sheath gas ratios in the system, regardless of other design parameters,
are essential for bringing particles close to the nozzle centerline. Small nozzle exit throats
are essential for small line widths. The A/T ratio has the biggest contribution to raising
the contraction factor. This also results in the ability to decrease the nozzle exit throat
diameters without any clogging occurring. Introducing the sheath gas earlier in the nozzle
is more effective than at the end of the nozzle. Also, adding sheath gas to the nozzle
increases the particle velocity.

A high particle velocity is very important to deposit narrow line widths. However,
this is not the only important factor. Smaller line widths are also achieved with smaller
angles and longer converging sections. Also, it is seen that the contraction factor hardly
depends on the particle size. The focusing ratio is subsequently most influenced by the
nozzle exit throat diameter. It is seen that smaller nozzle exit throats have significantly
higher focusing ratios for ≤10 nm particles. It is also noticed that the working distance
does not effect the contraction factor directly. This indicates that the nozzle does not have
to work very close to substrate and can deposit on non-flat surfaces.

Using these learnings, three proposed nozzles are designed and manufactured. It is seen
that all three nozzles have excellent contraction factors. Proposed 2 and 3 have slightly
better contraction factors than proposed 1. This is because they have higher axial particle
speeds due to their capillary and diverging end.

The best modelled contraction factor, focusing ratio and line width achieved, using 10
nm particles, with a converging nozzle are 1.0, 0.4 and 874 microns, respectively. This
nozzle has a nozzle exit throat of 400 microns and an angle of 10 degrees. However, a
modelled contraction factor of 9.3, focusing ratio of 3.8 and line width of 104 microns
are achieved using the proposed converging sheath gas nozzle with a nozzle throat of 400
microns and an angle of 5 degrees. Even narrower line widths are expected if the throat
diameters are reduced.
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During the experiments it is seen that the maximum flow rate, that can be used in this
setup while operating at 1 bar, is mainly dependent on the nozzle exit throat of the aerosol
channel. The line widths, for the CSG type nozzle, during the experiments are wider than
modelled. This difference is due to all the losses that were not accounted for during
modelling. Firstly, the model assumes that when the particles hit the substrate, they will
directly adhere to it. It may well be that this is not the case during the experiments,
since particles can bounce and shift from their first impaction location on the substrate.
Secondly, during modelling it is assumed that the outlet pressure would be 100 Pa. In
reality this was slightly higher. Finally, the stage has some inaccuracies. It is very hard
to setup the nozzle exactly parallel to the substrate and the desired working distance. All
these factors could explain why the line widths during the experiments are slightly wider
than seen during modelling.
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Recommendations

Firstly, recommendations are given to improve the SAM setup. Then, future work recom-
mendations are discussed.

SAM setup

The stage used in the SAM setup is not very robust and accurate. It is very difficult to
write controlled lines, with a high resolution, using this stage. It could be improved in
terms of robustness and accuracy. Actuation of the stage rotation can also be implemented.
This would enable the selection of the right angle while depositing particles. Also, placing
the substrate exactly parallel to the nozzle would be more accurate and significantly easier.

The controller used in this system needs to be manually handled. It can be changed to
a Labview operated system. This could increase the usability and accuracy of the system.

Future work

It was seen that Proposed 2 and 3 also achieved good results. Thus, different shapes than
the C and CSG nozzles can be designed and tested using the conclusions gathered in this
research.

The usage of multi-scale printing can be studied and applied. Doing so, the SLA printer
can still be used for the bulk parts of the nozzle and the Nanoscribe for the parts that
require higher resolution printing. This can be used to print smaller nozzle exit throats
to enhance the deposition resolution.

Skimmers can be studied and added to the nozzles. By using these skimmers, well
collimated molecular beams can be made. If these skimmers are engineered correctly
within a nozzle, the deposition resolution can be enhanced.

The addition of E-fields can be studied and added to the system. The nanoparticles
can be manipulated to focus towards a specific spot by using these electrical fields. The
deposition resolution can be enhanced by designing a nozzle, of multi-material, that is
able to use the advantages of this field.

