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Abstract

In connection with attempts to expand the maximum attainable measurement domain of volumetric
Particle Image Velocimetry (PIV), a research project is carried out into the production flexibility and
scalability of heliumfilled soap bubbles (HFSB). Based on a literature survey, limitations of PIV sys
tems have been identified which fail to meet the demand for largescale, industrial wind tunnel ex
periments. The reason for this is the limited available energy density supplied by conventional light
sources, providing sufficient contrast between the image background and the light scattered by tracer
particles. Henceforth, stateoftheart timeresolved volumetric measurements with heliumfilled soap
bubbles have not yet been performed on domains larger than the human body itself. These domains
are deemed to be too small for automotive, aerospace and wind energy industries. Proposed solutions
such as increasing the laser power have high costs associated with them. Furthermore, traversing or
robotic PIV measurements are timeconsuming and suffer from the need to timeaverage the velocity
data, only providing insight into the statistics of the mean flow.

The third solution is to scale particles, increasing the intensity of the light scattered from the particle to
the camera sensor. Using an existing raytracing model, the light scattering behaviour of soap bubbles
is analysed. With this model, the quadratic relationship between the intensity of scattered light from a
particle and its diameter is confirmed. It is for this reason that the introduction of submillimetre HFSB
has increased the measurement domain of volumetric threecomponent timeresolved experiments
from 104 cm3, achieved by conventional micronsized particles, to 104 cm3. A subsequent theoretical
analysis of the attainable measurement domain for varying particle diameter shows that for particles
five times larger than conventional HFSB, the measurement domain can be increased from 104 to
105 cm3. This demonstrates the potential of scaling HFSB to lift some of the restrictions for largescale
PIV measurements. Consequently, the flexibility and scalability in the production of HFSB have been
assessed by analysing and changing the design of the HFSB nozzle generator used by TU Delft.

An experimental setup is realised to localise the light intensity peaks of individual glare points origi
nating from the bubble’s surface. The distance between interpolated, subpixel accurate glare points
is subsequently used to derive the average bubble diameter based on a Gaussian leastsquares fit
of the particle size distribution. The produced bubbles comply with the theoretical neutrally buoyant
condition so that the flow can be followed faithfully with these tracers. The effect of varying opera
tional parameters is analysed by changing the flow rates of air, helium and soap. The nozzle scale
and the orifice diameter are the geometrical parameters considered in this study. It is found that pure
geometrical scaling leads to excessive accumulation of soap within the nozzle, resulting in blockage
and therefore failing to produce bubbles. However, updating the internal soap channels has shown
significant improvements.

A novel, physicsbased model is presented which couples operational and geometrical parameters
to the HFSB diameter. So far, scientific literature has only established datadriven relationships be
tween these variables. The proposed model is benchmarked with experimental data and is in good
agreement with the given proportionality for a broad spectrum of operational conditions. Additionally,
bubble diameter is scaled from 0.5 mm produced by conventional nozzles to 2.5 mm with a scaled
and improved nozzle. This corresponds to a 25 fold increase in the volume compared to the current
operational domain for HFSB experiments, or a 3 fold increase along all dimensions.

Conclusively, the identified need for largescale PIV measurements is addressed by designing and im
proving the conventional HFSB nozzle generator used by Delft University of Technology. This research
highlights the flexibility of the operational range of nozzle generators and the scalability of the resulting
bubbles. It also provides guidelines for designing nozzles for a particular experimental arrangement,
requiring a specific bubble size. The 5 fold increase in particle diameter compared to conventional

iii



iv 0. Abstract

HFSB further closes the gap between PIV measurements and the identified need for its application
on a larger scale. Recommendations include further increasing the size of the nozzle while carefully
controlling the size of internal channels, as well as investigating the effect of the orifice length and
shape.
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1
Introduction

The complexity and omnipresence of the inherently threedimensional processes governing turbulence
have been awakening the curiosity of researchers and scientists since the early 16th century. Turbu
lence dictates the fluid flow of blood within our veins, the weather via largescale atmospheric and
oceanic flows and the airborne transmission of diseases such as the recent SARSCoV2 virus. From
an engineering perspective, accurately predicting the behaviour of fluid and gas flows results in more
sustainable product solutions. Aerodynamicists are challenged within various industries such as auto
motive, aerospace and wind energy to analyse these complex flow phenomena. The growing demand
to conduct largescale, industrial wind tunnel experiments is not met by the experimental technique
considered in this project, called Particle Image Velocimetry (PIV), due to limitations on the maximum
size of the measurement domain.

PIV relies on the assumption that particles, which are introduced into the flow of interest, accurately
track the fluid flow. The principle of the technique can be illustrated by the observation of a leaf floating
on a river or moving through an autumn storm. Without being able to see the actual flow, tracing
the movement of the leaf provides an insight into the motion of the flow. In PIV, advanced imaging
devices are used to capture the motion of numerous tracer particles flowing through the measurement
domain. Highpowered lasers provide the energy required for the recorded images to have sufficient
contrast between the image background and the light scattered by the tracers. The literature survey
from Chapter 2 however, illustrates that adequate illumination is still the limiting factor in performing
largescale timeresolved PIV measurements. Increasing the laser power is a possible solution, but is
often economically unfavourable. Other solutions such as traversing systems (Nakagawa et al. 2016)
and robotic PIV (Jux 2017), combine multiple measurements into a large single domain. However,
these fall short of the need for timeaveraging the velocity fields and the increasing operational costs
due to the timeconsuming process of acquiring multiple subdomains.

The third solution employs the quadratic scaling behaviour of the light scattering intensity with particle
diameter to achieve larger measurement domains. The development of soap bubbles having a particle
diameter of two orders of magnitude larger than conventional micronsized tracers already enabled the
upscale of measurement domains and lifted some of the restrictions of PIV for largescale industrial
applications. However, the limited size of these socalled heliumfilled soap bubbles (HFSB) forms
additional challenges for the application of PIV on a larger scale, as outlined in Chapter 3. Current
HFSB equipped PIV systems are unable to study domains larger than the human body itself. For this
reason, the flexibility of producing and scaling HFSB is investigated. The gathered knowledge will
ultimately be used to fulfil the fundamental aim of this research project:

 
To increase the ratio of largest to smallest particle diameter of neutrally buoyant HFSB by
analysing the experimental results of varying geometrical and operational parameters of a
3D printed nozzle developed by Delft University of Technology.
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2 1. Introduction

The current work leverages the advantages of flexible and accurate additive manufacturing techniques
to produce and analyse the impact of geometrical changes on operational performance and HFSB
particle size. The stateoftheart HFSB nozzle generator developed by Delft University of Technology
serves as a reference. To fulfil the aforementioned research objective, an experimental campaign is
carried out. Focusing on the nozzle exit, the particle diameter can be derived from recordings of the
bubbles produced by localising the light intensity peaks of individual glare points. The experimental
arrangement and data processing procedures required for this are outlined in Chapter 4.

Existing literature has yet to establish a mathematical formulation of the particle diameter based on the
operational and geometrical parameters. A theoretical model, describing the proportionality between
the bubble diameter and operational parameters is presented in Chapter 5. The discussion of the
results continues with an overview of the performance for each tested nozzle. Conclusions are drawn
in Chapter 6, together with recommendations on further improvements for both the design of the HFSB
nozzle generators as well as the assessment procedure on the bubble diameter and future research.



2
Particle Image Velocimetry

The aim of this chapter is to provide the reader with a general guideline on the different components of a
PIV system, as well as the key aspects in the choice of tracers and the result thereof. An overview of the
different fields of research in which PIV is employed is presented first. Hereafter, the working principle
of the technique is discussed. A significant portion of this chapter is devoted to the fluid mechanical
and optical properties of tracer particles, which is followed by a description of commonly used tracers.
The discussion is concluded by highlighting limitations in terms of measurement volume and describing
the potential of a new type of tracer to upscale the domain.

2.1. History of Applications
In the early 1980s, Adrian and Yao (1985) developed a technique to study the intricate structures of
turbulence by visualizing and quantifying instantaneous velocity fields within a certain domain. This pla
nar imaging technique was able to capture two velocity components within a twodimensional domain
(2D2C). Particle Image Velocimetry (PIV) is nowadays a wellaccepted and often used measurement
technique in experimental facilities (Scarano 2013a). With technological advancements being made in
both image acquisition techniques and illumination devices, accuracy and reliability have been greatly
improved. Modern experimental fluid mechanics made a large step forward with the introduction of to
mographic PIV by Elsinga et al. (2006b), enabling threedimensional threecomponent measurements
(3D3C PIV) to measure the complete topology of turbulent structures.

While PIV was developed as a measurement technique for laboratory and research environments, its
nonintrusiveness and potential to perform whole flow field analyses quickly triggered the attention of
aerospace, automotive and wind energy industries which required the technique to be applied on a
larger, industrial scale. Challenges of applying PIV to larger measurement domains (> 1m3) include
camera positioning and calibration, as well as particle tracing behaviour and postprocessing (Biwole
2009). For volumetric measurements, the light intensity is inversely proportional to the required mea
surement volume thickness, posing a major bound on the use of tomographic PIV to large domains
(Scarano 2013a).

The versatility of PIV can be emphasized by the wide variety of applications to obtain 2D and 3D velocity
data in both industrial and laboratory environments. Jux et al. (2018) analysed the complex flow field
around a fullscale replica of a professional cyclist. Largescale testing has become increasingly valu
able in automotive industries, especially in competitive sports whereby rapid development programs
are required to stay ahead of the competition, such as Formula 1 (Nakagawa et al. 2016). PIV is also
used in highspeed flows, such as the turbulence analysis of fundamental flows in supersonic (Scarano
2008) and hypersonic (Oudheusden, van et al. 2006) conditions. Furthermore, PIV has been employed
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in turbomachinery (Uzol et al. 2003) and more recently in internal combustion flows (Mamaikin et al.
2020). PIV has also proven to be of value in biomedical flows (Bakar et al. 2018). Lastly, advance
ments have been made to support computational fluid dynamics simulations through data assimilation,
decreasing noise and increasing the resolution of the reconstructed velocity fields (Symon et al. 2017).
Ample examples exist where PIV is used for flow field analysis (Figure 2.1), and the aforementioned
overview is therefore by no means an allinclusive summary of potential applications.

Figure 2.1: Various applications of PIV. From top left, CW: flappingwing micro air vehicles (Herrero et al. 2018), full
scale swimmer’s hand (Berg et al. 2019), F1 tire wake analysis (Nakagawa et al. 2016), near wake of a vertical axis wind
turbine (Tescione et al. 2014), vortices over a delta wing (Caridi et al. 2017) and flow diagnostics in biomedical flows (TSI
Incorporated 2019).

2.2. Working Principle
PIV relies on the tracking of tracer particles introduced upstream of the measurement domain by an
imaging system. Within the measurement domain, a pulsed illumination source ensures sufficient con
trast between the image background and the light scattered by the tracer particles. A camera captures
the scatted light, which must therefore be infocus with the illuminated measurement domain. An algo
rithm subsequently determines the displacement vector of the tracer particles between two successive
images with a predefined separation time. This can be converted to a velocity vector field by basic kine
matic relations. The working principle of a complete PIV system is schematically shown in Figure 2.2.

Depending on the seeding concentration inside the measurement domain, two varieties of particle
tracking methods can be distinguished. PIV is used for higher seeding concentrations, where an en
semble of particles in an interrogation window is used for a crosscorrelation analysis between image
pairs. The resulting velocity vector is therefore a mean per interrogation window. In particle tracking ve
locimetry (PTV), individual tracer particles are tracked and subsequently used to reconstruct a velocity
field. This is only possible for relatively low seeding densities. A schematic of both image processing
techniques is illustrated in Figure 2.3.

The following sections will provide a more detailed description of the individual components of a PIV
setup.
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Figure 2.2: Overview of a PIV measurement setup. Re
produced from Raffel et al. (2018).

Figure 2.3: PIV and PTV image processing procedures.
Adapted from Lynch (2015).

2.2.1. Imaging and Digital Image Recording

The measurement quality of PIV experiments depends on the imaging system which records the parti
cles flowing through the domain of interest. The optical arrangement of a PIV system ensures that an
image of the tracer particle is formed by means of a lens on the image sensor. The imaging system
can be characterized by three parameters: image magnification 𝑀, focal length 𝑓 and fstop or lens
aperture 𝑓# (Scarano 2013a). Mathematically, they are expressed as:

𝑀 = 𝑑i
𝑑o
, (2.1)

𝑓 = 1
𝑑i
+ 1
𝑑o
, (2.2)

𝑓# =
𝑓
𝐷 . (2.3)

Where the ratio between the imagelens distance 𝑑i and objectlens distance 𝑑o defines the magnifi
cation factor 𝑀 of the imaging system. The focal length of the objective 𝑓 is related via the thinlens
formula, which can be derived from a geometric analysis of tracing light rays for thin lenses. Lastly, the
numerical aperture 𝑓# is defined by focal length 𝑓 and effective aperture 𝐷.

Crucial in PIV is that tracer particles are in focus throughout the measurement domain. The thickness
of the volume Δ𝑍 should therefore be equal to or smaller than the depth of focus 𝛿𝑧, given by

𝛿𝑧 = 4.88𝜆𝑓2# (1 +
1
𝑀)

2, (2.4)

where 𝜆 is the wavelength of light. The depth of focus, or focal depth, represents the region where
particles are imaged with sufficient sharpness.

For small tracer particles of the order of several microns, the particle image diameter is mainly diffraction
limited 𝑑diff. With larger particles however, geometrical imaging dominates the imaging diameter. The
particle image diameter 𝑑𝜏, considering geometrical and diffraction imaging, can ultimately be defined
as

𝑑𝜏 = √(𝑀𝑑p)2 + 𝑑2diff. (2.5)

With the focus of this project on larger particles not limited by diffraction imaging, the reader is referred
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to Raffel et al. (2018) for more information regarding the finite resolution of an optical system.

A digital image recording system is required to convert the light of the particle image to a digital signal,
which can subsequently be read out by a computer. Such a system is composed of a rectangular array
of photosensitive elements or pixels, which convert light into an electric charge. Depending on the
requirements of the measurement, either a charge coupled device (CCD) or a CMOS (Complementary
Metal Oxide Semiconductor) sensor is used. For highspeed measurements, where the acquisition
frequency is in the order of 10 kHz, CMOS sensors are used. The analoguetodigital signal conversion
for this type of sensor is much higher, compared to a CCD (Raffel et al. 2018). Next generation CMOS
sensors, named scientific CMOS sensors, outperform CCD and previous generation CMOS cameras
by simultaneously featuring low readout noise, high frame rates, a high resolution and a large fieldof
view. The low readout noise allows the sensor to distinct between weak signals which is necessary in
low light conditions.

2.2.2. Illumination

The choice of illumination devices for PIV experiments is governed by three main requirements. First,
the light source must be strong enough to allow the scattered light of tracer particles to be detected by
digital imaging devices. Secondly, the light source must emit light for a short duration of time so that
moving particles are observed as dots rather than streaks of light. The third requirement is that the
light must be shaped to only illuminate the particles which are in focus.

As a result, PIV commonly uses lasers as a source of illumination. Lasers produce highly collimated
light beams that can be shaped into sheets of light by lenses. Lasers emit monochromatic light with a
high energy density, which is unaffected by chromatic aberrations. An example of a typical laser used
for PIV is a diodepumped Nd:YLF laser emitting light at 10 to 50 mJ at repetition rates of 1 to 10 kHz,
for a duration varying between 70 and 150 ns (Caridi 2018).

However, several factors decrease the intensity of the light scattered by the tracer particles, which will be
described in more detail in Section 2.3.3. To counter the limiting energy density within a measurement
domain, mirrors can be employed to reflect the laser light back initself. A single mirror arrangement,
called a doublepass system, is presented in Figure 2.4. Typically, a gain factor of 1.5 in comparison
to a singlepass configuration can be achieved. The use of doublepass illumination is described in
the works of Scarano and Poelma (2009) and Schröder et al. (2013). Higher gains can be achieved
by using a multipass illumination system, whereby the measurement domain is located between two
opposing mirrors, reflecting the laser beam several times. Using the experimental setup as shown in
Figure 2.5, Ghaemi and Scarano (2010) were able to realize an amplification factor of 7. However,
the use of reflective mirrors could pose additional challenges. First, the wind tunnel must be able to
house the required equipment. Furthermore, unwanted reflections could hamper crosscorrelation and
therefore require additional postprocessing due to the laser light originating from different directions.
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Figure 2.4: Schematic representation of a
doublepass illumination arrangement. Repro
duced from Scarano (2013a).

Figure 2.5: Threedimensional overview of a multi
pass illumination system. Reproduced fromGhaemi
and Scarano (2011).

2.2.3. Image Analysis

After capturing the motion of tracer particles by the imaging system, images are processed by a spatial
correlation algorithm yielding the particle velocity. First, images are partitioned into smaller windows.
For PIV, an ensemble of tracers is used to determine the local velocity vector within the interroga
tion window. Hereafter, the crosscorrelation function 𝜙 between successive image pairs is computed,
yielding a peak which location corresponds to the average displacement of the particles in the inter
rogation window. The highest peak 𝜙1 indicates the most probable average particle displacement,
measured from the origin. Particle displacement is measured by an integer number of pixels, but its
accuracy can be enhanced by subpixel interpolation methods. The result of the crosscorrelation anal
ysis can subsequently be divided by the known time separation between laser pulses and the scaling,
yielding the velocity (Scarano 2013b). Figure 2.6 illustrates the image analysis procedure between two
interrogation windows 𝐼(𝑥, 𝑦, 𝑡) and 𝐼′(𝑥, 𝑦, 𝑡 + Δ𝑡).

Figure 2.6: Image analysis operating sequence. Adapted from
Scarano (2013b) and Raffel et al. (2018).

For lower particle concentrations it is not possible to derive the velocity via crosscorrelation of an
ensemble of tracers. Particle tracking velocimetry, briefly introduced in Section 3.2, provides the op
portunity to process images and derive the velocity field for lower particle concentrations. Tracking
individual particles also enhances the local resolution of the velocity and acceleration field, which is
otherwise impossible for spatially averaged interrogation cells. For volumetric measurements, stateof
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theart particle tracking techniques rely on the 2D particle detection from the light intensity distributions
and posterior 3D triangulations. The technique, introduced by Schanz et al. (2016) as Shakethebox,
predicts and reconstructs particle trajectories from information of preceding images, reducing compu
tational effort and measurement uncertainties.

According to Raffel et al. (2018), the overall success of particle velocimetry techniques can be mainly
attributed to the unique ability to analyse instantaneous velocity vectors at numerous locations within
the measurement domain. With the use of relatively small tracer particles, the resulting resolution
allows for the analysis of coherent structures in a wide range of scales. Adrian (1991) concludes that
PIV is, therefore, a powerful tool for the analysis of structural elements in turbulent flows.

