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Abstract
Rotary atomizers are the preferred instrument of drying of many materials such as dairy products, foods, pharmaceuticals, polymers, etc. and are
therefore often used in spray drying applications in the chemical and food
industry. They are able to atomize complex, highly viscous, multicomponent
liquids. Rotary atomizers have been successfully used in the spray drying
industry for over 90 years, but increasing awareness for environmental concerns leads to the request for a higher energy efficiency. Based on the initial
idea to improve the state-of-the-art design of rotary atomizers, this study
tries to deliver an extensive insight into the underlying functional principle
of rotary atomizers. Understanding and controlling the resultant droplet
size distribution is crucial for the design process of spray dryers, since it is
instrumental in determining the resultant powder size distribution.
In this thesis the internal flow inside a rotary atomizer, the mechanisms
of primary atomization, the outer flow of the jets, rivulets and drops are
studied experimentally and analyzed theoretically. The flow is observed
using a high resolution video system, while the size, velocity vector and the
number density of the drops in the spray are characterized using a phase
Doppler measurement system.
Two main regions of the internal flow in the insert are identified: a thin
film flow and a single rivulet flow. Correspondingly, the drops in the spray
are formed as a result of the film and rivulet atomization processes.
Finally it is shown, that the average dimensionless drop diameter, scaled
by the jet thickness, correlates very well with the dimensionless stretching
parameter. A semi-empirical model for the average diameter of drops in the
spray is developed.
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Kurzfassung
Rotationszerstäuber sind die bevorzugte Technologie für die Trocknung von
unterschiedlichsten Materialien wie Molkereiprodukte, Lebensmittel, Polymere, etc., weshalb sie häufig im Bereich der Sprühtrocknung in der Chemieund Lebensmittelindustrie zum Einsatz kommen. Sie sind in der Lage komplexe, hoch-viskose, mehrkomponenten Flüssigkeiten zu zerstäuben. Rotationszerstäuber werden seit über 90 Jahren erfolgreich in der Sprühtrocknungsindustrie eingesetzt, jedoch führt ein größer werdendes ökologisches
Bewusstsein zu dem Wunsch einer besseren Energieeffizienz. Basierend auf
der anfänglichen Idee das dem Stand der Technik entsprechende Design von
Rotationszerstäubern zu verbessern, liefert diese Arbeit tiefere Einblicke in
das zugrunde liegende Funktionsprinzip. Das Verständnis und die Kontrolle
der resultierenden Tropfengrößenverteilung ist ausschlaggebend für das Design des Sprühtrocknungsprozesses, da es maßgeblich an der Entstehung der
Pulvergrößenverteilung beteiligt ist.
In dieser Arbeit werden die Innenströmung eines Rotationszerstäubers, die
Aufbruchmechanismen der primären Zerstäubung, die externe Strömung der
Gerinne und Tropfen experimentell untersucht und theoretisch analysiert.
Die Strömung wird mit Hilfe eines hochauflösenden Kamerasystems erfasst,
wohingegen die Größe, Geschwindigkeit und Tropfengrößenverteilung des
erzeugten Sprays mit einem Phasen Doppler Messgerät erfasst werden.
Im Bereich der Innenströmung der radialen Öffnungen können zwei Hauptbereich identifiziert werden: Eine dünne Filmströmung und eine Gerinneströmung. Dementsprechend entstehen die Tropfen im Spray aus dem Zerstäubungsprozess von Film und Gerinne.
Schlussendlich kann gezeigt werden, dass der dimensionslose Tropfendurchmesser, skaliert mit der Gerinnehöhe, sehr gut mit dem dimensionslosen
Dehnparameter korreliert. Ein semi-empirisches Modell zur Bestimmung
des mittleren Tropfendurchmessers wird entwickelt und präsentiert.

v

Acknowledgments
First and foremost I would like to thank Prof. Cameron Tropea and apl.
Prof. Ilia V. Roisman for giving me the opportunity to work on my research
project at the Institute for Fluid Mechanics and Aerodynamics (SLA) of
the Technische Universität Darmstadt and for supporting me during many
meetings in Copenhagen and Darmstadt. A lot of ideas that helped to
improve this work are based on these discussions. I want to thank Prof.
Peter Walzel for numerous fruitful discussions and for refereeing this thesis.
The financial support from the Innovation Fund Denmark (IFD) under File
No. 4135-00129B is gratefully acknowledged. During my project I had the
opportunity to meet and work with people from different countries around
the world, which was a great experience. Especially the collaboration with
my colleagues at GEA in Søborg was very productive and we had numerous
discussions that helped advance this project. Special thanks go to Tórstein
V. Joensen, who introduced me to all the colleagues and processes at GEA,
his family and the life in Copenhagen during several stays. I would like to
thank Prof. Ole Hassager from the Technical University of Denmark for
supporting me during my stay in his facilities.
Without the support of students my research would not have been so
successful. Therefore, many thanks go to Julian Hofmann, Lara Kerres,
Maximilian Klyk, Max Luh and Christian Wolf.
Additionally, I want to thank all current and former colleagues for a great
time at the campus in Griesheim. A lot of discussions, especially with Jan
Breitenbach, Patrick Seiler, Fabian Tenzer, Johannes Feldmann and Max
Luh enhanced the outcome of this thesis. Many special thanks go to Johannes Feldmann and Max Luh for proof-reading parts of this thesis.
Last but not least, I want to thank my family, my friends and my wife
for their support during my time in Darmstadt. Without the support of my
parents, Gabi und Jürgen, my studies would not have been possible. Lisa,
thank you for your unconditional support, especially during the last months,
and your never-ending love.
Thank you.
Maximilian