Deposition on different substrates can be studied. In this research microscopic glass
sliders were used as substrates. A higher surface roughness could result in higher depo-
sition resolution. With increase of substrate surface roughness, the adhesive strength is
increased. Using glass, the particles could easily impact and then slide or bounce to other
position or not deposit at all. Different coatings on substrates can also be studied.
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The deposited particles are made out of copper. In future research different metal
particles can be studied and compared in terms of deposition resolution. Difference in
particle density might effect the line width while using the same sizes of particles as used
in this research. There might be a larger range of particle diameters that focus better if
particles with higher density are deposited and vice versa.
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Appendix A

MATLAB script for aerosol and
sheath gas flow rate calculation

Figure A.1: MATLAB script for calculating the Mach Numbers for different ratios of aerosol and
sheath gas flow rates.
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Appendix B

MATLAB script for speed
interpolation and extraction

Figure B.1: An example of a MATLAB script that reads the extracted COMSOL values, inter-
polates the extracted axial and radial speeds and gives these speeds at the centerline of the nozzle
exit.
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Appendix C

Additional flow rates results

This appendix shows the results of the CSG models with A/T=4/8 and A/T=7/8.

Velocity

The resulting axial and radial particle speeds, when adjusting the CSG nozzle with
A/T=4/8, are given in fig. C.1. These are the maximum speeds measured at the cen-
terline and exit of the nozzles. The values are interpolated.

(a) Axial speed when changing the nozzle exit
throat.

(b) Radial speed when changing the nozzle exit
throat.

(c) Axial speed when changing the working
distance.

(d) Radial speed when changing the working dis-
tance.

(e) Axial speed when changing the angle and
nozzle length.

(f) Radial speed when changing the angle and nozzle
length.

Figure C.1: The particle axial (Z) and radial (R) speeds of different particle sizes when changing
different parameters of a converging sheath gas nozzle with A/T=4/8. These are the maximum
speeds measured at the centerline and exit of the nozzles. The values are interpolated.
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The resulting axial and radial particle speeds, when adjusting the CSG nozzle with
A/T=7/8, are given in fig. C.2. These are the maximum speeds measured at the centerline
and exit of the nozzles. The values are interpolated.

(a) Axial speed when changing the nozzle exit
throat.

(b) Radial speed when changing the nozzle exit
throat.

(c) Axial speed when changing the working
distance.

(d) Radial speed when changing the working dis-
tance.

(e) Axial speed when changing the angle and
nozzle length.

(f) Radial speed when changing the angle and nozzle
length.

Figure C.2: The particle axial (Z) and radial (R) speeds of different particle sizes when changing
different parameters of a converging sheath gas nozzle with A/T=7/8. These are the maximum
speeds measured at the centerline and exit of the nozzles. The values are interpolated.
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Contraction factor

The resulting contraction factors, when adjusting the CSG nozzle with A/T=4/8, are
given in fig. C.3.

(a) The nozzle exit throat. (b) The working distance.

(c) The angle and nozzle length.

Figure C.3: The contraction factor of different particle sizes when changing different parameters
of a converging sheath gas nozzle with A/T=4/8.

The resulting contraction factors, when adjusting the CSG nozzle with A/T=7/8, are
given in fig. C.4.

(a) The nozzle exit throat. (b) The working distance.

(c) The angle and nozzle length.

Figure C.4: The contraction factor of different particle sizes when changing different parameters
of a converging sheath gas nozzle with A/T=7/8.
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Line width

The resulting line widths, when adjusting the CSG nozzle with A/T=4/8, are given in
fig. C.5.

(a) The nozzle exit throat. (b) The working distance.

(c) The angle and nozzle length.

Figure C.5: The line width of different particle sizes when changing different parameters of a
converging sheath gas nozzle with A/T=4/8. Values above 2500 microns indicate that (most of)
the particles did not deposit.

The resulting line widths, when adjusting the CSG nozzle with A/T=7/8, are given
in fig. C.6.

(a) The nozzle exit throat. (b) The working distance.

(c) The angle and nozzle length.

Figure C.6: The line width of different particle sizes when changing different parameters of a
converging sheath gas nozzle with A/T=7/8. Values above 2500 microns indicate that (most of)
the particles did not deposit.
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Focusing ratio

The resulting focusing ratios (NT/LW), when adjusting the CSG nozzle with A/T=4/8,
are given in fig. C.7.

(a) The nozzle exit throat. (b) The working distance.

(c) The angle and nozzle length.

Figure C.7: The focusing ratio (nozzle exit throat/line width) of different particle sizes when
changing different parameters of a converging sheath gas nozzle with A/T=4/8.

The resulting focusing ratios (NT/LW), when adjusting the CSG nozzle with A/T=7/8,
are given in fig. C.8.

(a) The nozzle exit throat. (b) The working distance.

(c) The angle and nozzle length.

Figure C.8: The focusing ratio (nozzle exit throat/line width) of different particle sizes when
changing different parameters of a converging sheath gas nozzle with A/T=7/8.
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