Both particle velocimetry techniques are regarded as nonintrusive since it does not require any instru
mentation inside the test section such as hotwire probes or pressure tubes. These instruments cannot
be used to analyse the boundary layer or highspeed flows with shock waves as the presence of probes
or tubes will affect flow dynamics. Due to the use of an optical system, optical access to the test section
is required. This poses challenges to the use of PIV in industrial facilities, where the test section often
cannot be adapted to house a complex optical arrangement of cameras and mirrors. Lastly, to capture
the airflow dynamics accurately, tracer particles must follow the local motion of the flow faithfully which
requires a careful assessment of tracer capabilities, as will be described in the following section.

2.3. Flow Seeding Particles
The particle displacement obtained from successive image pairs provides knowledge of the particle
motion in time. To quantify velocity information of turbulence, PIV relies on the assumption that tracer
particles accurately follow the instantaneous motion of the flow of interest. A crucial aspect to obtain
accurate and reliable data is to minimize the discrepancies associated with this assumption. The fol
lowing sections will therefore serve as a general basis upon which familiarity with the requirements of
seeding particles can be gained.

2.3.1. Particle Dynamics

To gain a better insight into the forces acting on a tracer, particle dynamic equations can be modelled for
spherical particles according to Newton’s second law of motion. This law pertains to the acceleration
𝑑up/𝑑𝑡 of an object with mass 𝑚p due to an unbalance of forces F𝑖 acting on the particle.

FG−B + FQS + FH + FAM + FFS + FL = 𝑚p
𝑑up
𝑑𝑡 (2.6)

The individual terms in Equation (2.6) are the gravitybuoyancy force FG−B, quasisteady viscous drag
force FQS, history force FH, addedmass force FAM, pressure force FFS and transverse lift force FL
(Adrian and Westerweel 2011). Equation (2.6) is examined for a sphere in Stokes flow, i.e. where
the particle Reynolds number is lower than unity by Maxey and Riley (1983). Based on this work,
Mei (1996) extensively discussed Equation (2.6) and proposed a solution for a finite particle Reynolds
number 𝑅𝑒p, as defined by Equation (2.7).

𝑅𝑒p =
𝜌f|𝑢p − 𝑢f|𝑑p

𝜇f
(2.7)

The relation for particle Reynolds number is based on a particle with radius 𝑑p moving at velocity 𝑢p
through a fluid of density 𝜌f and dynamic viscosity 𝜇f with local fluid velocity 𝑢f. When lager tracers
are used in combination with higher operating flow velocities, the particle Reynolds number is in the
order of 100. In that case, the drag of a sphere must be corrected for, since the drag approximated by
Stokes’ law is only accurate for small Reynolds numbers, see Figure 2.7.
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Schiller and Naumann (1933) adapted the quasisteady drag term FQS in Equation (2.6) to include an
additional correction term 𝜙, which is based on the particle Reynolds number as presented in Equa
tion (2.8). The correction is accurate within 5% of the actual drag coefficient as presented by Figure 2.7,
up to a Reynolds number of 800. For a more elaborate review of the individual terms in Equation (2.6),
the reader is referred to Morias (2016).

𝜙 = 1 + 0.15𝑅𝑒0.687𝑝 (2.8)

Figure 2.7: Particle drag coefficient for finite particle Reynolds
number 𝑅𝑒p, modelled after Stokes, Oseen and Schiller and
Neumann (SN). Reproduced from Marshall and Li (2014).

Figure 2.8: Drag correction term 𝜙 for finite particle
Reynolds number 𝑅𝑒p, modelled after Stokes, Os
een and Schiller and Neumann (SN). Adapted from
Marshall and Li (2014).

2.3.2. Tracer Fidelity

As previously mentioned, PIV relies on the generalisation that the instantaneous local velocity of a
fluid can be derived from the movement of flow seeding particles. The validity of this assumption
is evaluated and quantified in terms of the particle response time and slip velocity 𝑢slip. Using the
equation of motion for spherical particles in the absence of external forces (gravitational, centrifugal
and electrostatic), Melling (1997) argued that a particle’s tracking capability depends only on the shape,
diameter 𝑑p and density 𝜌p of the particle, as well as density 𝜌f and viscosity 𝜇f of the surrounding fluid.
Equation (2.6) for near neutrally buoyant tracer particles is derived by neglecting buoyancy effects,
which are assumed to be small compared to the fluid flow motion 𝐷u/𝐷𝑡. Additionally, the particle
acceleration 𝑑up/𝑑𝑡 ≈ 𝐷u/𝐷𝑡 due to the particle’s near neutrally buoyancy. With the quasisteady
viscous drag and pressure force obtained from Mei (1996) remaining, Equation (2.6) simplifies to

FFS + FQS = 𝑚p
𝑑up
𝑑𝑡 , with (2.9)

FQS = 6𝜋𝜇f
𝑑p
2 uslip, and (2.10)

FFS =
4
3𝜋(

𝑑p
2 )

3
𝜌f
𝐷u
𝐷𝑡 . (2.11)

Equating the above relationships and substituting 𝑚p = 𝜌p𝜋/6𝑑3p results in:

(𝜌p − 𝜌f)
𝑑up
𝑑𝑡 = 18𝜇f

𝑑2p
uslip (2.12)
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Conclusively, Equation (2.13) relates the slip velocity for small particles and small relative velocity,
where the particle Reynolds number is lower than unity so that Stokes flow regime can be assumed.

uslip = up − uf = 𝑑2p
(𝜌p − 𝜌f)
18𝜇f

𝑑up
𝑑𝑡 (2.13)

The discrepancy between the surrounding fluid 𝑢f and particle velocity 𝑢p is illustrated in Figure 2.9. To
minimise the slip velocity and to approach ideal particle tracing behaviour, either the neutral buoyancy
condition 𝜌f ≈ 𝜌p must be approached or the particle acceleration term 𝑑𝑢p/𝑑𝑡 must be zero. The
latter condition is purely theoretical, as this flow condition is insignificant to aerodynamics. As the slip
velocity scales quadratically with the particle diameter, its size should be minimized to favour tracing
fidelity.

The analytical solution for the firstorder ordinary differential equation given in Equation (2.13) to a step
change is a single exponentially decaying function with characteristic time 𝜏0, given by

𝜏0 =
(𝜌p − 𝜌f)𝑑2p
18𝜈f𝜌f

, (2.14)

which is used to analyse the response time of a particle for Rep < 1. 𝜏0 remains a constant value
while valid in the Stokes regime since it is only dependent on fluid and particle properties. However
in PIV, Rep is often higher than unity and 𝜌f may approach 𝜌p. It is, therefore, necessary to define a
generalized time constant which accounts for the effect of high finite Reynolds numbers and the density
ratio with the correction term 𝜙 and relative density �̄� given by (𝜌p − 𝜌f)/𝜌f (Adrian and Westerweel
2011):

𝜏p =
�̄� − 1
�̄�

𝜏0
𝜙

=
�̄�𝑑2p
18𝜈f𝜙

. (2.15)

Figure 2.10 illustrates the definition of the particle response time, which can be interpreted as the
required time of the particle velocity to reach 63%of the initial step change Δ𝑈1−2. Comparing Equations
2.13 and 2.15 results in an additional relation for the particle time response:

𝜏p =
𝑢p − 𝑢f
𝑑𝑢p
𝑑𝑡

. (2.16)

The choice of tracer particles depends on the type of flow under investigation. Knowledge about the time
scale of the flow 𝜏t must therefore be incorporated to assess flow tracing capabilities. By normalising
the particle response time with this time scale, the Stokes number is created:

𝑆𝑡k =
𝜏p
𝜏t
. (2.17)

In the limit of Equation (2.17) when 𝑆𝑡k → 0, particles act as ideal flow tracers. Research on the motion
of particles showed that for high Reynolds number flows where a large range of scales is present, the
condition 𝑆𝑡k < 0.1 yields acceptable flow tracing capabilities with errors < 1% (Samimy and Lele
1991, Tropea et al. 2007). The flow time scale can be estimated by performing dimensional analysis.
Typically, 𝜏𝑆 = 𝛿99/𝑈∞ for boundary layer flows. In experiments involving stagnation flow in front of a
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Figure 2.9: Particle slip velocity. Reproduced
from Scarano (2013b).

Figure 2.10: Particle lag after a velocity step change. Repro
duced from Scarano (2013b).

cylinder, which is commonly used to determine the particle response time, the flow time scale is defined
as the ratio between the cylinder diameter 𝐷 and freestream velocity 𝑈∞ (Faleiros et al. 2019, Kerho
and Bragg 1994, Scarano et al. 2015). The slip velocity is subsequently derived by subtracting the
velocity field determined by the tracer of interest from the reference velocity field obtained by tracers
with a known accuracy, such as micronsized particles.

2.3.3. Optical Characteristics

The aforementioned analysis highlights the fluidmechanical requirements for tracer particles. An ef
fective way to minimise the particle response time is to decrease the particle diameter. However,
opposing requirements arise when analysing the light scattering characteristics of particles which ne
cessitate larger diameters instead of smaller.

The scattering amplitude per particle size range is defined by the Mie parameter 𝑥M = 𝜋𝑑p/𝜆, with par
ticle diameter 𝑑p and wavelength of the incident light given by 𝜆. Three scattering ranges are defined:
Rayleigh (𝑥M < 1), Geometrical Optics (𝑥M > 90) and the intermediaterange called the Mie scattering
regime, see Figure 2.11. For tracers with a diameter in the order of a micrometre, light is scattered
according to Mie’s scattering theory (Mie 1908). The dependence of the scattering function on the
scattering angle, defined as the angle between the observer and the illumination source, is presented
in Figure 2.12. It shows that it is advantageous to record forward scattered light. From a practical point
of view, however, optical access is often limited which prohibits the placement of a camera system be
hind the light source and the domain of interest. Therefore, PIV experiments are commonly conducted
at 90 degrees scattering angle where the scattering amplitude is minimal. This negatively influences
the signaltonoise ratio. The angular distribution and peak intensity is only dependent on the particle
size and is independent of parameters such as surface material Caridi (2018).

For larger tracers such as soap bubbles (HFSB), 𝑥M ≈ 1800 and the scattered light intensity is governed
by geometrical optics. Figure 2.11 shows that in this range, particle scattering intensity is highest, and
the scattering intensity is proportional to ≈ 𝑑2p. Doubling the particle diameter is thus substantially more
effective than doubling the amount of laser light.

Illuminating a large domain requires the use of lenses to distribute laser light, causing the energy density
to drop. More specifically, the scattered light intensity is inversely proportional to the depth of a three
dimensional measurement volume. In addition to the limiting energy density, the large depth of field
as compared to twodimensional experiments requires a small optical aperture to ensure all particles
within the domain are in focus. With the aperture limiting the amount of light passing through, a small
aperture further decreases the amount of light reaching the camera sensor. Lastly, increasing the
observation distance follows a quadratic decay in light scattering intensity Caridi (2018). Acquiring data
within a threedimensional domain, therefore, requires the use of expensive high powered lasers. The
maximum attainable light intensity is currently regarded as the bottleneck in the process of upscaling
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Figure 2.11: Scattering intensity and the relation with the Mie
parameter for a scattering angle of 90∘. Adapted from Tropea
(2011).

Figure 2.12: Scattered light intensity distribution as
a function of the scattering angle at 𝑥• = 10. The
solid line represents perpendicular polarization, par
allel polarization is represented by the dashed line.
Adapted from Tropea et al. (2007).

measurement volumes Scarano (2013a).

2.3.4. Tracer Types

It is evident that the choice of tracers for a particular experiment is based on one hand by fluid me
chanical characteristics and on the other hand by the optical properties. To use PIV in a wide range of
applications, tracers with various mechanical and optical properties are required. For liquid flows, se
lecting the proper tracer to achieve adequate flow tracing characteristics is less challenging due to the
higher density and viscosity of the fluid. However, in air flows, tracers particles which are much heavier
than air are commonly used. Therefore, much smaller particles are required to maintain an adequate
slip velocity between the surrounding fluid and particle. For highspeed transonic and supersonic flows,
the occurrence of shockwaves poses additional challenges in the choice of tracers Oudheusden, van
et al. (2006). This causes particles to travel at different velocities than that of the surrounding fluid,
hence decreasing reliability and accuracy of the resulting velocity vector field. An overview of typically
used particles in PIV experiments and their properties is given in Table 2.1.

Table 2.1: Properties of commonly used PIV tracers for experiments in air.

Particle 𝜌p [𝑘𝑚/𝑚3] 𝑑p [𝜇𝑚] 𝜏p [𝜇𝑠] Reference

HFSB ≈ 1.2 300600 1020 (Faleiros et al. 2019)
DEHS 1000 13 2 (Kähler et al. 2002)

Olive oil 1000 3 22.5 (Melling 1997)
Hollow glass 2600 1.7 22.6 (Melling 1997)

TiO2 3500 0.02 0.43.7 (Ragni et al. 2011)
Al2O3 3970 0.3 2028 (Urban and Mungal 2001)

The opposing optical and fluid mechanical requirements of tracers call for careful consideration of the
choice of particles. Additional requirements include health and safety aspects, which must be taken
into account. Substances should not be toxic when deposited in the lungs. Additionally, particles
should not cause corrosion or reactions to other components of the test facility and tracer residue and
the subsequent contamination should be minimal. Therefore, naturally evaporating substances are
preferred. Lastly, in the production of tracers, a monodisperse size and density distribution is desired
to minimize errors in the velocity vector algorithm, as explained in Section 2.3.2 (Tropea et al. 2007).
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2.4. Seeding Concentration & Measurement Spatial Resolution
Tracer concentration ultimately governs the spatial resolution of the resulting data. For PIV, an ensem
ble of particles that are tracked within a certain interrogation box are used to determine the average
displacement. Adrian (1986) therefore argued that the spatial resolution of the velocity field is equal
to the size of the interrogation window in the fluid. Within the interrogation box, between 5 and 10
particles are required to perform crosscorrelation between image pairs (Scarano 2013a). By tracking
individual particles, as done in PTV, the spatial resolution can be enhanced to the theoretical limit of
the maximum possible seeding concentration produced by the seeding generator. This limit, however,
ignores all aspects of the accuracy with which a particle’s displacement is derived (Adrian 1997). Be
yond a certain number of particles per pixel (ppp), image contrast decreases due to the limited optical
transmission of the flow of interest. The reader is referred to Elsinga et al. (2006a) for more information
regarding the accuracy of particle reconstruction and the accompanying limit of seeding density.

Adrian (1997) defined a ratio of the largest to smallest resolvable flow structures, called dynamic spatial
range (DSR). The DSR dictates the ability of a particular PIV setup to measure smallscale variations
embedded within the motion of larger scales. A high DSR is required to study the wide range of scales
present in boundary layer development and turbulence. Tomographic PIV experiments typically have
a DSR ranging from 20 to 30 (Caridi 2018). According to Caridi et al. (2015), DSR can be related to
the number of tracers per unit volume for a given particle velocimetry system. The number of tracers
within the region of interest 𝐶 depend on the production rate 𝑓 of the emitter, which is related via

𝐶 = 𝑓
𝐴mv𝑢∞

, (2.18)

where the tracers are travelling with a freestream velocity 𝑢∞ through a crosssection 𝐴mv of the region
of interest. Achieving a high production rate is, therefore, crucial to obtain a DSR to adequately resolve
a large range of flow scales.

2.5. Measurement Domain
Despite advancements in both image acquisition techniques and illumination devices, PIV is predomi
nantly used in research and academic environments. The use of 3D3C PIV in a large industrial scale
is limited due to the size of the maximum attainable measurement domain by this technique.

Section 2.3.3 described that the scattered light intensity increases with the square of the particle di
ameter. Before the development of larger tracer particles such as soap bubbles (see Table 2.1), mea
surement volumes of tomographic PIV experiments in air with micronsized particles did not commonly
exceed a tenth of a litre Scarano (2013a). In the first 3D3C PIV experiments conducted by Elsinga
et al. (2006b), a measurement volume of 3.5 x 3.5 x 0.7 = 8.6 cm3 was used to analyse a ring vortex
flow. Subsequent tomoPIV experiments by Schröder et al. (2008), Ghaemi and Scarano (2011) and
Bomphrey et al. (2012) did not exceed 20 cm3. Staack et al. (2010) investigated coherent structures
of a free turbulent jet in a volume as large as 5.0 x 5.0 x 2 = 50 cm3. Only in the works of Fukuchi
(2012) and Henningsson et al. (2015), measurement volumes exceeded 1000 cm3, whereby the latter
analysed wake deformation of a desert locust in a 20 x 24 x 5 = 2400 cm3 volume. However, the limited
scattering intensity of these particles required the use of complex multicamera setups to realise the
desired field of view and high powered lasers with a pulse energy of 1 J/pulse to illuminate the domain.
To put this in perspective, timeresolved experiments commonly require highspeed Nd:YLF lasers with
approximately 110 mJ/pulse. For nontimeresolved measurements, dualcavity Nd:YAG lasers hav
ing a pulse energy of 200 mJ/pulse are sufficient for most applications Scarano (2013a). This highlights
that the use of micronsized particles for largescale analyses is not suitable due to the required energy
density.

A possible method to circumvent the limited laser energy capacity is to mount an entire PIV system



14 2. Particle Image Velocimetry

along a traversing rail or robotic arm. These traversing and robotic systems, as displayed in Figure 2.13
and Figure 2.14 respectively, have been extensively used due to their ability to measure multiple planes
without the need for calibrations between measurements. These image planes can either be studied
to obtain information of the outofplane component as conducted by Nakagawa et al. (2016), or can
be stitched together to form a single data set as shown in the work of Tescione et al. (2014) and Jux
(2017).

Figure 2.13: Traversing stereoscopic PIV system within
a Formula One wind tunnel. Reproduced from Senft and
Gillan (2019).

Figure 2.14: Robotic Coaxal Volumetric Velocimetry on a
fullscale cyclist. Reproduced from Jux et al. (2018).

A second solution has been the development of soap bubbles having a particle diameter of two orders
of magnitude larger than conventional micronsized tracers. These tracers enabled the upscale of
measurement domains, lifting some of the restrictions of PIV for largescale industrial applications.
However, the limited flexibility in the production of these socalled heliumfilled soap bubbles forms
additional challenges for the application of PIV on a larger scale. The use of heliumfilled soap bubbles
in PIV experiments and its application will therefore be treated indepth in the following chapter.



3
Use and Scaling of HFSB

As described in the previous chapter, limitations on the available laser energy density within a large
threedimensional volume triggered the development of larger tracers. These tracers scatter more light
due to the increased particle diameter. However, fluid mechanical properties of large particles and flow
tracing accuracy requires the use of particles with a comparable density as air. The use of heliumfilled
soap bubbles (HFSB) is a viable solution, which will be discussed elaborately in the following chapter.
It will ultimately highlight the need for upscaling HFSB, which is the aim of this research project.

In the first part, a brief overview of the development and use of HFSB as tracer particles is presented.
This is followed by a synopsis of the working principle of the generation of HFSB. The crucial aspects
required for high accuracy PIV measurements, as introduced in the previous chapter, will be applied to
the application of HFSB. This includes a description of one of the promising features of HFSB, the high
scattering intensity. Hereafter, the need for upscaling HFSB will be highlighted, which is the aim of this
research project. Section 3.3 then focuses on the various designs of the bubble generator. A detailed
characterization of the operating conditions is presented, along with an overview of the parameters
that govern the operating condition in Section 3.4. This survey will then discuss the current body of
knowledge regarding the scaling of HFSB. A critical review of the described studies concludes this
chapter.