vii

Contents
Abstract
1 Introduction and Background
1.1 Motivation . . . . . . . . . . . . . . .
1.2 Fundamentals of Atomization . . . . .
1.3 Atomizers for Spray Drying . . . . . .
1.4 Dimensionless Numbers . . . . . . . .
1.5 Objectives and Outlines of the Thesis

iii

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

1
3
5
6
9
10

2 Rotary Atomizer Test Rig
13
2.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Measurement Techniques for Spray and Airflow Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.1 Image Acquisition and Processing . . . . . . . . . . . 17
2.2.2 Particle Image Velocimetry . . . . . . . . . . . . . . . 21
2.2.3 Phase Doppler Technique . . . . . . . . . . . . . . . . 22
2.2.4 Hot-Wire Technique . . . . . . . . . . . . . . . . . . . 23
3 Internal Flow in the Rotary Wheel and the Insert
25
3.1 Visualization of the Internal Flow - Upside Down Atomizer . 26
3.1.1 Experimental Configuration . . . . . . . . . . . . . . . 27
3.1.2 Distribution of Liquid in the Wheel . . . . . . . . . . 28
3.1.3 Internal Wall Film Thickness . . . . . . . . . . . . . . 31
3.1.4 Influence of the Liquid Distributor . . . . . . . . . . . 38
3.2 Analytical Description of the Flow in the Insert . . . . . . . . 38
3.2.1 Solution for the Rivulet and Film Flow in the Insert . 40
3.2.2 Influence of Initial and Boundary Conditions on Analytical Solution . . . . . . . . . . . . . . . . . . . . . . 47
3.3 Numerical Simulations of the Internal Flow in the Atomizer . 54
ix

Contents

4 External Flow of the Free Liquid Jet and Film
4.1 Experimental Configuration . . . . . . . . . . . .
4.2 Visualization of the Jet Flow . . . . . . . . . . .
4.3 Jet Thickness . . . . . . . . . . . . . . . . . . . .
4.3.1 Measurements . . . . . . . . . . . . . . .
4.3.2 Model Validation . . . . . . . . . . . . . .
4.4 Breakup Length . . . . . . . . . . . . . . . . . . .
4.4.1 Visualization of the Breakup Length . . .
4.4.2 Measurements . . . . . . . . . . . . . . .
4.4.3 Model for the Breakup Length . . . . . .
4.5 Jet Kinematics . . . . . . . . . . . . . . . . . . .
4.5.1 Measurements . . . . . . . . . . . . . . .
4.6 Gas Velocity . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.

57
57
58
64
65
67
67
70
70
73
76
78
83

5 Description of the Atomization Process
5.1 Experimental Spray Characterization . . . . . . . . . . . . . .
5.1.1 Experimental Configuration . . . . . . . . . . . . . . .
5.1.2 Spray Characterization with Phase Doppler Technique
5.1.3 Deceleration of the Droplets . . . . . . . . . . . . . . .
5.1.4 Power Consumption . . . . . . . . . . . . . . . . . . .
5.2 Predictive Model for the Drop Size in the Spray . . . . . . . .
5.2.1 Model for Low Viscosity Liquids . . . . . . . . . . . .
5.2.2 Generalization of the Model for High Viscosity Liquids

87
87
87
91
106
108
112
112
118

6 Conclusions and Outlook

123

Nomenclature

127

Bibliography

133

x

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

1 Introduction and Background
Rotary atomizers are often used in spray drying applications, because they
are able to atomize complex, highly viscous, multicomponent liquids. Spray
drying is widely used in the chemical and food industry and is the preferred
method of drying of many materials such as dairy products, foods, pharmaceuticals, polymers, etc. An important design parameter of spray dryers is
the drop size distribution, since it is instrumental in determining the resultant powder size distribution. Rotary atomizers have been successfully used
in the spray drying industry for over 90 years and are the state-of-the-art
technology in terms of powder generation for many applications. They are
extremely versatile and have shown to be able to atomize liquids with varying properties. Rotary atomizers are able to adapt to changing requirements
regarding mass flow rate, powder size or even the particulate structure. The
most important atomizer in terms of sales volume are those that have to
deal with flue gas cleaning and waste incinerators. They have to handle
very large mass flow rates of up to 120 t/h of e.g. lime slurry for flue gas
cleaning. The lime slurry is ejected into large chambers of 25 m diameter
and 40 m height. Rotary atomizers that are used for flue gas cleaning in
waste incinerators are able to remove acid gases, particulates, trace metals
and dioxins to meet different emission limits around the world.
Despite the huge commercial success, rotary atomizers face some challenges in the real world outside the laboratory scale. The rotary atomizers
for flue gas cleaning have to deal with problems regarding the overflow at
critical capacities, a high energy consumption and wheel damage by wear.
Although the wheels are already large in size (350 mm in diameter) and
equipped with up to 12 wear resistant radial openings (bushings) the capacity is limited, which restricts the maximum amount of flue gas that can
be processed. Different atomization techniques, e.g. with pressure nozzles,
cannot be used in this specific case, due to their restriction in terms of wear
and clogging. Very abrasive materials have to be used for flue gas clean1
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ing, which tend to get stuck on hot parts, e.g. the nozzle itself. Therefore,
the process cannot be scaled, as it is not feasible to increase the capacity
by putting several rotary atomizers into one process chain, leading to much
larger drying chambers.
In another business unit, the dairy and food industry, rotary atomizers
are used to produce powders from cereals, for flavourings or food additives,
or from tea, tomatoes, yeast and others. The liquid feedstock, which can include solutions, emulsions and suspensions, can be transferred into powder,
granulates or agglomerates. Depending on the intended use of the desired
powder or particles, the atomization process and the resulting spray, as well
as the drying process, have to be adapted to match the desired needs. In
contrast to the flue gas cleaning these requirements can be completely different. The spray drying of dairy products can be accompanied by problems
related to entrapped air within the liquid phase, leading to hollow particle
spheres and a lower bulk density. The rotation of the atomizer wheel not
only accelerates the liquid phase, but also hot air, which is sucked in through
the top of the wheel from the surrounding drying chamber. This hot air leads
to unintentional drying of particles in the atomizer wheel, causing deposits
or even a clogging of single openings. This undesired clogging of the wheel
causes a massive imbalance and therefore large vibrations, which can lead to
the necessity of a shutdown of the complete spray drying plant. A relatively
small wheel with 50 mm diameter and a mass flow rate of 20 kg/h can pump
up to 50 kg/h of air. Specific atomizer wheels use Coriolis or centrifugal
forces to press out the already entrapped air of the particles, before they
leave the atomizer wheel. In contrast to the capacity limit of big wheels
used for the flue gas cleaning, smaller wheels for medium sized spray drying
plants have to deal with energy consumption problems. Capacity is not the
biggest issue the manufacturers have to face, since it is even more difficult
to get enough electrical power into the small wheels. Restrictions in size
regarding the surroundings and therefore also the electric motor have to be
faced in this case.
Despite the above mentioned constraints rotary atomizers are successfully
used in spray drying applications around the world, while the manufacturers
are continuously improving the process and responding to novel customer
requests.

2

1.1 Motivation

Since the application of spray drying with rotary atomizer wheels is not
limited to these specific examples, new challenges arise regarding the specific
needs of different customers. A fundamental understanding of the processes
inside the atomizer wheel and the atomization process outside could help to
improve the design for various different applications. It would be beneficial
if new wheel designs could be developed based on initial requirements for the
specific purpose of the wheel. Therefore, this thesis takes a closer look on the
processes inside a rotary atomizer wheel and also on the atomization process.
Analytical models are derived that help to understand and describe the
liquid flow inside the wheel and into the radial openings. Furthermore, the
analytical models can be used to describe and even predict the atomization
process outside the wheel.

1.1 Motivation
In industrial spray drying (Lefebvre and McDonell, 2017; Mujumdar, 2014;
Baker, 1997; Masters, 1979) or flue gas cleaning (Masters, 1994) the resulting drop size distribution has a significant impact on the outcome of
the respective process, e.g. the properties of the dried powder. These and
similar applications, like painting, coating (Domnick and Thieme, 2006),
microencapsulation (Bansode et al., 2010), food preservation (Peighambardoust et al., 2011) and generation of agricultural sprays (Teske et al., 2001;
Cayley et al., 1984), often use sprays that are generated using rotary atomizer wheels (Ashgriz, 2011; Liu, 1999), which are suitable for atomization of
multicomponent, complex, highly viscous liquids. The morphology, porosity
and the size distribution of the powder particles is determined among other
parameters by the initial distribution of the drop diameter. Therefore, an
understanding of the flow in the atomizers and the mechanisms of the atomization processes can be considered as the first step towards predictive
models for drop size distributions.
In rotary atomizers the liquid first enters the internal atomizer reservoir,
then it is transported into several radially oriented inserts, and finally is
ejected into the surrounding gas with high radial and tangential velocities.
The ejected liquid exits the wheel in a jet and film type flow, is disintegrated
and a number of liquid fragments and drops are formed.
3
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In the spray drying industry rotary atomizers are operated in a hot gas
environment to facilitate rapid drying. Various geometries of rotary atomizers include the spinning disc and rotary cup atomizers (Hinze and Milborn,
1950), vaned disk, slotted wheel, etc. One special type of atomizer is the laminar operating rotary atomizer (Mescher et al., 2012; Schröder and Walzel,
1998), which is able to generate an almost monodispersed spray for relatively
low mass fluxes.
Similar effects and atomization mechanisms can be observed in aeroengine
bearing compartments (Glahn et al., 2003; Krug et al., 2016; Gorse et al.,
2004) or fuel slinger atomization (Dahm et al., 2006). Numerical simulations
of the flow inside the atomizer offer the possibility to investigate the inflow
conditions into the radial openings (Krug et al., 2016), since these conditions
also influence the liquid outflow.
Several atomization mechanisms are usually identified as being prominent in rotary atomization: direct drop formation, direct drop and ligament
formation, ligament formation, and sheet/film formation (Dombrowski and
Munday, 1968; Liu, 1999).
While many studies focus on the numerical simulations of the transport
processes in sprays generated by rotary atomizers (Woo et al., 2008; Huang
et al., 2004; Ye et al., 2015), primary atomization remains largely empirical.
Numerous empirical models for the average drop diameter in a spray from
a rotary atomizer have been reviewed by Parkin and Siddiqui (1990) and
Ashgriz (2011).
For the disk type rotary atomizer several models exist for the evolution
of the liquid film and for its value at the exiting edge of the atomizer. The
models include the theoretical estimations of Bruin (1969) and Zhao (2004)
and numerical simulations (Matsumoto et al., 1974). Models have also been
formulated for non-Newtonian liquids with evaporation (Jenekhe, 1984) or
yield stress liquids (Matsumoto et al., 1982). Knowledge about the thickness
and the velocity of the liquid film at the exit of rotary wheel inserts is
necessary for the development of a reliable predictive model for the diameter
of drops in the spray.
The main goal of the present study is to deliver insight into increasing
productivity and energy efficiency of rotary atomizer wheels. This requires
a basic understanding of the fluid mechanics involved in the distribution of
liquid inside the wheel, the flow through the atomizer inserts, and the atom4
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ization outside the wheel. A physical based approach rather than empirical
correlations are preferred, although the mechanisms involved are extremely
complicated. By identifying the most important influencing parameters affecting wheel capacity and atomization quality, novel concepts can be developed based on these findings. Although the modelling of the atomization
process is complex and depends on the outflow conditions, geometry, surrounding gas flow and the properties of the liquid, a simplified model with
the main physical quantities will be developed to predict the atomization
process and reveal possible influencing factors for novel designs.