3.1. History of applications
Using soap bubbles to analyse the motion of air requires a lighterthanair gas to compensate for the
mass of the sphere and to approach the neutrally buoyant condition. Use of this technique can be
traced back to the work of Lock (1928). In this work, it was reported that H.C. H. Townend was the first
to use bubbles filled with coal gas as flow tracers to study a propeller flow field. Hydrogen was later
used in the study of Redon and Vinsonneau (1936), describing the application of soap bubbles in a
wind tunnel environment. Additional research in the production of heliumfilled soap bubbles, roughly 3
mm in diameter, was done by Hale et al. (1971). Authors report that “this device was initially employed
with remarkable success to visualize the motion of the wind through a field of crops” (p. 1), which is
presented in Figure 3.1.

There is ample literature describing the use of HFSB for flow visualization. Early experiments include
the observation of flows around parachutes by Pounder (1956) and Klimas (1973) and the study of
tip vortices of airfoils and rotor blades Hale et al. (1971). Furthermore, neutrally buoyant soap bub
bles have been employed in the analysis of combustor flows in gas turbine engines (Rhode 1981) and
engine cylinders (Kent and Eaton 1982). The application of HFSB has been mostly limited to qual
itative measurements due to the lack of research on their aerodynamic performance. This was first
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Figure 3.1: First commercially available HFSB nozzle generator. Reproduced
from Hale et al. (1971).

addressed by Kerho and Bragg (1994), investigating the measurement uncertainty of HFSB as flow
tracers. By experimentally assessing HFSB trajectories, a deviation was reported from the theoretical
streamlines in the stagnation region in front of an airfoil (Figure 3.15). The uncertainties were deemed
to be unacceptable as a result of difficulties in the generation of neutrally buoyant particles.

Henceforth, HFSB have been mainly used for qualitative research in convective flows were veloci
ties remain relatively low (<1 m/s). For such flows, fluid accelerations will be negligible, hence only
marginally affecting the slip velocity for bubbles deviating from the neutral buoyancy condition. Flow
fields within a ventilated test room (Müller and Renz 2000) and a heat exchanger intake (Müller et al.
2001) were analysed using particle streak tracking (PST) to measure all three airflow velocity com
ponents in a plane. Additional lowspeed tests in a fullscale double aisle aircraft cabin mockup by
Bosbach et al. (2009) provided sufficiently accurate data needed to validate Computational Fluid Dy
namics simulations. In the work of Kühn et al. (2011), the concept of using HFSB tracers for quantitative
measurements in largescale experiments was reestablished, by highlighting that calibration errors re
main small (<0.1 pixels) for a largescale tomographic PIV system. Subsequent research by Scarano
et al. (2015) revealed that HFSB tracers can be utilised for quantitative velocimetry in wind tunnel ex
periments by using submillimetre bubbles. This recommendation, in contrast to conclusions drawn
earlier by Kerho and Bragg (1994), can be mainly attributed to the use of smaller tracers and more
refined control of helium, air and soap flow rates to ensure that the neutral buoyancy condition is met.

This eventually triggered the use of HFSB as tracers for quantitative PIV in experimental facilities, such
as the aerodynamic optimization in competitive cycling (Jux et al. 2018, Sciacchitano et al. 2015) and
flow field studies in automotive (Kim et al. 2020), aerospace Czyż et al. (2020) and wind energy indus
tries Brownstein et al. (2019). Other applications include turbulence studies with insects Henningsson
et al. (2015), wallbounded turbulence Faleiros et al. (2018) and vortex core velocimetry Caridi et al.
(2017).

3.2. Working Principle
HFBS are produced by a bubble generating nozzle. The current stateoftheart generators, called
orificetype nozzles, were first introduced by Okuno et al. (1993). They house three coaxial channels,
which provides the helium, bubble fluid solution (BFS) and air required to produce bubbles (see Fig
ure 3.2). The outer air and centre helium channels are used to draw a soap filament from the middle
supply channel, forming an annular jet consisting of helium surrounded by soap. During this process,
the thickness of the soap film decreases and is forced through the nozzle opening, called the orifice.
The subsequent formation of bubbles is analogous to the behaviour of water flowing from a faucet. For
low flow rates, droplet formation occurs at the exit. By increasing the water flow, a liquid jet starts to
form, eventually breaking up into droplets. For higher flow rates, inertial forces start to overcome the
surface tension forces. Jet breakup into droplets is then governed by the RayleighPlateau instability
(Ambravaneswaran et al. 2004, Clanet and Lasheras 1999), whereby interfacial tension acts as to
minimise the total surface area of the annular soap jet (Utada et al. 2005).

The production of HFSB is controlled by a fluid supply unit (FSU). It consists of a system of pressure
valves to regulate the flow rates of air, helium and BFS to the nozzle, illustrated in Figure 3.3. Pres



3.3. Production Methods 17

surized air and helium can be directly controlled, whereas the bubble fluid solution is pressurized by
compressed air. The properties of the fluids used for the production of HFSB can be found in Table 3.1.

Figure 3.2: Schematic of an orificetype nozzle used to
produce HFSB. Adapted from Faleiros et al. (2018).

Figure 3.3: Schematic illustration of the fluid supply unit
(FSU). Reproduced from Morias (2016).

Table 3.1: Fluid properties for 20 ∘C at 1 atm. Reproduced from Faleiros et al. (2019).

Variable Air Helium BFS

Density 𝜌 [kg/m3] 1.20 0.17 1124
Dynamic viscosity 𝜇 [Pa s] 1.8⋅10−5 2.0⋅10−5 8.0⋅10−3
Surface tension 𝜎 [mN/m]   27.5

3.3. Production Methods
Before the development of the orificetype nozzle by Okuno et al. (1993), aerodynamic flows were
visualized by pitottype nozzles. For the latter nozzle, the focusing gas is released behind the soap
exit. For the orificetype nozzle, air is used as a focusing gas to force the soap and helium filament
through an orifice. It was reported that with this arrangement, a tenfold increase in bubble production
frequency could be achieved with regard to the pitottype nozzle. Furthermore, it was reported that
particle diameters could be controlled by the orifice diameter and the gas flow rates. Figure 3.4 shows
a crosssectional schematic of both nozzle types.

Figure 3.4: Schematic sectional comparison between pitot and
oricetype nozzles. Reproduced from Okuno et al. (1993).

Developments by the German Aerospace Center (DLR) led to an improved version of the orificetype
generator, which is presented in Figure 3.5 hereafter referred to as the DLR nozzle. The first use of
the DLR nozzle was reported by Bosbach et al. (2009). It was capable of producing 0.23 mm bubbles
in diameter at an estimated production frequency of 200,000 bubbles/s.

Recent developments in 3D printing technologies enabled the production of nozzles without the use
of metal machined parts, decreasing production costs and enabling agile product development. Delft
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University of Technology designed and manufactured a bubble generator with a conical contraction
to better control flow separation inside the nozzle. The use of the HFSBGENV11 nozzle, producing
between 20,000 to 60,000 bubbles/s with a mean diameter of 0.55 mm, is discussed in the work of
Faleiros et al. (2018) (see Figure 3.2).

Faleiros et al. (2019) employed a CNCmanufactured generator based on the nozzle developed by
Delft University of Technology and a bubble generator based on the DLR design by Bosbach et al.
(2009). Both nozzles are illustrated in Figure 3.6.

Figure 3.5: Schematic illustration of the DLR noz
zle. Reproduced from Bosbach et al. (2009).

Figure 3.6: Schematic illustration of the nozzles
used in the study by Faleiros et al. (2019) (not to
scale). Adapted from Faleiros et al. (2019).

Three similar designs were presented and tested by Gibeau et al. (2019). For all nozzles, bubbles were
produced with a mean diameter ranging from 0.2 mm to 0.9 mm at approximately 70,000 bubbles/s.

Figure 3.7: Schematics of the nozzles used in the studies by Gibeau and Ghaemi (2018), Gibeau et al. (2019; 2020)
(not to scale). Adapted from Gibeau et al. (2019).

Table 3.2 provides an overview of the main production variables for each of the discussed nozzles.

Table 3.2: Production variables for various nozzles.

Generator Figure ⟨𝑑b⟩ [mm] f [kHz] Reference

Pitot 3.4, left 1.35 0.3 Okuno et al. (1993)
Orifice 3.4, right 1.39 3 Okuno et al. (1993)
DLR 3.5 0.23 200 Bosbach et al. (2009)
DLR 3.5 0.37 50 Morias et al. (2016)

HFSBGENV11 3.2 0.55 40 Faleiros et al. (2018)
Nozzle 3 3.7, right 0.45 70 Gibeau et al. (2020)
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3.4. Production Regimes
The accuracy of PIV measurements is directly related to the size distribution of HFSB, affecting the time
response as indicated by Equation (2.14). It is therefore crucial to ensure that the nozzle is producing
bubbles at optimal operating conditions. As previously mentioned, Morias et al. (2016) distinguished
between a stable and unstable production of HFSB while determining the time response variation. A
stable, or bubbling, regime is characterized by a periodic production of bubbles that are being formed
from within the nozzle. The resulting distribution of bubble diameters is rather monodisperse. The
unstable, jetting, regime is characterized by the formation of a slender cylindrical jet extending several
diameters beyond the nozzle. Hereafter, jet breakup causes the aperiodic formation of bubbles, with
a polydisperse distribution of the particle size. The bubbling and jetting production regimes are also
referred to as interior and exterior bubble production, respectively. An example of a nozzle operating in
the bubbling and jetting regime can be found in Figure 3.8, whereby shadowgraphy is used to visualize
the bubble formation near the nozzle exit.

Faleiros et al. (2019) showed that whether the nozzle is operating in the jetting or bubbling regime can
also be evaluated by observing the coefficient of variation of the bubble diameter for both regimes,
which reads as

CVd =
𝜎d
⟨𝑑b⟩

. (3.1)

Here, ⟨𝑑b⟩ and 𝜎d are the average and standard deviation of the bubble diameter, respectively. These
statistics can be directly related to the tracing capabilities of a particle which depend, according to
Melling (1997), on the diameter and density of a tracer (see Section 2.3.2).

For the HFSBGENV11 generator developed by TU Delft, the coefficient of variation remains between
2  3% in the bubbling regime. In the jetting regime, CVd ≈ 13%, as can be observed in Figure 3.9.
Results by Gibeau et al. (2020) showed similar deviations in particle diameter coefficient of variation.
It was found that for bubbling, CVd ≈ 2% and while jetting, a wide range of diameters was produced
with a coefficient of variation of 23%.

Figure 3.8: Bubbling (left) and jet
ting (right) production regimes visu
alized by shadowgraphy. Adapted
from Faleiros et al. (2019).

Figure 3.9: Change in HFSB coefficient of variation of the bubble diameter
for bubbling and jetting regimes. Adapted from Faleiros et al. (2019).

Akin to the previous results, Caridi (2018) visualized the particle diameter dispersion in another form
by plotting the HFSB diameter in both jetting and bubbling cases. The dispersion, as indicated by
the coefficient of variation of the particle diameter, is significantly larger for the jetting regime, see
Figure 3.10.

Besides the two primary production regimes of bubbling and jetting, Faleiros et al. (2019) distinguished
three additional regimes and differentiated between monodisperse and polydisperse operations based
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Figure 3.10: Bubble size distribution for the jetting and bubbling regimes. Reproduced
from Caridi (2018).

on particle size distributions within the bubbling and jetting regimes. Additional regimes include the
production of bubbles in pairs (Doublebubbling), merging of bubbles (Merging) and the formation of
satellite bubbles resulting in a bimodal distribution of bubble sizes (Satellite bubbling). Gibeau et al.
(2020) identified several more regimes, including the occurrence of satellite bubbles remaining attached
to the primary bubble (Attached satellite bubbling) and the condition when satellite bubbles were pro
duced in the jetting mode Satellite Jetting).

The parameters that dictate the production regime are orientation, internal nozzle geometry and oper
ational parameters. The latter refers to the combination of supply flow rates of air, helium and bubble
fluid solution which allow for precise control of the bubble production. The influence on bubble pro
duction parameters, such as size and production frequency, will be addressed in Section 3.7. In the
comparisons below, the effect of nozzle orientation is discussed first. Secondly, variations in nozzle
performance by changing air, helium and soap flow rates are described. Lastly, an overview is given
how geometrical changes affect the type of production regime.

Nozzle Orientation

In the works by Faleiros et al. (2019) and Gibeau et al. (2019), several nozzle designs have been
tested. In the former work, a systematic procedure was used to assess nozzle performance based
on production regimes. Here, production maps are used to qualitatively classify nozzle performance
based on production behaviour. These maps are created by consecutively increasing the volume flow
rate of helium while keeping air and soap fixed. For each flow setting, the production regime is labelled.
The procedure is repeated for varying flow rates of helium and soap until a complete overview of the
operational range is obtained.

The influence of nozzle orientation on the performance of a bubble generator has been investigated by
Gibeau et al. (2019). The nozzle design, illustrated in Figure 3.7, is positioned both horizontally and
vertically while cycling through various volume flow rates and mapping the production behaviour. The
resulting maps are presented in Figure 3.11. Note that Bubbling includes: mono and polydisperse
bubbling and attached satellite bubbling, while Jetting includes both mono and polydisperse jetting.
All other regimes are grouped under Atypical, consisting of Merging, Satellite bubbling and jetting
and any transitions between regimes. Gibeau et al. (2019) reported that the loss of performance for
the horizontally orientated nozzle is associated with soap builtup within the nozzle. Excessive soap,
which is blocking the nozzle, is drained in the vertical direction. Furthermore, it is suggested that the
axisymmetry of the coaxial flows is better preserved since gravity acts parallel to the nozzle output flow.
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Figure 3.11: Production envelopes of Nozzle 3 (Figure 3.7, right), with arrows indicating
nozzle orientation; vertically (top) and horizontally (bottom). Adapted from Gibeau et al.
(2019).

Operational parameters

By observing the trends in Figure 3.11 for the vertically orientated nozzle 3, Gibeau et al. (2019) ar
gued that increasing soap flow rates decreased jetting behaviour of the nozzle. Additionally, bubbling
behaviour was often found at relatively low flow rates while jetting was often the result of higher rates
of air and/or helium. Faleiros et al. (2019) observed similar trends for the NLR type nozzle (Figure 3.6)
and corroborated this by shadowgraph visualizations, presented in Figure 3.12. It was also noted that
opposite trends are valid for soap, yielding bubbling behaviour for higher flow rates of BSF.

Figure 3.12: Bubbling and jetting behaviour as a result of changes in operational param
eters for the NLR nozzle (Figure 3.6, left). Adapted from Faleiros et al. (2019).

Geometrical parameters

The effect of the internal nozzle geometry on the production behaviour in terms of regimes has only been
addressed by Gibeau et al. (2019). The authors investigated modifications to improve the concentricity
of the internal flows, in particular for the focusing air gas. It was observed that for nozzle 3 (see
Figure 3.7), with the most extreme modifications to aid axisymmetry of the airflow, the performance
had been greatly improved in terms of bubbling behaviour. The results of this study for the nozzles in
Figure 3.7 can be found in Figure 3.13
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Figure 3.13: Production envelopes of Nozzles 1,2 and 3 (Figure 3.7), all in the vertical
orientation. Adapted from Gibeau et al. (2019).

3.5. Fluid Mechanical Properties
With the introduction of a new kind of tracer for aerodynamic wind tunnel experiments, it is relevant to
assess the pros and cons of the increased particle size in terms of tracing characteristics. Section 3.5.1
will highlight the deviations from Stokes’ law as a result of the larger diameter. Previous research on
the tracing fidelity of HFSB and the influence of the operational parameters on the time response is
described in Section 3.5.2.

3.5.1. Particle Dynamics

The increased size of an HFSB, compared to a conventional micronsized particle, causes the particle
drag coefficient modelled after Stokes to further deviate from experimental findings, as presented in
Figure 2.7. As a result of the direct proportionality of the particle Reynolds number with the particle
diameter 𝑑p, Rep for a typical HFSB experiment has an order of magnitude above 1 (Scarano et al.
2015). However, applying the additional correction term as described in Section 2.3.1 will ensure an
accurate modelling and accounts for the effects of high Reynolds numbers in the determination of the
time constant 𝜏p in Equation (2.15).

The application of the particle dynamic equations of Section 2.3.1 to model tracers, requires that parti
cles retain their spherical shape. For solid particles, this condition is easily met. However, as a bubble
is produced, the bubble may be deformed and a certain amount of time is required to attain its spheri
cal shape. Loth (2008) noted that the deformation is predominantly controlled by the nondimensional
Weber numberWe. It relates inertial stresses, causing deformation, to surface tension stresses which
resist deformation by:

Wep =
𝜌f(𝑢p − 𝑢f)2𝑑p

𝜎 , (3.2)

where 𝜎 is the surface tension between the surrounding fluid and the bubble surface. This relation is
valid for 1 ≤ Rep ≤ 10,000. Loth (2008) defined three states based on the Weber number:
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Wep ≪ 1 particles rapidly tend to spherical geometry
Wep ∼ 1 particles suffer moderate deformation
Wep ≫ 1 particles deviate significantly from a sphere

The validity of the assumption that tracers are spherical, for which the dynamic forces on a particle can
be modelled, was investigated by Faleiros et al. (2019). In the experiment, conducted in a stagnation
flow in front of a cylinder of 50 mm in diameter, the relationship of Wep with the bubble slip velocity is
studied. Bubble deformation was considered negligible sinceWep is more than one order of magnitude
smaller than the condition for a clean sphere (Wep ≤ 0.064), see Figure 3.14.

Figure 3.14: Variation of the Weber number with slip velocity. Reproduced from Faleiros et al. (2019).

3.5.2. Tracing Fidelity

Research on the tracing fidelity of neutrally buoyant bubbles was first initiated by Kerho and Bragg
(1994), analysing particle trajectories in the stagnation region of a NACA0012 airfoil at a freestream
velocity of 18 m/s, whereby Rec = 640,000. The bubble generator in Figure 3.1 produced bubbles
ranging from 1 mm to 4.75 mm in diameter with deviations from the neutrally buoyant condition 𝜌p/𝜌f
= 1 ± 0.3. After being produced, bubbles were injected into a vortex filter to expel heavierthanair
bubbles. The resulting bubbles released into the free stream flow were therefore biased towards lighter
thanair particles. As a consequence, HFSB trajectories departed from the theoretical streamlines by
anticipating the deceleration and curvature of the flow, as presented in Figure 3.15.