1.2 Fundamentals of Atomization
The atomization process can be defined as a disintegration of a liquid jet
or sheet by the kinetic energy of the liquid, deformation, or by exposure to
high-velocity air or gas, or as a result of mechanical energy applied externally through a rotating or vibrating device (Lefebvre and McDonell, 2017).
Essentially bulk liquid is converted into small droplets. On the one hand
the atomization process depends on the material properties of the processed
liquid (density ϱl , dynamic viscosity µ, surface tension σ) and on the other
hand on the conditions leading to atomization (liquid velocity v, pressure p,
geometry, relative velocity vrel , etc.).
A liquid jet emerging from a nozzle faces several counteracting phenomena.
On the surface of the jet cohesive and disruptive forces cause oscillations
and perturbations, which might lead to the disintegration into droplets, also
called primary atomization (Lefebvre and McDonell, 2017). As the droplets
that emerge from the liquid jet might be rather large, the atomization process
is not finished yet. With increasing distance to the nozzle they further
disintegrate into smaller droplets, called secondary atomization. Since the
ambient conditions in most spray processes are fixed or only slightly capable
of being influenced, the initial conditions at the nozzle exit directly influence
the atomization process. Furthermore, the conditions at the nozzle exit
depend on the nozzle inlet conditions, which have to be taken into account.
Therefore, it is important to understand and control these initial conditions,
since they are responsible for the resulting droplet size distribution.
5
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More general information about the fundamentals of atomization can be
found in Ashgriz (2011); Crowe (2005); Lefebvre and McDonell (2017); Liu
(1999); Wozniak (2002).

1.3 Atomizers for Spray Drying
In the spray drying process liquid feed is atomized and ejected into a hot air
environment, where the liquid content is evaporated until the dried particles
are obtained and collected as a powder. A big advantage of spray drying is
that heat sensitive materials can be dried, because the product temperatures
are held low at all times, and drying can be completed in as short time as
possible. The particle temperatures are kept on very low levels, even though
the drying air has a high inlet temperature. It is possible to dry products
into specific particulate structures and, based on the customer needs, the
outcome of the spray drying process can be adapted. It is therefore possible
to produce powders consisting of individual particles, porous or compact
agglomerates, or even more solid structures like a granule. (Baker, 1997)
The overall spray drying process can be subdivided into three steps (Crowe,
2005):
• Atomization: A rotary atomizer, a pressure swirl nozzle or a twin-fluid
nozzle (for very high viscous fluids) is used to atomize the liquid into
droplets and eject them into the spray drying chamber.
• Droplet hot air contact: The liquid content in the ejected droplets is
evaporated by the hot gas interaction. The geometry of the spray drying chamber depends on the atomizer used, as well as on the spray-air
flow pattern (cocurrent, countercurrent, mixed airflow). For rotary atomizers typically wide drying chambers are used, whereas for pressure
or twin-fluid nozzles taller chambers are applied.
• Powder separation: The dried droplets (powder) have to be removed
from the drying medium, e.g. by using a cyclone separator or gravity
settling.
Rotary atomizers allow an independent variation of mass flow rate and
wheel speed, in contrast to e.g. pressure nozzles, allowing more flexibility in
6
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Figure 1.1: Types of rotary atomizers: disk, cup and wheel atomizer. (Adapted
from Schmidt and Walzel (1980), with permission of John Wiley and Sons.)

the atomization process (Lefebvre and McDonell, 2017). Furthermore, rotary
atomizers can be used to atomize very corrosive or abrasive materials, since
the atomizer wheel or the outflow geometry can be made in resistant metals
or ceramics. The control of a spray drying process with a rotary atomizer
is easier compared to a pressure nozzle, as the speed of the wheel is easier
to control than the pressure of the nozzle. Furthermore, the capacity of
the rotary wheel is independent of the pressure. Only one wheel is needed,
irrespective of the capacity (in certain limits), whereas nozzles have to be
duplicated for higher capacity. Another advantage of rotary atomizers is the
large outflow area in the atomizer wheel, which are not prone to block, in
contrast to the small nozzle geometries. The wide spray angle of atomizer
wheels have an increased tendency of wall deposits and therefore the drying
chambers have to be larger in diameter (Baker, 1997).
In the rotary atomizer the liquid is ejected onto a rotating surface, where
it spreads out due to centrifugal force. The rotating surface can be different
in shape (cf. Fig. 1.1), e.g. a flat disk, vaned disk, cup or a slotted wheel
(Lefebvre and McDonell, 2017).
The atomizer that is used in the investigations of this thesis is a slotted
atomizer, or more precisely an atomizer with radial exchangeable openings,
so called inserts (cf. chapter 2). Since the liquid is ejected from this type
of atomizer in a jet type flow, a short description of the breakup process
of a liquid jet is presented. The description of the breakup of a liquid jet
is already a simplification of the process at a rotary atomizer wheel, as the
relative velocity of the wheel to the surroundings is neglected. Unfortunately,
7
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LCore
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dNozzle
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turbulent flow
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LCore ?
LCore

ULiquid

Figure 1.2: Jet breakup length as a function of jet velocity. Different breakup
regimes can be identified: (A) dripping, (B) Rayleigh regime, (C) first windinduced regime, (D) second wind-induced regime, (E) atomization. (adapted
from Luh (2017); Balewski (2010)).