With the improved nozzle design by Bosbach et al. (2009), which will be discussed in Section 3.3,
Scarano et al. (2015) produced submillimetre HFSB with higher controllability of the input flow rates to
assess flowtracing fidelity. Again, a stagnation flow was considered to ensure high particle decelera
tions, maximizing the effect of deviations from the neutral buoyancy condition. The region of interest
was located in front of a 25 mm cylinder at flow speeds up to 30 m/s. The particle diameter 𝑑b was
estimated to be 400 𝜇m, with a time response 𝜏p of 1030 𝜇s. By comparing reference velocities of
micronsized fog droplets with bubble trajectories of varying flow rates, a mean value of 𝑢slip = 10 cm/s
was reported in optimal conditions. This corresponds to 0.3% of the freestream value. Authors criti
cally reflect on the particle size deviation between tracers, as this could lead to deviations in the neutral
buoyancy of HFSB.

Individual particle statistics of HFSB were included in the study of Morias et al. (2016), whereby 40 mm
in diameter cylinder was submerged in a freestream flow at 20 m/s. With the nozzle generator from
Bosbach et al. (2009), it was observed that bubble diameter variations CVd remained below 5%. In
this work, a distinction between the bubbling and jetting production regimes was first made. From the
presented data, it is determined that within the jetting regime, CVd increased up to 18.9%.
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Additional experiments to assess tracer fidelity include velocity measurements in the core of vortices
by Caridi et al. (2017) and in wallbounded turbulence by Faleiros et al. (2018). In the former work, a
mean diameter of 300 𝜇m and CVd = 10% was reported using the nozzle of Bosbach et al. (2009). It
was concluded that due to the dispersion in HFSB density, lighterthanair tracers tend to accumulate
within the vortex axis, which is advantageous for leading edge vortex visualizations. The latter study
described the use of an inhouse developed nozzle by TU Delft to analyse tracer fidelity in a cylinder
stagnation flow, see Figure 3.16. Bubble diameters were estimated to be 0.55 mm, and CV𝑑 = 13%
in the stable production regime. The time response 𝜏𝑝 = 30 𝜇s with a standard deviation 𝜎𝜏 of 20 𝜇s.
The study concludes that “HFSB tracers can be used to determine the mean velocity and the turbulent
fluctuations of turbulent boundary layers above a distance of approximately two bubble diameters from
the wall” (Faleiros et al. 2018, p. 12).

Figure 3.15: Streamlines and HFSB trajectories in a
NACA00012 stagnation flow. Reproduced from Kerho
and Bragg (1994).

Figure 3.16: Comparison between DEHS, HFSB and
AFSB trajectories in a stagnation flow in front of a cylinder.
Adapted from Faleiros et al. (2018).

More recently, Faleiros et al. (2019) extensively reported on the tracing capabilities of HFSB. By ap
proaching the neutral buoyancy condition, the time response is minimized. This can be achieved by
careful control of the helium and soap flows (Scarano et al. 2015). Assuming no leakage of helium and
spillage of soap, mass conservation can be applied to the bubble formation process:

𝑓𝑉b𝜌b = 𝑄He𝜌He + 𝑄BFS𝜌BFS, (3.3)

in which 𝜌b, 𝜌He and 𝜌BFS are the bubble, helium and soap densities, respectively. A relation for the
bubble density can be derived by relating the bubble volume 𝑉b to the production frequency 𝑓 via
𝑉b = 𝑄He/𝑓. As the soap film thickness is three orders of magnitude smaller than the diameter of the
bubble, it can be neglected (Caridi 2018). This yields:

𝜌b = 𝜌He +
𝑄BFS
𝑄He

𝜌BFS. (3.4)

As a result, the density of air at room temperature is approached by 𝜌b at 𝑄He/𝑄BFS = 1095 using
the values stated in Table 3.1. At this theoretical flow rate ratio, a HFSB acts as an ideal flow tracer
Faleiros et al. (2019). In practice, however, this condition is difficult to achieve due to helium and
soap production losses. This was experimentally investigated by determining the density difference �̄�,
as stated in Section 2.3.2, for a variety of conditions of 𝑄He/𝑄BFS. The experimental neutral buoyancy
condition was subsequently derived by applying an empirical fit. At the crossing of the neutral buoyancy
condition �̄� = 0, the ratio 𝑄He/𝑄BFS = 900. This is indicative for spillage of soap since the neutral
buoyancy condition can be achieved at lower flow rates of helium as compared with the theoretical
value of approximately 1095.

Faleiros et al. (2019) studied, among other relationships, the relation between the HFSB response
time and the Stokes number as a function of soap and helium flow rates with a similar experimental
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setup as previously used in Faleiros et al. (2018). The results, displayed in Figure 3.17, show that
the data largely follows the linear trend between response time and 𝑄BFS/𝑄He, given by Equation (3.4)
and Equation (2.15) Equations (2.15) and (3.4). Faleiros et al. (2019) concluded that the deviations
from the linear regression line may be a result of the nonlinear correction term 𝜙 and variations in the
particle diameter.

Figure 3.17: HFSB time response and Stokes number as a function of soap
and helium flow rates, with U∞ = 30m/s and L = 50mm. The linear fit is
forced through the experimental neutral buoyancy condition. Reproduced
from Faleiros et al. (2019).

Lastly, Faleiros et al. (2019) studied the relationship between the mean particle time response 𝜏p and
mean diameter ⟨𝑑b⟩ for varying particle densities. Figure 3.18 shows that as particles become larger,
the volume ratio of helium over soap increases, therefore creating a lighter particle anticipating flow
features. Moreover, it provides quantitative information regarding the production accuracy of bubbles.
As the bubble size increases, deviations between particle and fluid density become more pronounced
in the time response of an HFSB.

Figure 3.18: HFSB time response as a function of particle diameter. Reproduced from
Faleiros et al. (2019).
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3.6. Optical Characteristics
The unique optical behaviour of HFSB requires careful consideration of its light scattering character
istics. Given the average size of a soap bubble, Section 2.3.3 described that the optical behaviour
is governed by geometrical optics. To quantify the scattering behaviour, light propagation through an
HFSB is modelled by a homogeneous airfilled sphere with a negligiblethickness transparent shell,
using the following assumptions:

• Negligible BFS soap film thickness compared to the bubble size (approximately 55 nm for a bubble
diameter of 300 µm (Morias 2016))

• Marginal differences in the refractive indexes of air and helium (𝑛air/𝑛helium ≈ 1 (Mansfield and
Peck 1969))

As a result, ray deflection is only a result of refraction and reflection between the air and soap mediums
and is negligible through the soap film. This creates two bright spots of intensity maxima when viewed
by a certain direction, see Figure 3.19. Those source points, generally known as glare points, were
the subject of a study by Hulst van de and Wang (1991). It was found that the spacing between glare
points 𝑑g is dependent on the scattering angle 𝜃s, the particle diameter 𝑑p and the refractive indices of
the outer and inner medium of the bubble. Glare points are equidistant with respect to the circumcentre
of the bubble, as indicated in Figure 3.20.

Figure 3.19: Light scattered by a bubble’s surface. Re
produced from Macháček (2003).

Figure 3.20: Schematic illustration of glare points pro
duced by scattering of parallel light rays. Adapted from
Morias (2016).

Mathematically, the glare point distance is related to the particle diameter via:

𝑑g = 𝑑p cos (
𝜋 − 𝜃s
2 ). (3.5)

This means that for a scattering angle 𝜃s of 90∘, the relation for particle diameter 𝑑p and glare point
distance 𝑑g becomes:

𝑑b = √2𝑑g. (3.6)

Comparing the collected scattering energy and camera aperture size for both DEHS and HFSB par
ticles, Caridi (2018) experimentally confirmed that HFSB scatter 2⋅104 more light for a given setup.
This is a result of the higher scattering efficiency and increased particle size of the bubbles.

A numerical assessment of the total energy collected by the camera, for a given experimental setup
and HFSB size, was also conducted by Caridi (2018). A raytracing model was employed to compute
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the light scattered by an HFSB, using only the most energetic rays from reflection and the first order
refraction. It was found that the scattered light intensity follows a quadratic increase with particle di
ameter, see Figure 3.21. Furthermore, Caridi (2018) investigated the angular dependence of the light
scattering intensity of an HFSB with a diameter of 300 𝜇m, which is graphically shown in Figure 3.22
for both theoretical and experimental results. It shows that the scattering intensity is lowest at side
scattering, or 𝜃 = 90∘. This trend is similar to the scattering distribution of micronsized particles in
Figure 2.12. However, the changes in magnitude are significantly different. The scattering intensity
of micronsized particles between forward and backward scattering differ several orders of magnitude,
while for HFSB, scattering intensity is in the same order of magnitude for both directions.

Figure 3.21: Relation between scattered light intensity
and HFSB diameter for a scattering angle of 𝜃 = 90 ∘.
Adapted from Caridi (2018).

Figure 3.22: Light scattering intensity as a function of ob
servation angle. Adapted from Caridi (2018).

3.7. Bubble Scalability
Besides the production regime, operational and geometrical parameters also govern the bubble size.
According to Bosbach et al. (2009), this is one of the very promising features of HFSB for PIV mea
surements. The scalability of bubbles can be attributed to two aspects, which will be covered in more
detail in the following sections.

Operational parameters

The study by Gibeau and Ghaemi (2018) was the first to report variations of particle diameters by vary
ing flow rates. It was observed that the air flow rate did not significantly affect HFSB diameter. Variations
in helium caused the largest changes in particle size. Lastly, it was concluded that an increase in soap
flow rate resulted in thickening of the soap film, explaining the observed trend of increasing diameter.

However, Faleiros et al. (2019) reported that 𝑑p = 𝑑p(𝑄Air, 𝑄He, 𝑑o), which partially contradicts the state
ments made by Gibeau and Ghaemi (2018). Empirical analysis showed that the bubble volume is
proportional to the flow rate ratio of air and helium and the orifice diameter. Therefore, Faleiros et al.
(2019) suggested that the particle diameter scales according to 𝑑p ∝ (𝑑o𝑄He/𝑄Air)1/3. In subsequent
research by Gibeau et al. (2020), the scaling law is examined for the nozzles presented in Figure 3.7.
From the results in Figure 3.23, authors conclude that the data in accordance with the scaling law.
Additionally, Gibeau et al. (2020) presented maps, similar to the production regime maps, of the mean
bubble diameter for 144 operating points, shown in Figure 3.24. Conclusively, both studies replicated
findings that larger bubbles can be obtained by increasing 𝑄He, while smaller bubbles are a result of
increasing 𝑄Air.
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Figure 3.23: Bubble size scaling law for the
nozzles displayed in Figure 3.7, including lin
ear fit of the NLR nozzle. Reproduced from
Gibeau et al. (2020).

Figure 3.24: Relation between flow rates and bubble diameter, for the
nozzles displayed in Figure 3.7. Outlines in black represent the bubbling
regime. Adapted from Gibeau et al. (2020).

Geometrical parameters

With the introduction of the orificetype nozzle, Okuno et al. (1993) reported that HFSB size can be con
trolled by the nozzle orifice diameter. Authors reported that there is a onetoone relationship between
particle and orifice diameter for the three tested conditions 𝑑o = [1.0, 1.5, 2.0]. Trends of stateoftheart
orifice type nozzles, capable of producing bubbles at rates ten times higher, were presented by Faleiros
et al. (2019). It was found that the data for varying orifice diameter follows the aforementioned propor
tionality up to a certain degree. At the extremes, it was reported that the spread is more pronounced, as
can be seen in Figure 3.25. As the Weber number increases for larger particles, Authors argued that
the deviation from a spherical shape could cause measurements to overestimate the actual particle
size.

Figure 3.25: Trends observed for HFSB particle size with flow rate and
orifice diameter. Reproduced from Faleiros et al. (2019).
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3.8. Extended Optical Analysis
The preceding section described how both operational and geometrical parameters can influence the
size of HFSB. Increasing the measurement domain is based on the premise that larger particles scat
ter more light. To substantiate this, a detailed optical analysis by means of a raytracing model is
performed, based on the model presented by Caridi et al. (2015). This is a method for calculating
the path of light rays, which direction can be changed by reflecting surfaces such as the soap shell
of HFSB. With the known light propagation in all directions, the amount of light passing the camera
aperture is determined. Herewith, the relationship between the particle diameter and the light intensity
is determined theoretically.

3.8.1. Ray Tracing Model

As described in Section 2.3.3, for particles where the Mie scattering parameter 𝑥M > 90, geometrical
optics is applicable. Here, light is divided into discrete or individual light rays which propagate without
interacting with each other. A simplified model is used to describe light behaviour. Adding to the model
assumptions of geometrical optics:

• Incident light rays are parallel and uniform.
• Reflections are specular.
• The soap shell has a negligible thickness and is optically smooth.
• Light propagation through helium and air is identical.
• Higherorder reflections are neglected.
• The problem is considered to be twodimensional

The model assumes a collimated beam of light, which is the case for lasers. After emittance, collimated
light is reflected onto the surface of the bubble. Surface reflectance is called specular when the incident
light is reflected in a single direction. The reflective surface is mirrorlike, and thus incident and reflected
rays have identical angles between the ray and the surface normal: 𝛼i = 𝛼r (Katz 2002). Snell’s law
can be used to determine the direction of refracted rays:

𝑛1 sin𝛼1 = 𝑛2 sin𝛼2. (3.7)

Here, the indices of refraction for both mediums are given by 𝑛1 and 𝑛1.

After reflecting with the sphere’s surface, a part of the ray propagates through the soap film. As pre
sented in Section 3.6, the film thickness is approximately 55 nm for a bubble diameter of 300 µm (Morias
2016). Although the light refracts in the soap film, due to its thickness the change in direction is as
sumed to be negligible. This also implies that thinfilm interference effects do not occur. These effects
arise when light reflects against the upper and lower boundaries of the soap film and interfere with each
other. As a result, the amplitude of the reflected light is either enhanced or reduced. However, as this
model will analyse the number of light rays reaching the camera sensor, the loss or increase of light
intensity of individual rays is not computed.

Light rays are modelled to pass without alterations in their direction through the inner medium of the
HFSB. This approximation is accurate, since the ratio of refractive indices between helium and air is
approximately 1 (Mansfield and Peck 1969). Snell’s law, therefore, states that the incident and reflective
angles are identical. Furthermore, only the most energetic reflections are considered. A study by
Tropea (2011) showed that for the first 10 reflection and refractive scattering order, at a scattering
angle of 90∘ the firstorder reflection is the most energetic. Hence, it is sensible to neglect all higher
order reflections.

The model is considered to be twodimensional to simplify the reflectance of rays. However, it will be
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shown that the drawn conclusions can be extended to threedimensions without additional computa
tions.

A schematic overview of the optical setup that is used by the model is shown in Figure 3.26. Four
incident light rays reflect on the bubble’s surface which are captured by the camera aperture. Hereafter,
both red and blue rays are focused on the camera sensor via a converging lens (not drawn), creating
two glare points. The incident light is travelling parallel to the xaxis. The angle of incidence 𝛼i is
defined with respect to the dotted line, normal to the sphere’s surface. Following Snell’s law, this angle
is identical to the reflected angle 𝛼r for mediumswith the same index of refraction. The camera aperture,
modelled as a slit with width 𝐷, is placed at a distance 𝐿a.

To analyse the amount of light that is captured by the camera sensor, the amount of light reaching the
sensor is divided by the number of emitted rays.

𝑥

𝑦
𝑟𝑝

Aperture

𝐿𝑎

𝐷𝛼𝑖𝛼𝑟

Figure 3.26: Model coordinate system for a for 90∘ scattering angle. Dimensions not to scale.

3.8.2. Scattering Intensity

A numerical evaluation of the amount of light collected by the imaging system is performed using the
simplified ray tracing model as explained in the previous section. The results for two particles, whereby
𝑑p,2 = 2𝑑p,1, are shown in Figure 3.27. While emitting the same number of light rays, the bubble’s
surface is able to focus more rays towards the aperture. The ratio between the reflected rays reaching
the aperture and the total number of rays emitted 𝐼sensor/𝐼0 is plotted against the particle diameter in
Figure 3.28.

(a) Reflections on a bubble with diameter d𝑝,1.

(b) Reflections on a bubble with diameter d𝑝,2 = 2 d𝑝,1.

Figure 3.27: 2D light ray scattering behaviour modelled via ray tracing.
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eter scaling.
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The ray tracing model shows that the following relation holds in the twodimensional case:

𝐼2D ∝ 𝑑p.

However in reality, the bubbles act as a sphere and reflect light in threedimensions. In this case, the
aperture is no longer a slit and is approximated as a circle. The relationship between light intensity and
particle size is thus:

𝐼3D ∝ 𝑑2p.

The quadratic increase of scattered light intensity with particle diameter from this analysis is identical
to the observations made by Caridi (2018), as described in Section 3.6.

Figures 3.26 and 3.27 may give the impression that glare points originating from reflection points on
the bubble’s surface are visible as point sources. However, looking at a more detailed image of the
reflection of light in Figure 3.29, it becomes clear that in the twodimensional case glare points represent
part of the bubble arc. The asymmetry of the reflections originating from the convex and concave sides
can also be observed. The incident rays reflecting on the convex side of the bubble’s surface diverge,
whereas light rays reflecting on the concave side converge and form a focal point. In threedimensional
space, glare points exhibit a circular shape, as presented by the intensity distribution of camera pixels
in Figure 3.30.

Figure 3.29: Detail of 2D light ray scattering behaviour Figure 3.30: Intensity distribution of
glare points in 3D with maxima indicated
by red crosses. Reproduced from Mo
rias (2016).

3.9. Measurement Volume
Measurements with conventional particles do not commonly exceed 50 cm3. To put this into perspec
tive, 50 cm3 is roughly the size of a strawberry. The introduction of HFSB lead to the partial upscale of
the maximum attainable measurement domain due to the increase in reflected light for larger particles
sizes. Using HFSB allowed Scarano et al. (2015) to measure flows inside a 4800 cm3 domain, which is
similar to measurements by Terra et al. (2016) to visualize flow fields within a 4800 cm3 domain. This
can approximately be resembled by the volume of a human head. It shows that using HFSB with an
average diameter of 300 µm does not provide adequate light scattering capabilities to increase the field
of view for large scale experiments. Traversing or robotic PIV systems, as described in Section 2.5,
provide the flexibility to increase the measurable domain to the order of a metre. An example is the
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2m3 cyclist wake analysis by Jux (2017). However, it will be shown in Section 3.10 that this system
suffers from some drawbacks.

With the use of PIV in automotive, aerospace and wind energy industries, a fullscale analysis requires
even bigger domains. Competitive motorsports, such as Formula One, require the use of scaled wind
tunnel models typically occupying 3.2m3 (Senft and Gillan 2019). For commercial automotive indus
tries, an averagedsized sedan occupies approximately 10m3. An overview of relevant timeresolved
experiments using micronsized particles as well as heliumfilled soap bubbles is presented in Fig
ure 3.31. Additional marks of typical volumes are included as a reference. It should be noted that the
size of the measurement domain for an aerodynamic analysis depends on the wake of an object, which
is only partly dependent on its size. Using HFSB of approximately 0.3 mm in diameter, measurement
volumes do not exceed the average human body volume. Only with the use of robotic CCV as done
by Jux (2017), timeaveraged measurements can be performed in domains in the order of 1m3.
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Figure 3.31: Overview of timeresolved 3D3C experiments in air at 𝑈∞ > 5 m/s. 1: Pröbsting et al. (2013), 2: Violato
et al. (2011), 3: Ghaemi and Scarano (2011), 4: Schröder et al. (2008), 5: Schneiders et al. (2016), 6: Kim et al.
(2020), 7: Caridi (2018), 8: Caridi et al. (2015), 9: Caridi et al. (2016).

Further upscale of the measurement domain requires the use of more powerful light sources, advanced
multicamera setups, larger traversing or robotic PIV systems or the use of bigger particles. An exam
ple is the study of Rosi et al. (2014) where airfilled soap bubbles have been employed to analyse part
of the atmospheric surface layer. In a measurement domain of 16m3, particles were used to character
ize coherent structures within the atmospheric surface layer. Another use of bigger particles is the use
of heliumfilled latex balloons in the study of a convective cell of 134m3 (Lobutova et al. 2009). A draw
back is the manual filling of the balloons and thus the limited production frequency. These techniques
are therefore only employed at relatively low flow rates such as convective cells (𝑈∞ < 1m/s).

Caridi (2018) investigated the implications on the measurement volume in terms of particle imaging.
This is based on the work of Adrian (1991) in which the light energy collected by the camera sensor 𝐸
is defined by
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𝐸 = 𝐼o𝜆2
Δ𝑍2𝐿O2
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The laser pulse energy is defined by 𝐼0 having a wavelength 𝜆. The object distance is given by 𝐿o.
Outoffocus particles, which affect the measurement accuracy, are minimised by choosing the fstop
𝑓# such that the measurement volume depth Δ𝑍 is equal to the depth of focus 𝛿𝑍, as explained in
Section 2.2.1. It is therefore possible, as Caridi (2018) argued, to substitute Equation (2.4) resulting in
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where measurement volume is a square area. Analogous to Caridi (2018), an experimental setup with
𝑓 = 50mm, 𝑀 = 0.05, 𝐿o = 1.0m and 𝜆 = 530nm is used. A highspeed laser with a pulse energy of
𝐼o = 25mJ is chosen, corresponding to the lasers used in HFSB experiments of Figure 3.31. The light
energy scattered by a HFSB 𝐸HFSB of 0.3mm in diameter is taken as a reference, which is 1.4 × 10−15 J.
In the present work, the crosssectional area Δ𝑍2 is multiplied by Δ𝑍 to obtain the volume of the domain,
resulting in a cube.

Figure 3.32 shows the variation of the threedimensional measurement domain for varying particle
diameter. The Δ𝑍3 = 104 cm3 mark, where the experiments using HFSB are situated (see Figure 3.31),
is crossed for 𝑑p ≈ 0.5mm. This corresponds to the size of particles reported in these experiments.
For a particle diameter of 1.58mm, the measurement volume reaches 105 cm3 which corresponds to
the size of the human body. With a diameter of 5.0mm, the theoretical approximation approaches a
domain 106 cm3.

Figure 3.32: Measurement volume as a function of
particle diameter for timeresolved experiments.

3.10. Discussion
Research on the fluid mechanical and optical properties of the newly developed heliumfilled soap
bubbles has proven that HFSB offers new opportunities for quantitative velocimetry in aerodynamic
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experiments. In this section, the studies previously described in this literature survey will be critically
reviewed in the same order.

Faleiros et al. (2019) reported that there is a linear relation between HFSB response time and𝑄BFS/𝑄He.
The authors also stated that variations in the particle size may cause deviations from this trend. The
particle response time is dependent on 𝑑2p, which is influenced by the orifice diameter and the ratio of
flow rates of helium to air. Although a linear trend may be observed from the data, it requires careful
consideration of the other parameters involved, particularly while upscaling HFSB.

For industrially motivated research in largescale wind tunnels, it is crucial to have a short acquisition
time to reduce operational costs. While the use of traversing and robotic systems does increase the
maximum attainable measurement domain, its limited single field of view requires multiple volumes to
be captured. This adds to the total operational time of a single measurement campaign. Increasing the
field of view for a single acquisition could therefore reduce the costs per measurement. An additional
remark on the use of traversing and robotic PIV systems is that it only provides knowledge on the time
averaged velocity fields due to the stitching of multiple fields of view. The resulting velocity field of the
entire domain, therefore, lacks instantaneous velocity information (Caridi 2018, Jux 2017).

While characterizing bubble production regimes, Gibeau et al. (2020) reported to include both attached
satellite bubbling and polydisperse bubbling in the collective regime of bubbling. It was noted that poly
disperse bubbling results in a wider particle size dispersion, but due to the rare nature of this regime,
it is considered as bubbling. Since tracing fidelity, and therefore the accuracy of PIV measurements
is directly affected by the particle size distribution, this classification could lead to uncertainties in the
results. This is comparable to labelling attached satellite bubbling as bubbling since density variations
could arise from soap droplets piggybacking onto bubbles. A possible solution may the characteriza
tion of production regimes based on both visual observations and measurements of the coefficient of
variation of the particle diameter. Applying a threshold below which an operating point is considered
as bubbling could benefit the classification. Additionally, visually inspecting the production regime is
only possible for a limited number of bubbles. Recording and determining the bubble size, however,
can be performed at a much bigger scale. Faleiros et al. (2019) also mentioned that measuring glare
point distance with a short illumination pulse does not suffer from nozzle exit effects, in comparison to
fitting an ellipsoid to the data gathered by shadowgraphy visualizations.

Although the vertically operating nozzle from Gibeau et al. (2020) exhibited bubbling behaviour more
often than operating it horizontally, it could suffer from several drawbacks. First, it is aerodynamically
favourable to place the nozzle horizontally. The coaxial alignment of the air, helium and soap capillaries
cause nozzles to have a cylindrical shape. Subsequently, the wetted surface area is increased for a
vertically orientated nozzle. Second, the direction of the output flow causes additional momentum
input perpendicular to the freestream flow for a vertical nozzle. However, the velocity deficit in the
wake of a horizontally orientated nozzle is filled by the momentum input of the nozzle, countering both
effects having a negative influence on a downward facing nozzle. An assessment of the additional
turbulence due to the rake with vertical nozzles was performed by Gibeau et al. (2020). However, it
was reported that the analysis did not include the effect of operating nozzles. Hence, the results most
likely underestimate the additional turbulence.

The observations made by Gibeau and Ghaemi (2018) regarding variations in particle diameter by
changing air, helium and soap flow rates may be inaccurate since the operating regime of the nozzle
was unknown. Since the soap film thickness is approximately 55 nm for a bubble of 300 µm, it is highly
unlikely that a variation of 13.5% of the bubble size can be attributed to the increase of soap film
thickness.

The scaling law presented by Faleiros et al. (2019), 𝑑p ∝ (𝑑o𝑄He/𝑄Air)1/3, is likely the result of data
fitting. A relationship whereby a dimensional analysis shows the correct use variables in terms of units
is favourable, especially when the trends can be related to physical processes. A simplified theoretical
model could provide new insights between those variables.

The scaling of HFSB affects the production rate at which bubbles are emitted from the nozzle. Faleiros
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et al. (2019) showed that the air flow rate is the main parameter governing the production rate of
HFSB. Particles scale inversely with 𝑄Air, thus larger bubbles are produced at a lower rate. Moreover,
Melling (1997) argued that the particle size limits the size of detectable turbulent scales present in the
flow. The effect of particle size on the measurable flow scales can thus be seen as a high pass filter,
whereby scales below the size of the particle are suppressed in the velocity fluctuations. Henceforth,
PIV experiments cannot resolve turbulent scales smaller than the tracer diameter.

Some of the drawbacks of heliumfilled soap bubbles over conventional micronsized particles are the
limited bubble lifetime of approximately 2 minutes and the higher sensitivity to mechanical stresses
(Bosbach et al. 2009). Besides bursting beyond the bubble lifetime, Huhn et al. (2017) reported a
substantial decay in the scattered light intensity. It was found that the mean intensity of HFSB decays
to half the original value after 10 minutes. It is also crucial to ensure that neutrally buoyant bubbles
are produced, which otherwise affects data accuracy. Bosbach et al. (2009) also remarked about the
limited visibility of heliumfilled soap bubbles due to their transparency. However, a study by Lobutova
et al. (2009) showed that the bubble soap solution can be enhanced by adding luminescent dye and
illuminating the domain with UV light. As a result, a 688% increase in scattered light intensity was
observed, comparing the use with and without the addition of luminescent dye. An additional drawback
may be the costs of the bubble soap solution which must be purchased from third parties such as Sage
Action, Inc. This could become be a bigger source of expense for larger bubbles. Finally, the use of
helium as a lighterthanair gas could pose problems in the future, as the Earth’s helium storages are
finite (Smith et al. 2004).





4
Experimental Setup and Procedures

The available literature was only capable of providing a basic framework and could not directly answer
the research objective as outlined in Chapter 1. For this reason, experiments are required to provide
definitive answers. A small scale testing facility has been built to operate a single nozzle, which is
outlined in Section 4.1. Details of the particular nozzle designs and the naming conventions are given
in Section 4.2. The process of relating volumetric flow rates to the pressures and the subsequent ac
quisition strategy are described in Sections 4.3 and 4.4, respectively. The images captured during
the experiment have to be preprocessed first, as portrayed in Section 4.5. Section 4.6 outlines the
procedure of determining the distance between glare points, followed by a description of the data re
duction techniques in Section 4.7. The procedure of determining the operating regime and production
frequency are detailed in Sections 4.8 and 4.9. The chapter is concluded by defining the uncertainties
associated with the experiments and dataprocessing techniques.

4.1. Experimental Apparatus
To conduct measurements on the bubbles produced by the nozzles presented in Section 4.2, a small
closedloop wind tunnel with an open test section was used, as shown in Figure 4.1. The tunnel exit is
circular, with a diameter of 200mm. A 575W electrical motor at 1750 rpm is used to drive the air.

Figure 4.1: Experimental setup of nozzle test bench, in
cluding camera (left) and laser (right).

Figure 4.2: Schematic of the testsetup, not to scale.

37
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Nozzles are placed at the midpoint of the test section. A clamp is designed to hold nozzles in place,
shown in Figure 4.3. The 3Dprinted part is held in place by anM5 thread nut underneath the part, which
is attached to a pole. The nozzles are orientated downwards, which has several advantages over a
horizontally placed nozzle. First, axisymmetry of the coaxial flows within the nozzle is maintained.
Particularly for larger bubbles, gravity may disrupt the stable formation of bubbles when the nozzle
is placed horizontally. Second, any excessive soap which may block the nozzle is drained due to
gravity. Hence, the nozzle may perform over a larger range of operational conditions, as results from
Gibeau et al. (2019) in Section 3.4 suggest. Another feature is that in a horizontal nozzle orientation,
bubbles are released directly into the wake of the clamp assembly. The air flowing around the clamp
separates and recirculates within this region. The purpose of the bubbles is to follow this pattern, which
may affect the recordings as bubbles produced by a previous operating condition may still be present.
Furthermore, the images captured to assess the production frequency may also include more bubbles
than produced successively, introducing errors in the derivation. With the crossflow configuration,
these risks are mitigated.

Bubbles are illuminated by a Quantel EverGreen laser with a nominal pulse energy of 2×200 mJ at
15 Hz with a wavelength of 532 nm. Two spherical lenses expand the beam into a cylinder with a
cross section of approximately 80mm2, which upper side coincides with the nozzle exit. The laser is
placed at 90∘ angle with the imaging system, consisting of a single LaVision Imager sCMOS camera
(2560 x 2160 px resolution, 6.5 𝜇𝑚 pixel pitch, 16 bit). The camera is equipped with a 105 mm Nikkor
objective with aperture settings of f/32. A small aperture is required to capture the HFSB at the correct
brightness. For a 16 bit camera, pixels are saturated at 216 counts. To accurately determine the peak
location of glare points and compare glare point intensities between nozzles, saturated pixels must be
prevented. The field of view is 47mm x 55mm, resulting in a magnification factor 0.3. The camera
shutter and laser trigger are controlled via a LaVision Programmable Time Unit, which is connected to
the acquisition PC running DaVis 8.4.0, commercial software by LaVision.

The air, helium and soap supply to the nozzle are controlled via the fluid supply unit (FSU). This unit
consists of a soap container and pressure values to regulate the pressure upstream of the supply line.
Compressed helium and air are used from an external source, and the latter is also used to pressurize
the soap container. Mass flow meters were not available during this experiment to obtain flow rates.
Instead, the fluid flow rates are obtained by relating the flow rates to the pressure set with the FSU.
The calibration procedure and its results are presented in Section 4.3.

Figure 4.3: Clamp for holding HFSB nozzle generators in
place.

Figure 4.4: Schematic of the FSU and nozzle, not to scale.

4.2. Nozzle Design
For the design of the nozzles, the baseline geometry was imported as .stp file and adapted accordingly.
The baseline geometry serves as a reference geometry with a geometrical scaling factor of 1. 3D
modelling of the geometry was performed with CATIA V5 R21. Nozzles were subsequently printed by
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an EnvisionTEC Perfactory 4 DDP 3D resin printer at theDEMO (Dienst Elektronische en Mechanische
Ontwikkeling) lab of TU Delft.

To distinguish between the different geometries, the following naming convention has been used. Every
nozzle is associated with a code: Sxx_Oyy, where xx represents the scaling factor and yy = 𝑑o × 100,
with 𝑑o being the orifice diameter of the nozzle. The effect of geometrical scaling is investigated by
scaling the baseline geometry according to Table 4.1.

Table 4.1: Nozzle naming convention for geometrically scaled nozzles, in
cluding crosssectional views with mm scaling grid.

Name Scaling
factor

S1_O100 1.0

0 10 20

0 10 20

0 0

S15_O150 1.5

0 10 20 30

0 10 20 30

0

10

0

10

S2_O200 2.0

0 10 20 30 40

0 10 20 30 40

0

10

0

10

S3_O300 3.0

0 10 20 30 40 50 60

0 10 20 30 40 50 60

0

10

20

0

10

20

The literature survey showed that the orifice diameter is a key parameter affecting the size of the
produced bubble. A scaling factor of 0.75, 1.25 and 1.5 is therefore applied to the orifice of the base
S1_O100 nozzle. These nozzles are identified with: S1_O075, S1_O125 and S1_O150, respectively.
An overview of the orifice scaled nozzles with base scaling S1 is given in Table 4.2.
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Name Orifice
diameter [mm]

S1_O075 0.75

0 10 20

0 10 20

0 0

S1_O100 1.0
0 10 20

0 10 20

0 0

S1_O125 1.25
0 10 20

0 10 20

0 0

S1_O150 1.5
0 10 20

0 10 20

0 0

Table 4.2: Nozzle naming convention for orifice scaled
S1 series nozzles, including crosssectional views with
mm scaling grid.

0 10 20 30 40

0 10 20 30 40

0

10

0

10

Figure 4.5: Crosssectional view of the *S2_O200 nozzle.

In addition to the nozzles described previously, scaling of the orifice has also been applied to the
S15_O150 nozzle. However, a slightly more aggressive orifice scaling factor is applied: 0.67, 1.33 and
1.67. The resulting nozzles are called S15_O100, S15_O200 and S15_O250.

Initial experiments showed excessive soap being emitted from the nozzle for the S2 and S3 series
nozzles. Soap was continuously dripping from the nozzle exit, without achieving any stable production
of bubbles. It is hypothesised that this due to the scaling of the soap lines within the nozzle. Conse
quently, it was decided to fix the width of the soap channels within the nozzle for all geometrical scaling
factors. This way, the soap channel scales linearly with the scaling factor, instead of quadratic. A
prefix * is added to the nozzle name to be able to identify this updated version. Unfortunately, results
were only obtained for *S2_O200 due to difficulties in the 3D printing process of the other versions. A
crosssectional view of the nozzle can be found in Figure 4.5. Table 4.3 provides an overview of all
nozzles analysed.

Table 4.3: Overview of tested nozzles.

Name Scaling Orifice
factor diameter [mm]

S1_O075 1.0 0.75

S1_O100 1.0 1.0

S1_O125 1.0 1.0

S1_O150 1.0 1.0

S15_O100 1.5 1.0

S15_O150 1.5 1.50

S15_O200 1.5 2.0

S15_O250 1.5 2.5

S2_O200 2.0 2.0

*S2_O200 2.0 2.0

S3_O300 3.0 3.0
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4.3. Calibration Curves
The calibration curves relate the pressure levels set with the FSU to the fluid flow rates reaching the
nozzle. For the BFS fluid, these curves are obtained by measuring the total volume of soap exiting the
tubing after a set amount of time. For the gases, a different approach was chosen since its volume
cannot be measured directly. For air and helium, the tubing exits were fixed at the bottom of a large
tank of water. With the pressure set at a certain level, a measuring cup filled with water was placed
upside down and above the exit. With the first gas bubbles entering the measuring cup, a timer was
started. Upon filling the cup, the cup was moved away under the stream of bubbles and the timer was
stopped simultaneously. Hereafter, the total volume of gas in the cup could be determined.

With the elapsed time and total volume at certain pressure values, mass flow can be related to pressure.
The pressure drop due to the viscosity of a laminar incompressible flow through a long, slender cylinder
of constant crosssection is described theoretically by the HagenPoiseuille equation. This equation
reads:

Δ𝑝 = 8𝜇𝐿𝑄
𝜋𝑅4 , (4.1)

where the pressure drop Δ𝑝 between two ends of a pipe with length 𝐿 and radius 𝑅 can be related to
the volumetric flow rate 𝑄 of a fluid with dynamic viscosity 𝜇 (Pfitzner 1976). The HagenPoiseuille
relationship remains valid for 𝐿/𝐷 > 𝑅𝑒/48, which is true for all tubing tested.

As a reference, the work of Faleiros et al. (2019) was used which analysed the performance of the
NLR type nozzle (Figure 3.6). Both the NLR and HFSBV11.3 nozzles are based on the flowfocusing
principle to produce HFSB. Furthermore, the nozzles have a similar geometry in terms of shape and
orifice diameter. To obtain comparable results, calibration curves for similar flow ranges as studied by
Faleiros et al. (2019) are determined. This corresponds to 𝑄BFS = [3.6,11] ml/h, 𝑄Air = [30,150] l/h and
𝑄He = [4,15] l/h.

Equation (4.1) is only valid for incompressible and laminar flows. Analysing the Mach number and
Reynolds number provides information on the applicability of the linear relationship between pressure
and velocity within the tubing. First, compressibility effects may arise when the Mach number, as
determined by Equation (4.2), within a cylindrical tube is greater than 0.3 (Elger et al. 2019). Second,
for 𝑅𝑒D < 2300, the flow within the tube is considered to be laminar. Above ReD = 2900, the flow
becomes turbulent (Schlichting and Gersten 2017), see Equation (4.3).