already the breakup process of a liquid jet is very complex, due to the large
number of influential parameters, like the design of the nozzle, the jet velocity
and turbulence, liquid and gas density or temperature (Reitz and Bracco,
1986). Several studies deal with different regimes leading to the breakup of
liquid jets, e.g. nonturbulent liquid jets (Aalburg et al., 2005; Behzad et al.,
2016; Ng et al., 2008; Sallam et al., 2004), turbulent liquid jets (Lee et al.,
2007; Sallam et al., 2002; Wu and Faeth, 1995) or breakup of liquid jets in
general (Eggers, 1997; Eggers and Villermaux, 2008; Lekic and Birouk, 2009;
Lin and Reitz, 1998; Reitz and Bracco, 1986).
If the jet velocity is successively increased, the following breakup regimes
can be observed (Reitz and Bracco, 1986; Lefebvre and McDonell, 2017) (cf.
Fig. 1.2):
• (B) Rayleigh regime: As soon as a liquid jet is formed, the breakup
length initially increases with the jet velocity. Due to capillary forces
and perturbations droplets detach from the liquid jet. The droplet size
is comparable to the size of the nozzle and the liquid jet. The breakup
occurs several nozzle diameters downstream the nozzle.
• (C) First wind-induced regime: With increasing jet velocity the perturbations are enhanced and the breakup length decreases. The droplet
size is getting smaller.
8
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• (D) Second wind-induced regime: Droplet formation is a result from
the unstable growth of surface waves on the jet, caused by the relative
velocity between jet and ambient gas. Surface tension forces oppose
the wavegrowth process. The produced droplets are much smaller than
the nozzle and jet diameter.
• (E) Atomization: For very high jet velocities the breakup occurs directly at the nozzle exit, due to a complete disruption. The droplet
diameters are much smaller than the nozzle diameter and no jet core
can be observed.
The jet velocity for an atomizer of the type that is investigated in this
thesis has rather large radial velocities, i.e. the dripping and the Rayleigh
regime can be neglected. The breakup length can be related to the length of
the intact liquid core or to the length of the intact jet. Due to the growing
instabilities and the relative velocity between jet and surrounding air small
ligaments peel of the jet and are already atomized into small droplets. Nevertheless, the liquid core itself still might be intact and therefore the jet itself
is not broken up yet.

1.4 Dimensionless Numbers
In order to be able to compare the results of the experimental investigations presented in this thesis to results from literature several dimensionless
numbers are used and will be briefly introduced in this section.
The aerodynamic Weber number We a is a typical dimensionless number
used in fluid mechanics to describe and analyse the interaction of liquid and
gas, since the Weber number We a describes the ratio of inertia to surface
tension (Weber, 1931)
We a =

2
2
hr vrel
ϱg
lvrel
ϱg
=
,
σl
σl

(1.1)

with the relative velocity vrel between liquid and gas, a characteristic length
l, which is the rivulet height hr in this case, the gas density ϱg and the liquid
surface tension σl . The aerodynamic Weber number We a can be used to
describe the breakup process of liquid due to the influence of the gaseous
9
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medium and a certain relative velocity between both. Furthermore, the
cross-flow Weber number We g tries to capture the effects of the gas flow (cf.
Tab. 1.1).
Another possibility of describing the breakup process of a liquid jet is
the liquid Weber number We l , taking the liquid properties into account and
representing the surface turbulence of the liquid (Lee et al., 2007)

We l =

hr vr2 ϱl
lv 2 ϱl
=
,
σl
σl

(1.2)

with the velocity of the liquid rivulet vr and the density of the liquid ϱl .
Since the Weber number does not depend on viscous forces, the outcome
can mainly be related to low viscous liquids. The influence of viscosity on
the liquid-gas interaction can be expressed by the Ohnesorge number Oh
Oh = √

µl
µl
=√
,
ϱl σl l
ϱl σl hr

(1.3)

with the dynamic liquid viscosity µl , liquid density ϱl , surface tension σl and
the rivulet height hr as a length scale. The Ohnesorge number Oh relates the
viscous and surface tension forces to characterize the breakup (Ohnesorge,
1936).
The liquid jet Reynolds number Re l can be used to further characterize
the liquid flow inside the radial openings of the atomizer wheel, taking into
account the inertial and viscous forces
Re l =

ϱl vr hr
ϱl vl
=
,
µl
µl

(1.4)

with the liquid density ϱl , characteristic velocity v (rivulet velocity vr ), characteristic length scale l (rivulet height hr ) and the liquid viscosity µl .

1.5 Objectives and Outlines of the Thesis
The basic idea of this thesis is to improve the economic viability of spray
drying plants in the spray drying industry. This can be done by increasing
the efficiency of the plant in terms of energy consumption. Although this
includes a large number of aspects, this thesis only focusses on the main part
10
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Table 1.1:
√ Dimensionless numbers used in this thesis. Due to the relationship
Oh = We/Re the dimensionless numbers are not independent of each other.