𝑀 = 𝑉
𝑎 , (4.2)

𝑅𝑒D =
𝐷𝑉𝜌
𝜇 = 4𝑄𝜌

𝜋𝐷𝜇 . (4.3)

The following figures show the volume and elapsed time for various pressure settings of the air, helium
and soap supply together with a linear fit and the theoretical approximation via the HagenPoiseulle
equation is applicable, which is marked as HP in the following figures.

The calibration curve for the soap solution is illustrated in Figure 4.6. A linear fit is included which
crosses the origin. The resulting line shows that 𝑄BFS = 2.8𝑃BFS. Additionally, the solution of the
HagenPoiseulle equation is included for the specific tubing. The relatively high viscosity of the soap
solution (𝜇BFS = 8.0⋅10−3 Pa s) causes flow velocities to remain well below the compressibility threshold.
Furthermore, Re = 𝒪(1) and the flow is thus laminar. As a result, the theoretical line and fit curve lay
almost on top of each other.

For air and helium, the calibration curves are plotted in Figures 4.7 and 4.8, respectively. The radius
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Figure 4.6: Calibration curve for BSF.

of the air tubing is more than 2.5 times the radius of the soap and helium tubing. Additionally, the
viscosities of air and helium are more than 400 times lower compared to the soap solution. Both effects
contribute to higher flow rates within the tubing, hence compressibility turbulence effects influence the
approximation. Within the air tubing, the Mach number reaches 0.3 at P = 0.4 bar. Using isentropic
flow relations, the density is expected to decrease by 8% with respect to near stagnant flow. However,
this value rises to 37% for P = 3.5 bar. At P = 0.4 bar, ReD = 2700 and is well above the turbulent
threshold for P = 1.0 bar. Application of the HagenPoiseuille equation is therefore not valid, which
confirms the deviation observed in Figure 4.7. The deviation from the linear trend at lower pressures
is expected to be a result of measurement errors, which are more pronounced at lower flow rates. It
was found during the measurements that timer could not always be initiated at the exact moment that
the measuring cup was placed above the tube exit, where gas bubble column was located. The helium
tube features an identical diameter, but a shorter length. At P = 1.0 bar, M ≈ 0.4. For this reason,
the HagenPoiseuille relationship is again invalid and large deviations are visible in Figure 4.8. The
maximum Reynolds number is just below 500, meaning that the gas flow is fully laminar.

The slope of the HagenPoiseuille relationship for air is around twice as large, whereas the slope for
the HagenPoiseuille prediction of helium is twice as small. These variations seem significant, but the
linear fitted trends between 𝑄 and 𝑃 are considered to be sufficiently accurate for the experiments as it
includes the effects of all complex phenomena and holds well for the tested flow rates. Analysing the
interactions between these phenomena to provide an answer for the deviations is beyond the scope of
the project.

Figure 4.7: Calibration curve for air, of the S1 series noz
zles.

Figure 4.8: Calibration curve for helium, of the S1 series
nozzles.

The linear relation is again experimentally confirmed in Figure 4.9 for a tube having a 130% larger
diameter than the soap tube used in the conventional S1 nozzle. The ratio of the slopes of both BSF
curves (2.8/8.8) and the fourth power of the ratio of radii for both tubes (𝑅1/𝑅2)4 is similar within 2%
uncertainty. This shows that tubes can be sized for nozzles requiring different flow rates, using the
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experimentally fitted curve and theoretical proportionality of Equation (4.1).

Figure 4.9: Calibration curve for both sizes of BSF
tubing.

Due to the internal radii of the tubing, the flow rate is limited. If not sized correctly, the range of input
conditions for the operational parameters 𝑄Air, 𝑄He and 𝑄BFS is restricted. For larger nozzles, the
volumetric flow rate 𝑄 is related to the area 𝐴 within the nozzle. The linear proportionality between 𝑄
and 𝐴 is employed for the air, helium and soap lines within the nozzle. Thus, for a nozzle scaled by a
factor S15, the volumetric flow rates for the base S1 nozzle are multiplied by the area scale: 1.52. This
approximation allowed the nozzle internals to remain unchanged and enabled for rapid prototyping of
the designs. With the range of flow rates required for each operational parameter (air, helium & soap)
and the maximum pressure on the FSU for each parameter, the size of the tubing can be determined.
Themaximumpressure for air and helium is limited by the range of the available pressure gauges, which
is up to 6 bar. For soap, the maximum pressure is limited by the pressure limit of the soap container,
which is 3.4 bar. Using the relationship between pressure and volumetric flow rate from Equation (4.1),
the required tubing size for the upper limit of the volumetric flow rate at maximum pressure can be
determined. Due to the limited availability of tubing with different radii, the tube length was the only
available parameter for varying the flow rate.

The calibration curves for the larger tubes, used in S15, S2 and S3, for air and helium are presented
in Figures 4.10 and 4.11, respectively. The inverse proportionality between flow rate and tube length
in Equation (4.1) is assumed to remain valid for these tubes as well, despite the limitations of the
HagenPoiseulle relationship in terms of compressibility and turbulence effects. While the flow within
the helium tubing remains laminar throughout the operating range, ReD = 4500 at P = 1 bar for air.
Compressibility effects are expected to be mild for helium with M = 0.4 at P = 2.0 bar, while again for
air these effects do have an influence (M = 0.4 at P = 1.0 bar). Observing the offsets shows that the
HagenPoiseulle relationship overestimates the measured value for air, while again the inverse is true
for helium. In both cases, the offset is similar to the deviations for the S1 nozzle.

Figure 4.10: Calibration curve for air for S15, S2 and S3
nozzles.

Figure 4.11: Calibration curve for helium for S15, S2 and
S3 nozzles.
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4.4. Acquisition Strategy
Results on the performance of the nozzle by Faleiros et al. (2019) indicate that for the highest soap
rates tested (𝑄BSF = 8.9 and 11.0 ml/h), the nozzle was performing in the bubbling regime over a large
range of air and helium flow rates. It has therefore been decided to test the S1 series nozzles at
identical soap flow rates. Section 3.5.2 emphasized the importance of achieving neutral buoyancy on
the measurement accuracy of PIV experiments using HFSB as tracers. For a given flow rate of soap,
the helium flow rate can be derived by relating the bubble density to the density of air in Equation (3.4).
Using the values in Table 3.1, the theoretical neutrally buoyancy condition is achieved at 𝑄He/𝑄BFS =
1095. Bubbles are produced neutrally buoyant, under the assumption that there is no leakage, at helium
flow rates of 9.7 and 12.0 l/h for the previously mentioned values of 𝑄BFS. For the geometrically scaled
nozzles, the flow rates are multiplied by the area scale as previously described in Section 4.3. For the
*S2 nozzle with updates internals, two more operating conditions are included which correspond to the
neutrally buoyant conditions of the S1 nozzle.

The last remaining parameter, 𝑄Air, has a significant influence on the operating regime and particle
diameter as the studies of Faleiros et al. (2019) and Gibeau et al. (2020) have reported. A sampling
strategy of Δ𝑄Air has therefore been chosen whereby for each set of (𝑄BSF,𝑄He), the airflow rate is
increased until the nozzle seizes to produce bubbles. Depending on the range of 𝑄Air, the step size
is varied from 30 l/h for the S1 and S15 series nozzles to 60 l/h for the S2 and for the S3 series to
180 l/h. Tests are denoted by Txx.yy, where xx represents a particular neutrally buoyant condition
(𝑄BSF,𝑄He) for that nozzle, while yy indicates the setpoint of 𝑄Air. Thus, Txx.1 to Txx.14 indicate the
first to fourteenth setpoint of 𝑄Air. The test matrix for all nozzles is presented in Table 4.4. The test
matrix, converted to pressure values, can be found in the Appendix, Tables A.1 and A.2. As previously
described, the flow rates for larger nozzles are obtained by multiplying the flow rates of the base nozzle
with the area scale.

Starting at the lowest setpoint of 𝑄Air for each test condition, recordings were taken when the nozzle
was producing any kind of bubbles in a stable, continuous manner. Before recordings were initiated,
a delay of approximately one minute was applied after setting the desired pressure valves on the FSU
to ensure the system is settled. Then, 500 images were taken at a recording rate of 15Hz. For every
tested condition, it was noted whether the nozzle was working (w) or nonworking (nw). If the nozzle
stopped producing bubbles after increasing the airflow rate by Δ𝑄Air, the next setpoint was initiated by
changing the helium and soap flow rates or switching nozzles. This was also done when the pressure
𝑃Air could not be set higher due to gauge or maximum container pressure limits.



4.5. Image Preprocessing 45

Table 4.4: Test Matrix for nozzles with a scaling factor of 1.5, 2 and 3 and varying orifice sizes.

Nozzle Test no. 𝑄BSF [ml/h] 𝑄He [l/h] Δ𝑄Air [l/h]

S1_O075 T1 8.9 9.7 30
T2 11.0 12.0 30

S1_O100 T3 8.9 9.7 30
T4 11.0 12.0 30

S1_O125 T5 8.9 9.7 30
T6 11.0 12.0 30

S1_O150 T7 8.9 9.7 30
T8 11.0 12.0 30

S15_O100 T9 20 21.9 30
T10 24.8 27.1 30

S15_O150 T11 20 21.9 30
T12 24.8 27.1 30

S15_O200 T13 20 21.9 30
T13 24.8 27.1 30

S15_O250 T15 20 21.9 30
T16 24.8 27.1 30

S2_O200 T17 35.6 39.0 60
T18 44.0 48.2 60

*S2_O200 T19 17.8 19.5 60
T20 22.0 24.1 60

*S2_O200 T21 35.6 39.0 60
T22 44.0 48.2 60

S3_O300 T23 80.1 87.7 180
T24 99 108.4 180

4.5. Image Preprocessing
Before peaks from glare points can be analysed, images are preprocessed in Python 3.8 according to
four steps:

1. Loading .im7 files
2. Cropping
3. Reducing background noise
4. Normalizing

Captured images are stored as .im7 files. This required the use of the ReadIM module 1, which reads
native DaVis file types. After the images are loaded as a grayscale image array, CPU and memory
requirements are lowered by cropping the image. Consequently, a region of approximately 30mm2

is used for processing. In the next step, image pixels are normalized to the range [0,1]. Background
noise, such as electronic camera noise and reflections, is filtered using a subtract minimum filter over
three images. The filter length is based on a tradeoff between noise reduction and processing speed.
Since the background noise is mainly static, three images already provided good results while still
maintaining an acceptable level of computational effort. Figure 4.12 exemplifies a single image with
raw data, background noise and the preprocessed result.
1https://pypi.org/project/ReadIM/

https://pypi.org/project/ReadIM/
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Figure 4.12: Image preprocessing steps. Note that relative intensity between images changes. Left: Raw image with highlighted
cropping region (red) and nozzle (yellow). Middle: Minimum background noise over three images. Right: Processed image,
with 1x1 mm grid.

4.6. Bubble diameter determination
After preprocessing, the image can be used to determine the location of the glare points and subse
quently the glare point distance 𝑑g. The glare point distance method has been proven to be a reliable
and accurate approach to determine the bubble diameter in a comparison to shadow visualizations
whereby an ellipse is fitted to the edge of the recorded bubble shadow. Faleiros et al. (2019, p. 15)
reported that ”No significant difference is observed between the two methods, demonstrating control
and repeatability in both experiments”. The method itself can thus be regarded as a reliable tool to
determine the size of the bubble. The exact procedure, continuing on the previously mentioned steps,
consists of 5 phases:

5. Pixel integer peak finding
6. Peak sorting
7. 2D Gaussian peak interpolation
8. Peak pairing
9. Glare point distance determination

The location of the local maxima in the preprocessed image are determined via the peak_local_max
function from the scikitimage module. This function returns the location to pixel accuracy. The pre
processed image still contains various isolated maxima. Furthermore, if pairs of maxima are located in
proximity of one another, it is difficult to identify which two glare points corresponds to the same bubble.
Phase 6 consists of an additional sorting stage to find and remove peaks based on two conditions. For
each located peak, a bounding box centred around this peak. Its width and height are predefined to be
100x5 pixels. The first condition is met when only a single peak is found within the box. The second is
true when more than 2 peaks are found within the predefined box. The complying peaks are removed
and the conditions are reevaluated for the remaining peaks, until all peaks satisfy the bounding box
criteria. This procedure is shown in Figure 4.13. The remaining peaks are assumed to only consist
of peak pairs. In the next phase, the location of glare points are determined to subpixel accuracy by
applying a 2D Gaussian fit function from the Photulis package 2. After updating the peak locations,
pairs of peaks are linked which correspond to a single bubble. With this information, the glare point
2https://photutils.readthedocs.io/en/stable/index.html

https://photutils.readthedocs.io/en/stable/index.html
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distance is determined and returned from the function. The resulting distance is then multiplied by √2
to obtain the bubble diameter, following Equation (3.6).

Figure 4.13: Peak sorting step on postprocessed images with 1x1 mm grid. Left: Raw image. Middle: Initial peaks found at
pixel accuracy. Right: Remaining 2D Gaussian interpolated peaks after the sorting phase.

Figure 4.14: Initial peak location with integer pixel accu
racy.

Figure 4.15: 2D Gaussian interpolated peak location.

The tenth step of the process is to convert the glare point distance into physical units. This requires a
calibration image to relate image pixels to physical millimetres. The resulting magnification is 0.0216
mm/px. With the glare point distance, the bubble diameter is calculated according to Equation (3.6). A
flowchart of the code that was used to derive the bubble diameter from raw images is given in Figure B.1.

4.7. Data Reduction Techniques
For distributions of HFSB diameters with a single mode, a Gaussian leastsquares fit is applied, as can
be observed in Figure 4.16. For bimodally distributed histograms as shown in Figure 4.17, a Gaussian
leastsquares fit is used to both modes. After determining the mean and standard deviation of the
Gaussian fit, a Zscore outlier filter with 3𝜎 is implemented, which reads as:
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remove 𝑑d,𝑖 if − 3 < 𝑧𝑖 < 3 for 𝑧𝑖 =
𝑑d,𝑖 − 𝜇
𝜎 ,

where 𝑑d,𝑖 is the ith bubble diameter sample. The Gaussian leastsquares fit is once more applied, and
the resultingmean and standard deviations of themodes are used for further processing and calculating
the coefficient of variation of the bubble diameter.

Figure 4.16: Unimodal distribution of HFSB diameters for
*S2_O200, test T21.6.

Figure 4.17: Bimodal distribution of HFSB diameters for
*S2_O200, test T21.5.

4.8. Operating Regime Determination
To determine the operating regime of the nozzle at a certain operating point (Δ𝑄Air, 𝑄He, 𝑄BSF), the co
efficient of variation of the bubble diameter is determined. As described in Section 3.4, for this method
the mean bubble diameter and standard deviation are used, which are computed according to Sec
tion 4.7. Faleiros et al. (2019) reported a deviation in the coefficient of variation of the bubble diameter
for the two main operating regimes: bubbling and jetting. As previously mentioned, for bubbling it was
found that CVd ≈ 2  3%, while for jetting CVd ≈ 13%. Figures 4.18 and 4.19 show histograms of the
bubble diameter in case of bubbling and jetting, respectively. For raw image data, no visual differences
could be found between the bubbling and jetting regimes. The distinction between jetting and bubbling
will therefore be solely based on the dispersion of the bubble diameter.

Figure 4.18: Distribution of HFSB diameters for
S15_O150, test T11.1 whereby CVd = 3.4%.

Figure 4.19: Distribution of HFSB diameters for
S15_O150, test T11.7 whereby CVd = 13.5%.

4.9. Production Frequency
Additional recordings were performed in doubleframe mode to analyse the production frequency of
the nozzle generator at several operational conditions. In total, 100 images were captured at various
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separation times, depending on the jet velocity 𝑣jet. The production frequency 𝑓 is derived from

𝑓 =
𝑣jet
𝜆𝑀 . (4.4)

Here, 𝑣jet is the mean velocity in a rectangular area in front of the nozzle exit. PTV in DaVis 10.1.2 is
employed to track particles and compute the velocity field, wereby images were preprocessed using
a subtract minimum filter. Furthermore, 𝜆 is the distance between successive bubbles within the same
frame. As the distance is measured in pixel units, the magnification factor 𝑀 is introduced. The results
of this analysis are described in Chapter 5.

4.10. Uncertainty Analysis
This section attempts to quantify the uncertainties of the experimental campaign. Quantifiable uncer
tainties can be grouped per project phase:

• Preparation
• Execution
• Analysis

During the preparation phase, the calibration curves for each tube of the S1 series nozzles are made.
Uncertainties arise from reading the fluid of gas volume levels after a certain elapsed time. For soap, the
fluid level was read off and interpolated between intermediate marks of a 2mm graduated cylinder. The
resulting error is estimated to be 2%. Air and helium calibration curves are obtained by measuring the
gas volume within a measuring cup of 1950mm with interval marks at 25mm. The resulting uncertainty
is 1.3%. Another source of error during the calibration phase is introduced by determining the correct
length of the tube used for calibration as well as for the nozzle itself. It is estimated that this error is
around 1.5% for both cases. The last quantifiable error is the difference between the linear fit and the
data points. On average, this is approximately 6% of the fitted curve for the upper half of the tested
flow rates.

The pressure values, determined by scaling the base S1 nozzle and converting via the calibration
curves, cannot be set digitally on the FSU. Instead, analogue gauges are used which have finite in
terval between marks. For all gauges, the difference between intermediate intervals was 0.1 bar. The
pressure values were therefore rounded to one decimal values. This introduces a relative error be
tween actual and rounded value up to ±7% at the lowest pressure setting. For higher flow rates, this
error reduces to 0.8%.

In the last phase, uncertainties arise in the estimation of the peak location of the glare point intensity
distribution. The error is determined relative to the distance between glare points. The uncertainty of
the initial peak finding algorithm, which is accurate to integer pixel values, ranges between 2.9% for
the smallest measured bubbles and 0.6% for the largest diameters for unsaturated pixels. With the
implementation of the 2D Gaussian interpolation, uncertainties are assumed to be negligible. When
pixels are saturated however, the algorithm cannot determine the peak location accurately, since there
are no gradients between pixels. For a 2x2 saturated glare point, uncertainties for the smallest and
largest bubble size are 5.8% and 1.2%. Likewise, for a glare point with 3x3 saturated pixels, the
uncertainty is 11.8% and 2.3%. When both glare points of a single bubble are saturated, this uncertainty
must be multiplied by √2. Nonetheless, it is most unlikely that saturated pixels occur for the smallest
particles sizes since the amount of light that is scattered scales with the square of the particle diameter.
From the data, it was observed that pixel saturation was mainly occurring for larger particles and thus
the relative uncertainty can be estimated to range between 0.6% to 2.3%. Figures 4.20 and 4.21 show
the preprocessed image data for a relatively large and small bubble, respectively.
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Figure 4.20: 2D intensity distribution of a large bubble of
S15_O150 during test T11.1 with saturated peaks (red).

Figure 4.21: 2D intensity distribution of small bubbles of
S15_O150 during test T11.7 without saturated peaks.