Name
Aerodynamic Weber number
Liquid Weber number
Cross-flow Weber number
Ohnesorge number
Liquid jet Reynolds number

Symbol
We a =

Value
2
ϱg hr vrel

σ
ϱ h v2
We l = l σr r
ϱ h u2
We g = g σr ∞
Oh = √ϱµhl σ
l r
Re = ϱl vµrlhr

2.8 to 37
11 to 49,217
1.9 to 150
0.0045 to 0.61
5.3 to 37,390

Figure 1.3: Project overview with the different regions of the atomizer wheel that
are investigated in this thesis. The liquid flow is followed from the injection into
the wheel towards the atomization process on the outside.

of a spray drying plant, i.e. the rotary atomizer. Although the final product
- the powder - also depends on the up- and downstream components, they
are not part of this investigation. If the mechanisms leading to the atomization of the feedstock in a rotary atomizer can be identified and described
analytically, the process of atomization can be optimized. This can be done
in terms of a lower power consumption or by increasing the capacity of the
atomizer wheels without changing the power consumption.
To explore the possibilities of understanding and influencing the atomization process, a rotary atomizer test rig in a laboratory scale is set up. Industrial rotary atomizers can easily be several floors high and have a diameter
in the range of meters, which makes them hard to handle and complicated
to analyse. Spray drying plants used for the production of products that
are to be sold are running 24-7 and cannot be equipped with measuring
instruments. The principle ideas of investigation are depicted in Fig. 1.3.
The structure of this thesis follows the liquid flow, i.e. from the inside of
11
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the rotary atomizer wheel, where the liquid is ejected from the liquid distributor into the wheel, through the radial inserts towards the ejection of
the liquid. Finally the liquid is atomized into small droplets that break up.
Furthermore, the airflow around the wheel is characterized.
Chapter 2 describes the main experimental setup and the different techniques that are used in the further investigations.
Chapter 3 introduces an upside down setup of the rotary atomizer with
a transparent wheel, in order to take a closer look at the processes inside
the wheel itself. The outflow of the liquid distributor is investigated, as well
as the distribution of liquid inside the wheel depending on different outflow
conditions. The liquid flow in the radial openings is described analytically,
predicting the conditions of the liquid at the exit of the wheel.
Chapter 4 starts with the visualization of the liquid exiting the wheel for
a large variety of operating parameters. The thickness of the liquid jet, as
well as the breakup length are analysed experimentally. The kinematics of
the liquid jet are described analytically and the airflow around the atomizer
wheel is characterized.
Chapter 5 deals with the disintegration of the liquid into small droplets.
The spray is characterized experimentally with a phase Doppler measurement system, revealing the dependency of the resultant droplet diameter on
the operating conditions. The origin of small and large droplets is investigated and, based on the findings, first design improvements are suggested.
The droplet disintegration is described analytically, leading to a generalized
predictive model of the atomization.
Chapter 6 concludes the thesis and presents an outlook for further studies.
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2 Rotary Atomizer Test Rig
Parts of this chapter have already been published in Kuhnhenn et al. (2017a,b,
2018). Furthermore, parts of the experimental setups are enhancements of
the work from Wolf (2017) and Luh (2017).
This chapter describes the different experimental setups, as well as the
measurement techniques that are used in this work to obtain the experimental results.

2.1 Experimental Setup
In this thesis two configurations of the experimental setup with the rotary
atomizer are used, as shown in Fig. 2.1. One configuration is designed for
better observations of the mechanisms of atomization, whereas the second
configuration is used for the characterization of the generated spray. Both
configurations comprise a rotary atomizer, consisting of an electric motor
and the rotary atomizer wheel, and a liquid supply system. The liquid enters the rotary atomizer wheel through a liquid distributor with a certain
tangential and downward velocity. After the liquid is accelerated tangentially in the internal atomizer reservoir, it enters radially oriented inserts
and is accelerated due to the centrifugal force before it exits the atomizer
wheel. Fig. 2.2 includes a sketch of the wheel (top and side view), where the
white radial areas are the inserts. The liquid supply system is operated between 50 to 450 kg/h, whereas the atomizer runs from 10,500 to 29,000 rpm.
Distilled water or aqueous glycerol solutions are used as a process liquid in
the experiments. The dynamic viscosity µ of different liquids is varied from
1 to 50 mPa s by changing the concentration of the aqueous glycerol solution.
The mass flow rate is controlled with a Coriolis mass flow meter OPTIMASS
7400 C from KROHNE and supplied by a gear pump from Scherzinger. The
temperature of the processed liquid is monitored by a PT100, since the viscosity of the aqueous glycerol solution changes rapidly with temperature,
13
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(a) Image acquisition setup

(b) Phase Doppler setup

Figure 2.1: (a) Sketch of the two configurations of the experimental setup with an
image acquisition system, which can be converted into a particle image velocimetry setup. (b) Experimental setup equipped with a phase Doppler measurement
system. (Reprinted from Kuhnhenn et al. (2018), with permission of Springer
Nature. © 2018 Springer Nature.)

especially for high mass fractions (Glycerine Producers (1963); Takamura
et al. (2012)). If necessary the temperature of the process liquid is adapted
with a temperature controlled immersion heater and at the same time cooled
by a immersion cooler (Julabo FT402) to 20 ◦C to obtain temperature stability (±0.5 ◦C). The viscosity is determined indirectly by measuring the
refractive index (Cheng (2008); Segur and Oberstar (1951); Hoyt (1934))
with a DR201-95 refractometer from KRÜSS and adjusted after every run,
due to the evaporation of water from the atomized droplets. Although glycerol is hygroscopic the viscosity during the experiments never decreases, i.e.
the glycerol does not attract water. During the experiments the water glycerol mixture is stored in air-tight containers to avoid evaporation or the
attraction of water. To obtain the best operating conditions the liquid is
mixed and afterwards degassed in a vacuum chamber. The driving speed of
the atomizer is controlled by a Danfoss FC302 frequency converter and all
parameters are recorded and monitored by a NI USB-6351 card from National Instruments. The test rig, including the timing and synchronization
of the cameras, is controlled with LabVIEW.
The atomizer wheel has an outer radius Ro = 50 mm with up to four
inserts with changing radius b = 1 to 2 mm. Additionally, two out of four
14
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Figure 2.2: Sketch of the atomizer wheel with four identical inserts, with the
insert radius b in a top (left) and side (right) view. The inserts protrude into
the wheel. The outer wheel radius is Ro , the internal radius Ri .

inserts can be blocked with plugs to reduce the overall outflow area. The
four inserts protrude into the inside of the wheel (cf. Figs. 2.2 and 3.3b), in
order to build up a wear resistant layer next to the wheel, when atomizing
highly abrasive material, e.g. lime stone slurry. The solid content of the
processed liquid deposits at the wall and forms a natural protection layer.
The main geometrical parameters and operating conditions are summarized
in Table 2.1.
The experimental setup presented here is adapted to the specific needs
of the conducted experiments in further parts of this thesis. The following
chapters deal with experiments trying to clarify the internal flow inside the
atomizer wheel, with a specific experimental setup presented in the respective
section (cf. chapter 3). Afterwards the external flow around the atomizer
is characterized with the presented image acquisition and a particle image
velocimetry setup (chapter 4), as well as the phase Doppler setup (chapter 5). The attached atomizer wheel, as well as the periphery around the
test rig (pump, mass flow meter, fluid conditioning system, etc.) remain the
same. Minor changes with respect to the mounted cameras or measurement
technique are explained in the respective sections.
15
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Table 2.1: Geometrical parameters and boundary conditions of the experimental
setup. Refer to Fig. 2.2 for a sketch of the atomizer wheel.

Parameter

Symbol Value

Outer wheel radius
Inner wheel radius
Insert radius
Insert length
Insert protrusion
Rotational speed
Wheel speed
Mass flow rate
Volume flow rate
Viscosity of processed liquids

Ro
Ri
b
l
p
60ω/2π
−
−
Q
µ

50 mm
35 mm
1 to 2 mm
15 mm
2.5 mm
10,500 to 29,000 rpm
55 to 152 m/s
50 to 450 kg/h
1.4 × 10−5 to 12.5 × 10−5 m3 /s
1 to 50 mPa s

2.2 Measurement Techniques for Spray and
Airflow Characterization
In the experiments several different measurement techniques are used, which
will be described in this chapter. To a large extent image acquisition and
postprocessing with MATLAB (section 2.2.1) is used to quantify the atomization process, i.e. to obtain the thickness of the liquid jet (section 4.3), as
well as the breakup length of the liquid jet (section 4.4). Furthermore, the
thickness of the liquid layer within the atomizer wheel is obtained with the
help of image processing (section 3.1). A particle image velocimetry (PIV)
analysis is carried out to obtain the velocity of the liquid in the vicinity of the
atomizer wheel (section 4.5.1). A phase Doppler (PD) measurement system
in the dual mode configuration is used to obtain droplet sizes and tangential
as well as radial velocities from droplets emerging the liquid jet and the thin
annular film (section 5.1). Furthermore, constant temperature anemometry
(CTA) is used to measure the air velocity field close to the atomizer wheel,
to obtain a better understanding of interaction of the air boundary layer on
the atomization process (section 4.6).
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2.2.1 Image Acquisition and Processing
In the first experimental setup (cf. Fig. 2.1a) an image acquisition system
is used to obtain photographic images of the liquid exiting the wheel. This
setup is used to visualize the free liquid jet outside the atomizer wheel (cf.
chapter 4), which can be used to either measure the thickness of the liquid
jet, or to obtain the velocity of the liquid at the wheel exit. Therefore, a
high resolution camera (pco.edge 5.5, resolution: 2560 px × 2160 px, frame
rate: 30 Hz), a Nikon AF Micro Nikkor lens with 105 mm focal length, a
DualPower 200-15 laser system (pulse length: 6 ns) and a ShadowStrobe
optics to illuminate a diffusing plate are used in this setup. The camera is
operated in the global shutter mode and, due to the short illumination time,
motion blur is minimal. As the laser can only generate laser pulses at 15 Hz
per cavity (two cavities), not every revolution can be captured. The field of
view (FOV) of the photographic images is 17.5 mm × 14.8 mm, resulting in
a resolution of 6.85 µm/px.
Due to small load fluctuations and a fixed triggering of the camera setup to
a reference trigger of the rotary atomizer, small position deviations between
the captured images occur (cf. Fig. 2.3a to 2.3c). In order to correct these
angular deviations the pictures have to be rotated around the center point
of the wheel. Therefore, the center point is detected in the images based on
the wheel section that is visible in the experiments. Afterwards a significant
area in the reference picture is chosen that is visible in all frames and a
cross-correlation of the selected area is conducted with all other images of
the measuring point. The highest correlation value is detected, the acquired
images are rotated around the center point and the highest correlation peak
is aligned with the selected area in the reference image. The exemplary result
of this rotational correction is depicted in Fig. 2.3d to 2.3f. More details can
be found in Wolf (2017).
Depth of Field
Photographic images are a two-dimensional projection of a three-dimensional
object. The depth of field (DOF) of a photographic image is caused by the
fact, that light rays emitted from the focal plane of the lens are projected
onto a point on the camera sensor. Otherwise, points outside the focal plane
of the lens will not be projected on a single point on the sensor, which
17
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.3: (a-c) Exemplary images before rotational correction (10,500 rpm,
400 kg/h, 1 mPa s). (d-f) Images after rotational correction. The inserts are
aligned with each other, as indicated by the dashed lines.