5
Results & Discussion

Results of the various tested nozzles are presented in this chapter. A starting point of the discussion is
the production regimemaps, qualitatively showing the nozzle performance in terms of working and non
working operating points. Hereafter, the outcome of the glare point detection algorithm is presented
in terms of mean bubble diameter per nozzle. Previous research has shown that air, helium and the
orifice diameter are the main parameters governing the HFSB size, which will be analysed in further
detail (Faleiros et al. 2019, Gibeau et al. 2019). The results are subsequently benchmarked against a
simplified model approximating the bubble diameter as a function of the orifice diameter and the flow
rates of helium and air. This is followed by a validation of the data with the NLRtype nozzle used
in the work of Faleiros et al. (2019). Conclusively, the disparity of the bubble diameter is introduced,
expressed by the coefficient of variation of the bubble diameter.

5.1. General Nozzle Performance
The performance of the nozzles tested is initially assessed by observing whether the nozzle is producing
bubbles (working) or not (nonworking). A distinction based on the operating regime (bubbling or jetting)
can be made using the information in the subsequent sections. For the working operating points, data
is recorded and used for the determination of the bubble diameter. For each considered case, the soap
and helium mass flow has been adjusted according to Equation (3.4) with 𝑄He/𝑄BSF = 1095 and the
values in Table 3.1 to obtain neutrally buoyant bubbles. It is expected that small deviations of around
5% from the neutrally buoyant condition do not alter the performance of the nozzle.

As described in Section 4.3, the range of 𝑄Air for the S1 series nozzles is based on the tested range
in the study by Faleiros et al. (2019), which was 30 to 150 l/h. This range is extended up to 215 l/h
in Figure 5.1. The S1_O075 nozzle is the only nozzle not capable of reaching this flow rate, already
ceasing to produce bubbles from approximately 50 l/h onwards, see Figure 5.1a. It was observed during
the experiments that for higher flow rates of air, this nozzle exhibited a spraying behaviour whereby a
fine mist of bubble fluid solution was emitted. As the orifice diameter of the nozzle is increased to 1
mm, the amount of working operating points increases. The lack of working operating points may thus
be a result of the high contraction ratio of the S1_O075 nozzle.

Results for the S15 series nozzles in Figure 5.2 feature similar characteristics as the S1 series. For the
nozzle with the highest contraction ratio of this series, the S15_O100 nozzle, similar spraying behaviour
is observed. As the orifice diameter increases, the nozzle is working nominally more often. Both Figures
5.2c and 5.2d show that the nozzles have identical performance in terms of working operating points
between 𝑄Air = 62 l/h and 387 l/h. At low air flow rates, the nozzle exhibits a foaming behaviour. This
has been an indicator for low gas flow rates throughout the experimental campaign.

51



52 5. Results & Discussion

(a) S1_O075 nozzle. (b) S1_O100 nozzle.

(c) S1_O125 nozzle. (d) S1_O150 nozzle.

Figure 5.1: Production regimes for series S1 nozzles, whereby filled and empty markers indicate working and nonworking
conditions, respectively.

(a) S15_O100 nozzle. (b) S15_O150 nozzle.

(c) S15_O200 nozzle. (d) S15_O250 nozzle.

Figure 5.2: Production regimes for series S15 nozzles, whereby filled and empty markers indicate working and nonworking
conditions, respectively.



5.2. Mean Bubble Diameter 53

For the S2 scale series in Figure 5.3a, the width of the internal soap channel causes bubbles to be
produced only at higher flow rates. During the experiments, it was seen that for most of the operating
conditions soap was continuously dripping from the nozzle, indicating soap excess. By updating the
internal geometry of the soap channel excess soap is minimized and the number of working operating
points is greatly increased, see Figure 5.3b. For all nozzles, changes in the helium and soap flow rates
to maintain the neutral buoyancy condition does not impact the overall performance.

(a) S2_O200 nozzle. (b) *S2_O200 nozzle.

Figure 5.3: Production regimes for series S2 nozzles, whereby coloured and gray markers indicate working and nonworking
conditions, respectively.

The results for the scale S3 series nozzle are found in Figure 5.4. For each tested operating condition,
this nozzle did not produce any bubbles at all. Even at higher flow rates, soap was dripping from the
nozzle, indicating that the internal soap channels should not be scaled geometrically. An *S3 nozzle
was manufactured but production deficiencies made this nozzle unusable.

Figure 5.4: Production regimes for series S3 nozzle, whereby filled and empty markers indicate working and non
working conditions, respectively.

5.2. Mean Bubble Diameter
For each working operating point as discussed in Section 5.1, recordings aremade to capture both glare
points and derive the mean bubble diameter. No distinction has been made regarding the production
regime; the data consists of both jetting and bubbling operating points. For unimodal distributions of the
bubble diameter (Figure 4.16), the mean and standard deviation follow from the Gaussian regression.
For bi and polymodal distributions, however, the mode with the highest amplitude is chosen.

The analysis of the bubble diameter comprises two parts. In the first part, the results for all operating
conditions are summarized by presenting the bubble diameter as a function of the air flow rate. Several
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curves are analysed indepth and an axis normalization is applied. In the second part, a firstorder
theoretical approximation is presented and compared to the data of the *S2_O200 nozzle.

As the supply of air is increased, the annular jet of helium and soap is extruded at greater effort and
forced through the orifice. This causes the annular jet to shrink, whereby instabilities cause the jet to
break up into bubbles. Thus for a higher supply of air, this effect is more pronounced, leading to smaller
bubbles produced at higher rates. The results depicted in Figure 5.5 confirm this trend, following the
findings of the study by Faleiros et al. (2019).

Figure 5.5: HFSB diameter variation as a function of 𝑄Air for all tested nozzles.

The four different neutrally buoyant conditions of the *S2_O200 nozzle are isolated to analyse the effect
of the air flow rate in more detail, as plotted in Figure 5.6. For 𝑄Air < 350 l/h, the lines for 𝑄He = 20 and
23 l/h show a steep decrease in particle diameter for increasing airflow rate. After 𝑄Air = 350 l/h, the
curves exhibit a more ’converged’ or stable behaviour. An upward shift is visible for increasing 𝑄He.
Between 𝑄Air = 400 and 800 l/h, the bubble diameter drops about 0.25mm for all neutrally buoyant
conditions.

Figure 5.6: HFSB diameter variation as a function of 𝑄Air
for the *S2_O200 nozzle.

The same data is used in Figure 5.7, illustrating the effect of 𝑄He on 𝑑b more clearly. Compared to 𝑄Air,
𝑄He causes the largest variations in the bubble diameter. This is expected since helium is the main
gas comprising the bubble’s volume. On average, 𝑑b increases with 0.27mm for Δ𝑄He = 26 l/h. The
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bubble’s volume is assumed to be comprised only of helium, and thus 𝑄He ∝ 𝑉b. Leakage of helium
and the variation of the production frequency with 𝑄He is assumed to be negligible. Subsequently, the
volume of the bubble is related to the bubble diameter, resulting in 𝑄He ∝ 𝑉b ∝ 𝑑3b. Figure 5.7 includes
the expected variation of 𝑑b based on the difference between 𝑄He = 22 l/h and 47 l/h, relative to the
initial point. With particle sizes not exceeding 𝑑b/𝑑o > 1, this explains why for lower air flow rates,
increasing helium does not produce larger bubbles. At higher flow rates of air, the relationship between
the flow rate of helium and the bubble diameter underestimates the actual bubble diameter. These
deviations are, however, much smaller compared to the offsets at lower flow rates of air.

Figure 5.7: HFSB diameter variation as a function of 𝑄He for the *S2_O200 nozzle. The black marks, slightly offset
for clarity, indicate the expected values based on proportionality between 𝑄He and 𝑑b.

The physical units on the axes of Figure 5.5 can be normalized by 𝑄He and 𝑑o, as shown in Figure 5.6.
The data for the S1_O100, S1_O125, S15_O150, S15_O200 and *S2_O200 nozzles collapse well into
a single curve. Nozzles not following the hyperbolic trend are the S1_O075, S15_O100, S1_O150,
S15_O250 and S2_O200 nozzles.

An attempt is made to find a reason for these deviations. However, caution must be taken while inter
preting the data due to the limited amount of operational conditions that are available. For example,
the S15_O100 only has two data points. This nozzle and the S1_O075 and S2_O200 nozzles, fea
ture an orifice diameter 𝑑o much smaller than the internal soap channel diameter 𝑑BSF. Specifically,
2𝑑0 < 𝑑BSF. Nevertheless, this does not explain the deviations of the S15_O250 for which 𝑑BSF ≈ 𝑑o.
This shows that (relative) internal nozzle geometry must be subject to further investigation to fully un
derstand the deviations from the observed hyperbolic trend. Filtering data based on the dispersion of
the particle diameter, which will be discussed in the following section, did not provide any new insights.
The deviations from the approximation are thus not a consequence of the production regime of the
nozzle. Other observations include that the particle diameter never exceeds the orifice diameter, apart
from a single case. Extrapolating the hyperbolic trend of the *S2_O200 nozzle shows a possible lower
limit of 𝑑b/𝑑o ≈ 0.2. Similar asymptotic behaviour is seen for (𝑄Air,𝑄He) → 0, as bubble production is
not possible when the flow rates are minimal.

The hyperbolic trend for the *S2_O200 nozzle, having the most number of data points, is analysed in
more detail using a basic theoretical model. Figure 5.9 schematically illustrates the parameters used
in this model.
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Figure 5.8: Normalized HFSB diameter variation as a function of 𝑄Air/𝑄He for all tested nozzles.

Figure 5.9: Parameter definitions used in the model. Figure not
to scale.

To find a relationship for the bubble diameter 𝑑b, bubble formation is assumed to occur outside the
nozzle. This simplifies the analysis since the streamtube within the orifice can be related to the orifice
diameter 𝑑o. Moreover, the flow of bubble fluid solutions is negligible compared to air and helium (𝑄BSF
« 𝑄Air, 𝑄He). The mass flux through the orifice can be related to the crosssectional area according to

𝑄He
𝑄Air

= 𝑢He𝐴He
𝑢Air𝐴Air

. (5.1)

This relation can be simplified by assuming that the velocities within the orifice for each fluid is the
same. Thus, the velocity profile is a vertical line and 𝑢He = 𝑢Air. This is valid when there is no shear
between the air and soap solution. The ratio of flow rates thus only depends on the area ratio

𝑄He
𝑄Air

≈ 𝐴He
𝐴Air

. (5.2)

While the helium streamtube is cylindrical, air behaves as an annulus within its core the helium stream
tube. 𝐴Air is therefore dependent on the diameters of helium and air

𝑄He
𝑄Air

≈ 𝐴He
𝐴Air

≈ 𝑑2He
𝑑2Air − 𝑑2He

. (5.3)
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The diameter of the helium flow is rewritten with the streamtube diameter: 𝑑He = 𝑑s. Furthermore, 𝑑Air
= 𝑑o. Solving Equation (5.3) for 𝑑He and rewriting results in

𝑑s ≈ 𝑑o√
𝑄He

𝑄Air + 𝑄He
. (5.4)

Equation (5.4) is written in terms of the streamtube diameter, whereas only the bubble diameter 𝑑b is
obtained from measurements. To relate the streamtube diameter to the bubble diameter, the breakup
of a cylindrical jet into spheres is considered. Each subcylinder of length 𝛿𝐿 collapses into a sphere
with volume 𝑉b =

𝜋
6𝑑

3
b. The volume of each subcylinder is

𝛿𝑉s =
𝜋
4𝑑

2
s𝛿𝐿, (5.5)

whereby an approximation for 𝛿𝐿 is found by assuming that the lateral surface area of the helium
streamtube can be equated to the sphere’s surface area. This results in the system of equations

{
𝜋𝑑s𝛿𝐿 = 𝜋𝑑3b,
𝜋
4𝑑

2
s𝛿𝐿 =

𝜋
6𝑑

3
b.

(5.6)

The system can be solved for 𝑑s and 𝛿𝐿 as functions of 𝑑b, resulting in

{
𝑑s =

2
3𝑑b,

𝛿𝐿 = 3
2𝑑b.

(5.7)

The expression for 𝑑s is be substituted in Equation (5.4) and the relationship for the particle diameter
will read

𝑑b
𝑑o
≈ 3
2√

𝑄He
𝑄Air + 𝑄He

. (5.8)

The particle diameter normalized by the orifice diameter is proportional to the square root of the ratio
between the helium and sum of flow rates.

The theoretical relationship is compared to a trendline fitting the data from the *S2_O200 nozzle. Using
the same proportionality between variables as Equation (5.8), given by 𝑦 = 𝑐(𝑄He/(𝑄Air +𝑄He))𝑏, has
coefficients 𝑐 = 1.83 and 𝑏 = 0.52 with 𝑅2 = 0.89.

Both curves, together with the data of the *S2_O200 nozzle, are presented in Figure 5.10. The theo
retical approximation underestimates the bubble diameter between 10% to 15% compared to the fitted
curve and can therefore be said to be a lower limit of the particle diameter.
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Figure 5.10: Normalized HFSB diameter variation as a function of 𝑄Air/𝑄He for the
*S2_O200 nozzle, including approximated and fitted trend.

The relationship in Equation (5.8) theoretically holds for all nozzles. However, only the data for the
S1_O100, S1_O125, S15_O150, S15_O200 and *S2_O200 nozzles, which collapse into a single
curve, follow the theoretical approximation as shown in Figure 5.11. It is hypothesized that the pa
rameters involved in the approximation do not fully describe the complex phenomena involved in this
multiphase flow system. The only geometrical dependent variable in the current theoretical approx
imation is the orifice diameter. Other geometrical aspects of the nozzle such as the scale are not
taken into account. It can be seen that for the S1 and S15 series, the lowest contraction ratio nozzles
S1_O150 and S15_O250 feature larger particle diameters for similar flow rate ratios. The theoretical
approximation behaves as a lower bound for the possible range of particle sizes. For the S1_O075
nozzle which features a high contraction ratio, data is located below this approximation. This is likely
to be the case for the S15_O100 nozzle as well, but it is hard to draw conclusions based on the limited
operational conditions of this nozzle.
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Figure 5.11: Normalized HFSB diameter variation as a function of 𝑄Air/𝑄He including theoretical approximation.

The particle diameter is bounded by the size of the orifice as the limit (𝑑b/𝑑o)max = 1.0 is never ex
ceeded. The minimum particle diameter is derived for 𝑄Air/𝑄He = 40, when the variation of the particle
diameter beyond this flow rate ratio is minimal (Δ𝑦/Δ𝑥 ≈ 0.003). Using

𝑑b
𝑑o
≈ 3
2√

𝑥
𝑥 + 1, where (5.9)

𝑥 = 𝑄He
𝑄Air

, (5.10)

it is found that (𝑑b/𝑑o)min = 0.26. The results for both minimum and maximum particle diameters per
nozzle orifice are shown in Table 5.1. These results are for an ideally operating nozzle. This means that
independent of the operating conditions, the nozzle is always in the bubbling regime. It is expected that
these results form the lower and upper limits of the possible particle sizes per nozzle orifice diameter.

Closing this section, a brief validation with data from the study by Faleiros et al. (2019) is performed.
Data of the NLR nozzle with 𝑑o = 1.0mm is incorporated in Figure 5.12. This particular nozzle is
schematically shown in Figure 3.6 (left). Data stretches almost as far as the *S2_O200 nozzle in terms
of the flow rate ratio as a result of the number of operating conditions that were tested. The theoretical
approximation is in good agreement with the data. At relatively low 𝑄Air/𝑄He however, the particle
diameter is approximately 15% smaller than estimated.
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Table 5.1: Theoretical minimum and maximum particle diameter for an ideally operating nozzle.

Orifice 𝑑b,min [mm] 𝑑b,max [mm]diameter [mm]

0.75 0.20 0.75

1.0 0.26 1.0

1.25 0.33 1.25

1.50 0.40 1.50

2.0 0.53 2.0

2.5 0.66 2.5

3.0 0.79 3.0

Figure 5.12: Normalized HFSB diameter variation as a function of 𝑄Air/𝑄He including theoretical approximation and
data from the study by Faleiros et al. (2019) for the NLR type nozzle, shown in Figure 3.6 (left).

5.3. Bubble Diameter Dispersion
For each operating point, data on the bubble diameter is filtered and fitted with a Gaussian distribution
as described in Chapter 4. For each Gaussian curve, the mean and standard deviation is used to
derive the coefficient of variation of the bubble diameter. This variable has been established in the
study by Faleiros et al. (2019) to quantify dispersion and distinguish between the jetting and bubbling
regimes. In Figure 5.13, the data on the dispersion for all operating points is shown. The thresholds for
bubbling and jetting according to Faleiros et al. (2019) are included as a reference, which are 5% and
13%, respectively. It is observed that, as the air flow rate increases, the dispersion increases as well.
Comparing the S1 and S15 series, it can be seen that CVd remains well below 10% for the S1 series.
For the S15 series, however, the increased flow rates cause the relative dispersion to become larger.
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Figure 5.13: HFSB diameter disparity expressed asCVd as a function of𝑄Air/𝑄He for all tested nozzles,
including the bubbling and jetting thresholds identified by Faleiros et al. (2019).

5.4. Detailed Nozzle Performance
The key findings of the previous sections can be summarized into a single figure for each nozzle. The
production regime plots from Section 5.1 include information regarding the regime (bubbling/jetting) and
the minimum and maximum bubble diameter, while in the bubbling regime for each particular neutrally
buoyant condition is given. The threshold for jetting is derived from the data observed by Faleiros
et al. (2019), which is CVd = 13%. Finally, to quantify the bubble scalability of an individual nozzle,
the scalability ratio of maximum to minimum bubble diameter (𝑑b,max / 𝑑b,min) for all tested conditions
is used, which is presented at the end of this section. Data on the nozzle performance for series S3
nozzle has been omitted since this nozzle does not have a single working operating point.

Variations in the flow rate of helium are expected to influence the bubble size, which is described
in Section 5.2. Contrary to expectations, a higher flow rate of helium does not necessarily result in
larger bubbles at identical values of 𝑄Air. This can be seen in several of the following figures, including
Figure 5.14. For the tested conditions of theS1 series nozzles, jetting occurs infrequently as the nozzles
cease to produce any bubbles at higher flow rates of air. The best performing S1 nozzle in terms of the
scalability ratio is the S1_O125 nozzle with 𝑑b,max / 𝑑b,min = 2.3.
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(a) S1_O075 nozzle. (b) S1_O100 nozzle.

(c) S1_O125 nozzle. (d) S1_O150 nozzle.

Figure 5.14: Detailed nozzle performance for series S1 nozzles, whereby filled and empty markers indicate working and non
working conditions, and gray markers indicate jetting. Largest and smallest mean bubble diameter for bubbling regimes is
indicated.

Increasing the size of the nozzle by 1.5 times and thus increasing the supply rates by 1.52 leads more
often to jetting for higher flow rates, as can be seen from Figure 5.15. Again, higher flow rates of
helium do not necessarily result in bigger bubbles. Both the S15_O150 and S15_O200 nozzles have
a scalability ratio of 1.8. For the nozzle with the largest orifice, S15_O250, bubbles of 2.41mm in
diameter are produced at (𝑄Air,𝑄He,𝑄BSF) = (89.9 l/h, 22.0 l/h, 20.0 ml/h). Another point of interest is
the air flow rate for the largest measurable diameter in Figure 5.15c. It can be seen that the largest
diameter is only measured for the second bubbling operating point.

For the pure geometrically scaled nozzle in Figure 5.16a, jetting does not occur. However, for three
quarters of the tested conditions the nozzle does not produce bubbles at all. The size range of bubbles
is therefore low, and it is advised to use alternatives such as the S15_O200 and S15_O250 nozzle.
These have a much larger operating range and produce similar sized bubbles. For the nozzle with
updated internals in Figure 5.16b, the range is much broader. For all tested conditions, 𝑑b,max / 𝑑b,min
= 3.6. The average bubble diameter is 0.52 mm for the operational point at the lowest helium and
highest air flow rate. Similar sized bubbles are produced by the S1 series nozzles. However, for lower
air flow rates, the bubble size can be increased up to 1.85 mm on average. It must be noted that the
relative performance of the *S2_O200 nozzle to other nozzles should not be overestimated, since four
neutrally buoyant conditions were tested instead of two.
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(a) S15_O100 nozzle. (b) S15_O150 nozzle.

(c) S15_O200 nozzle. (d) S15_O250 nozzle.

Figure 5.15: Detailed nozzle performance for series S15 nozzles, whereby filled and empty markers indicate working and non
working conditions, and gray markers indicate jetting. Largest and smallest mean bubble diameter for bubbling regimes is
indicated.

(a) S2_O200 nozzle. (b) *S2_O200 nozzle.

Figure 5.16: Detailed nozzle performance for series S2 nozzles, whereby filled and empty markers indicate working and non
working conditions, and gray markers indicate jetting. Largest and smallest mean bubble diameter for bubbling regimes is
indicated.
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The ratios of largest to smallest mean bubble diameter can be found in Table 5.2. In comparison to
the theoretical model in Table 5.1, the prediction minimum particle diameter only matches with the
experimental data for the *S2_O200 nozzle. For the other nozzles, the minimum particle diameters are
between 25200% larger than estimated. The maximum theoretical particle diameter is only exceeded
for the S15_O150 nozzle by 4%. The bubbles produced by other nozzles except S1_O075 are between
420% smaller than estimated. For the latter, actual particle diameters are 50% smaller than anticipated
using the approximation outlined in Section 5.2.

In summary, the smallest bubbles, 0.36mm in diameter, are produced by the S1_O100 nozzle at
(𝑄Air,𝑄He,𝑄BSF) = (215.0 l/h, 9.3 l/h, 8.9 ml/h). The largest average bubbles of 2.41mm are produced by
the S15_O250 nozzle at (𝑄Air,𝑄He,𝑄BSF) = (89.9 l/h, 22.0 l/h, 20.0 ml/h). Using the theoretical approxi
mation outlined in Section 3.9, is translates to a measurement volume of approximately 2.5 × 105 cm3,
which is equivalent to domains larger than the human body itself.

Table 5.2: Minimum and maximum bubble diameter per nozzle for CVd < 13%.

Nozzle 𝑑b,min [mm] 𝑑b,max [mm] 𝑑b,max / 𝑑b,min

S1_O075 0.37 0.49 1.3

S1_O100 0.36 0.91 2.5

S1_O125 0.47 1.07 2.3

S1_O150 0.77 1.28 2.1

S15_O100 0.79  

S15_O150 0.86 1.56 1.8

S15_O200 0.96 1.72 1.8

S15_O250 1.76 2.41 1.4

S2_O200 1.53 1.78 1.2

*S2_O200 (T19T20) 0.52 0.93 2.3

*S2_O200 (T21T22) 0.80 1.85 1.8

*S2_O200 0.52 1.85 3.6

S3_O300   
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5.5. Production Frequency
Although larger particles lift some of the restrictions of PIV systems with conventional HFSB generators,
it is important to keep other key variables such as the production frequency in mind. Section 2.4
describes that the spatial resolution for a given experimental setup can be increased by the number
of bubbles per second introduced into the measurement domain. Both the number of nozzles and the
production frequency of each nozzle can be used to reach the desired tracer concentration. To gain
insight to the production frequency of the geometrically scaled nozzles, several double frame recordings
are made for tests Txx.2, Txx.5 and Txx.13. The jet velocity is derived with DaVis 10.1. software from
LaVision, using PTV as introduced in Section 2.2. The production frequency is subsequently derived
from the relations as defined in Section 4.9.

The volume occupied by the bubble 𝑉b, based on its diameter, can be compared to the flow rate of
helium used and the production frequency via

𝑑b = (
6
𝜋𝑉b)

1/3
, where (5.11)

𝑉b =
𝑄He
𝑓 . (5.12)

With these relations it can be derived that 𝑓 ∝ 𝑑−3b .

The relationship 𝑉b = 𝑓/𝑄He is shown in Figure 5.17 together with the experimental data. When the
linear relationship is maintained, the volume occupied by the bubble agrees with the used amount
of helium and corresponding production frequency. However, deviations above this line indicate that
𝑉b > 𝑓/𝑄He, while below means the opposite. Both deviations could be a result of incorrect pressure
to flow rate conversions. However, it is expected that calibration errors introduce biases for all data
points, which also be more pronounced at lower flow rates. Analysing the bubble diameter histograms
for the nozzles showing large deviations did not provide a reason for these offsets. The deviations
of the S1_O075 and *S2_O200 nozzles, whereby 𝑉b < 𝑓/𝑄He, have been reported by Faleiros et al.
(2019), Gibeau et al. (2020) to be likely to occur. It is caused by the leakage of helium during the bubble
formation process, overestimating the amount of helium captured by the bubble.

Figure 5.18 shows the production frequency as a function of the bubble diameter. Given the low amount
of datapoints, some caution is necessary for the analysis of the observed trends. It includes the
proportionality trend between the variables 𝑓 and 𝑑b for 𝑄He = 9.3 l/h for the S1 series and 𝑄He = 22 l/h
for the S15 series nozzles.

The data can be validated with data from the study by Faleiros et al. (2019), whereby a similar nozzle
(NLR type, Figure 3.6) with 𝑑o = 1 mm operated at 𝑓 = 20kHz at similar operating conditions of 𝑄Air, 𝑄He
and 𝑄BSF. This is twice the production frequency of the S1_O100 nozzle, but the same order of mag
nitude. The DLR type nozzle, however, is reported to operate at 8 kHz, which is slightly lower than the
measured production rate for the similarly sized nozzle.

Figure 5.17: Bubble volume dependency on the produc
tion rate.

Figure 5.18: Variation of the production frequency with bub
ble diameter, including a trendline following Equations 5.11
and 5.12 and an arrow indicating the increase of helium.





6
Conclusion & Recommendations

In this research project, an attempt has been made to identify and characterise the main scaling pa
rameters in the production of heliumfilled soap bubbles used in Particle Image Velocimetry. In this
chapter, the conclusions based on the performed work are presented and recommendations are made
for future research.

6.1. Conclusion
A literature survey shows there is a growing demand to analyse flow fields of volumes larger than the
human body itself. The experimental technique called Particle Image Velocimetry has already evolved
during the last decade to cope with the diminishing light scattering intensity to analyse flow fields on
large domains. However, proposed solutions such as increasing the laser intensity or using traversing
or robotic systems are costly. The latter method also suffers from the need to timeaverage the velocity
field, only providing insight into the statistics of themean flow. Limitations have been partially addressed
by the introduction of heliumfilled soap bubbles for quantitative measurements, which are several
orders of magnitudes larger than conventional tracer particles (Scarano et al. 2015). Following the ray
tracing model presented by Caridi (2018), the quadratic relation between the scattered light and the
particle diameter is confirmed. This is the fundamental reason for scaling particles and increasing the
size of the domain. Application of the relationships established by Caridi (2018) enables amathematical
coupling between particle diameter and measurement domain. Compared to recently performed 3D
3C timeresolved measurements, a 25 fold increase in the maximum attainable measurement domain
can be achieved by scaling current HFSB to 2.5mm. This highlights that scaling HFSB is a viable
solution for the application of PIV to largescale, industrial measurements. Analysing the formation,
evolution and motion of fluid structures and their complex interactions as a function of time on domains
of several cubic metres would be extremely valuable for aerodynamicists, while the industry could also
benefit from faster turnaround times and reduced operating costs in wind tunnel facilities.

In the experimental campaign that followed, recordings are made of the individual glare points orig
inating from a single bubble to analyse the particle diameter for various operating conditions. Here,
the theoretical neutrally buoyant condition is maintained by controlling the supply of helium and soap.
This condition must be preserved to ensure that HFSB approach ideal flow tracing behaviour. Various
geometrical changes to the design of the nozzle developed by Delft University of Technology were
analysed. A geometrical scaling factor increasing the size in all three dimensions was applied in com
bination with changes to the diameter of the orifice. Changes to the internal geometry for nozzles
with a scaling factor higher than two results in significant improvements in terms of the ability to pro
duce bubbles over a large range of input variables. This is a crucial design aspect for scaled nozzles,
which prevents the formation of excess soap within the nozzle, causing a blockage and obstructing the
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production of bubbles.

As opposed to currently available datadriven predictions, a novel, physicsbased model predicting
the bubble diameter is presented. The nondimensional proportionality 𝑑b/𝑑o ∝ √𝑄He/(𝑄Air + 𝑄He)
that has been found is in good agreement with the experimental data over a wide range of operational
conditions. Furthermore, the theoretical approximation provides upper and lower bounds of (𝑑b/𝑑o)max
= 1 and (𝑑b/𝑑o)min = 0.26 for an ideally operating nozzle. The relationships found in this research
project can be used to size HFSB according to a particular experimental arrangement, supporting the
design of largescale, timeresolved volumetric measurements using PIV and the nozzle generator
design by Delft University of Technology.

Bubbles with a diameter up to 2.5mmare produced, which is five times larger than the bubbles produced
by conventional HFSB generators used by Delft University of Technology. A theoretical analysis of the
attainable measurement domain shows that this corresponds to an increase of a factor 3 in every
dimension compared to recently conducted HFSB experiments, enabling the analysis of volumes of
approximately 2.5 × 105 cm3.

Returning to the research objective of this project, which read:

 
To increase the ratio of largest to smallest particle diameter of neutrally buoyant HFSB by
analysing the experimental results of varying geometrical and operational parameters of a
3D printed nozzle developed by Delft University of Technology.

This objective is successfully accomplished in the research project. Conventional HFSB nozzle genera
tors developed by Delft University of Technology produce particles with scalability ratio 𝑑b,max / 𝑑b,min of
2.5. The most versatile nozzle in terms of the scalability ratio in the current work is capable of producing
bubbles up to 3.6 times larger than the smallest bubbles from the same nozzle, by varying the neutrally
buoyant condition and the flow rate of air. This nozzle can therefore meet a variety of requirements for
the light scattering intensity of different optical arrangements.

6.2. Recommendations
The research has shown the potential and flexibility of nozzle generators to scale HFSB beyond the
conventional size. However, various improvements in both the research method itself and the design
of the nozzles can be made, leading to more reliable nozzles and better repeatability of the experi
ments. Recommendations will be given regarding the research framework and chosen processes and
propositions are made for subsequent research on the scalability of HFSB and the design of nozzle
generators.

In the nozzle design phase, 8 additional nozzles were manufactured with varying orifices and updated
internals. However, after the 3D printing process was finished, nozzles were not cleaned thoroughly
to prevent printing resin to harden. This resulted in the blockage of the internal channels, making it
impossible to test them. Thus, it is advised to thoroughly flush the nozzles and clean any remaining
3Dprint resin to minimise production deficiencies. The ongoing COVID pandemic prevented reprinting
nozzles within the timeframe of this project. This is unfortunate since the framework and analysis
presented in this work could have been used to describe the behaviour of more nozzles which could
ultimately further emphasize the validity of the proposed models. Nevertheless, the presented work is
a basis for future research and presents a novel physicsbased model for the prediction of HFSB sizes.

The current research uses calibration curves to relate the pressure set on the Fluid Supply Unit to flow
rates. This had several consequences. First of all, as new gauges became available, the operating
range per nozzle could be expanded. For this, no additional calibration curves were constructed, but the
current ones are extrapolated to convert pressure to volumetric flow rates. Turbulence and compress
ibility effects at these higher flow rates may cause deviations from the assumed linear proportionality at
higher flow rates. Secondly, with the new gauges, several nozzles still operated nominally at the limits
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of the operational range of the gauges on the FSU. Using pressure gauges with a higher maximum
pressure would allow for mapping of the operational limits of the nozzles. Thirdly, the use of analogue
pressure gauges introduces observational errors over the full pressure range and instrumental errors
at the lowest pressure settings. These cumulatively contribute to an error of approximately 10%, as
described in Section 4.10. Therefore, it is advised to switch to digital mass flow meters and control
values to avoid the need for curves relating pressure to flow rates.

During the experimental phase, nozzles are orientated in the vertical direction to minimise excess soap
blocking the nozzle. For wind tunnel experiments, this orientation is not suitable for the use in a rake
with multiple nozzles. It will lead to blockage and an uneven spatial distribution of the bubbles, as they
are produced in each others wake. It is hypothesised that optimising the internal soap channels for
each nozzle scale could solve this challenge.

After filtering, cropping and normalising the raw image data, intensity peaks are located using a peak
finding algorithm. Here, the initial peak filtering takes place by selecting the minimal allowed distance
separating intensity peaks. This distance is currently a constant value for all nozzles and operating
conditions. However, the initial peak filtering procedure can be made more robust by integrating an
adaptive threshold related to the mean bubble diameter for the minimal peak separation. The subse
quent peak sorting by means of the bounding box, as indicated in Section 4.6, can also be improved by
means of adaptive thresholds. The dimensions of the bounding box remain constant, while the bubble
diameter varies significantly between 0.4 and 2.5 mm. By iteratively updating the thresholds with a
value based on the mean bubble diameter, more peaks can be found. This enhances the accuracy of
the results, since the number of bubbles detected for some measurements are as low as 300.

Measurements on the particle size for various nozzles have shown that the S15_O250 nozzle is capable
of producing bubbles with a diameter of 2.41mm. This is 2.5 times larger than the tracers produced with
the baseline nozzle currently used by TU Delft. However, the reason for producing bigger bubbles is
the increase of the measurement domain due to an increase in the scattered light. The current research
uses literature and a theoretical model to confirm this, but an experimental validation would amount to
a more comprehensive study where reason, method and result are covered as a whole. The scattered
light is not included in the current study, since a light source with varying pulse amplitude was used. This
prevented the comparison of the scattering intensity between different test cases. This also introduced
challenges in the setup of the laser to maintain a high signaltonoise ratio without saturating image
pixels. The image data however, shows that pixel saturation is also occurring for larger particle sizes.
The saturation of pixels, as noted in Section 4.10, introduces additional uncertainties in the results. It is
therefore advised to ensure that the equipment, in particular the illumination source, is able to operate
with minimal amplitude variations between pulses.

The most promising nozzles in terms of largest particle diameter and particle ratio should be subject
to more detailed investigations. It is particularly useful to analyse the particle response time and be
able to draw conclusions on the neutral buoyancy of the HFSB. For this, a standardized experiment is
advised so that HFSB of different nozzles can be compared accurately and reliably. The experiment
outlined in the study by Scarano et al. (2015) is a good starting point.

The trends of Figure 5.8, relating 𝑑b/𝑑o to 𝑄Air/𝑄He, which do not collapse must be subject to further
investigation. As yet, no exact reason could be found explaining this behaviour. It is hypothesised
however, that more geometrical parameters must be included to completely understand the phenom
ena involved. It is thought that the contraction ratio could play a role here, which affects the relative
positioning between internal helium and soap exits and the nozzle orifice. Testing more nozzles, with
identical orifice size but varying scale, could provide definitive answers regarding the influence of the
contraction ratio.

While the current research focused on the geometrical scale and orifice size of the HFSB nozzle gen
erator, other design considerations are worth investigating. A suggestion is to analyse the shape and
length of the orifice as well. The shape of the inneredge side of the orifice, influences the streamline
pattern within the orifice, as seen in Figure 6.1. This may have a significant effect on the production of
HFSB in terms of size and production frequency. Additionally, varying orifice length may cause similar
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effects. For a viscous flow within a pipe, the velocity profile transforms from constant to parabolic due
to friction effects occurring near the walls. This could cause the helium streamtube, located in the ’core’
of the orifice, to travel at higher speeds. As a result, it might be possible to attain higher production
frequencies since this is mainly a function of the jet velocity (Faleiros et al. 2019). Shear between the
different gases within the orifice could also enhance instabilities, which is the main mechanism behind
the bubble formation process as presented in Section 3.2.

Figure 6.1: Streamlines for sharpedged and rounded orifices. Adapted from Cengel et al.
(2016).



A
Test matrices

Table A.1: Test Matrix for 𝑃BSF and 𝑃He for nozzles with a scaling factor of 1.5, 2 and 3 and varying orifice sizes.

Nozzle Test no. 𝑃BSF [bar] 𝑃He [bar]

S1_O075 T1 1.6 0.9
T2 2.0 1.2

S1_O100 T3 1.6 0.9
T4 2.0 1.2

S1_O125 T5 1.6 0.9
T6 2.0 1.2

S1_O150 T7 1.6 0.9
T8 2.0 1.2

S15_O100 T9 2.3 1.5
T10 2.8 1.8

S15_O150 T11 2.3 1.5
T12 2.8 1.8

S15_O200 T13 2.3 1.5
T13 2.8 1.8

S15_O250 T15 2.3 1.5
T16 2.8 1.8

S2_O200 T17 2.0 1.3
T18 2.5 1.6

*S2_O200 T19 1.0 0.7
T20 1.2 0.8

*S2_O200 T21 2.0 1.3
T22 2.5 1.6

S3_O300 T23 2.3 3.0
T24 2.8 3.7
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Table A.2: Conversion matrix 𝑄Air to 𝑃Air per geometrical scaling factor.

Test number Tx.0 Tx.1 Tx.2 Tx.3 Tx.4 Tx.5 Tx.6 Tx.7 Tx.8 Tx.9 Tx.10 Tx.11 Tx.12 Tx.13

𝑄Air [l/h] 0 30 60 90 120 150 180 210 240 270 300 330 360 390

𝑃Air for S1 [bar] 0 0.8 1.5 2.3 3 3.8 4.5 5.3

𝑃Air for S15 [bar] 0 0.4 0.9 1.3 1.7 2.2 2.6 3 3.5 3.9 4.3 4.8 5.2 5.6

𝑄Air [l/h] 0 60 120 180 240 300 360 420 480 540 600 660 720 780

𝑃Air for S2 [bar] 0 0.4 0.9 1.3 1.7 2.2 2.6 3 3.5 3.9 4.3 4.8 5.2 5.6

𝑄Air [l/h] 0 180 360 540 720 900 1080 1260 1440 1620

𝑃Air for S3 [bar] 0 0.7 1.3 2 2.6 3.3 3.9 4.6 5.2 5.9
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