results in a blurred image. The DOF is the distance between the focal
plane and a point to which objects are still acceptably sharp (Merklinger,
2002). This has to be considered in the experimental investigations, since
objects that have to be detected (e.g. liquid jet) should not be blurred. The
DOF mainly depends on the f-number of the lens, the magnification and the
maximum diameter of the circle-of-confusion on the sensor, which can be
expressed as a length scale in the image. In order to increase the DOF the
f-number should be increased, i.e. a smaller aperture on the lens has to be
used. Fig. 2.4a shows a DOF target (45° line pattern) that can be used to
determine the DOF in the captured images. In Fig. 2.4b the intensity values
along the lower line pattern from the DOF target are plotted. The DOF can
be identified from the intensity values, since the line pattern becomes blurred
with an increasing distance to the lens. As soon as the single lines cannot
be distinguished anymore the DOF is reached, which in this exemplary case
18
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(a) DOF target

(b) Intensity profile

Figure 2.4: (a) Target that is used to detect the depth of field in the experimental investigations. The DOF has to be large enough to capture the threedimensional jet. (b) Intensity profile along DOF target line pattern (dashed
white line), that can be used to evaluate the actual DOF. In this case 4 mm are
enough to capture the complete insert.

is at ca. 4 mm. A DOF of 4 mm is enough to capture the complete insert
height and therefore the jet diameter at the exit of the insert.

Resolving Power
Since the liquid filaments and the droplets leaving the atomizer in this study
are very small, the resolving power of the optical system has to be taken into
account. The resolving power determines the minimum distance between
two objects that still can be resolved by the optical system, i.e. the camera
lens combination. From a physical point of view this can be explained by
the wave character of light and the resulting diffraction that occurs at the
lens aperture (Hecht, 2002; Pedrotti et al., 2002). If the Fraunhofer diffraction for a circular aperture is considered, an Airy diffraction pattern with
a certain intensity distribution can be observed. If two objects have to be
distinguished, two Airy patterns next to each other still have to be resolved
by the optical system. This can be achieved until the the center of one Airy
disk falls on the first minimum of the Airy pattern of the second object,
known as the Rayleigh criterion (Hecht, 2002). The respective minimum
19
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resolvable angular separation can be expressed as
∆Φmin = 1.22

λ
,
D

(2.1)

where D is the diameter of the aperture and λ is the wavelength of the
incident light. Furthermore, this can be converted to the limit of resolution
in terms of a center-to-center separation of the images
∆lmin = 1.22f

λ
,
D

(2.2)

where f is the focal length of the used lens. Accordingly, images with a
distance between objects smaller then ∆lmin cannot be distinguished anymore, which can be transferred to the image acquisition system used in the
experimental investigations:
∆lmin = 1.22f

λ
= 1.22λfnumber = 1.22 · 532 nm · 16 = 10.4 µm, (2.3)
D

with the fnumber of the lens system. Structures smaller then 10 µm cannot
be distinguished anymore and furthermore, even if the physical pixel size of
the camera sensor is smaller then ∆lmin , the spatial resolution cannot be
improved (Hecht, 2002; Opfer, 2014). As explained in the first paragraph
of section 2.2.1 the resulting resolution of the camera setup is 6.85 µm/px,
which is smaller than ∆lmin . Due to the resolving power only structures
larger than 10.4 µm can be resolved and the fnumber has to be lowered in
order to decrease ∆lmin . Since this would also reduce the DOF this small
deviation in the resolving power is not considered further.
Motion Blur
Besides the already mentioned limitations another aspect has to be taken
into account when setting up an image acquisition system. Due to the fast
movement of the spray and the finite exposure time, as well as the finite illumination time of the camera, motion blur can occur. Since the camera used
in the experimental investigations has a rather large minimum exposure time
(pco.edge 5.5: 10 µs) the motion blur (assuming a continuous illumination)
of an object can be calculated by
δs = vmax δt = 150 m/s · 10 µs = 1.5 mm,
20
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with the maximum velocity of the object that has to be captured vmax and
the exposure time of the camera δt . This value is very large compared to
the spatial resolution of the camera (6.85 µm/px), causing a large motion
blur. The only possibility to reduce the motion blur in this specific case is
the reduction of the illumination time, which can be achieved by a pulsed
light source, e.g. a pulse laser. The used DualPower 200-15 laser system has
a pulse length of δt = 6 ns, leading to
δs = vmax δt = 150 m/s · 6 ns = 0.9 µm,

(2.5)

which is sufficiently small and the resulting motion blur can be neglected.

2.2.2 Particle Image Velocimetry
PIV measurements are conducted to obtain the velocity of the liquid jet and
the thin film, as well as the droplets and filaments leaving the rotary atomizer
wheel. The results are presented in section 4.5.1, while the measurement
setup and postprocessing methods are presented in this section. More details
can be found in Wolf (2017).
The PIV setup comprises a camera (FlowSense 2M from Dantec Dynamics, resolution: 1600 px × 1200 px) together with a Nikon AF Micro Nikkor
lens with 105 mm focal length, which is mounted below the rotary atomizer
to obtain a perpendicular view on the region of interest, i.e. the liquid exiting
the atomizer. Again a DualPower 200-15 laser system with a pulse duration
of 6 ns and a ShadowStrobe optics is used for illumination purposes, together
with a diffusing plate and a mirror. Camera and laser are capable of generating laser pulses at 15 fps in double frame mode. Due to the discrepancy
between rotational speed and frame rate only every 12th to 16th revolution
can be observed in the PIV configuration. However, still a large number of
frames (N > 200) can be captured to achieve statistical significance in the
PIV results. Although the wheel reaches tangential speeds of up to 150 m/s
no motion blur occurs, due to the short illumination time of 6 ns. The resulting field of view (FOV) of the camera is ca. 17.7 mm × 13.3 mm, leading to a
resolution of 11.08 µm/px. Since double frame images are captured and the
travelled distance of the particles between the frames should stay constant
with increasing speed of the wheel, the time difference between two successive images is varied with increasing speed from 5 to 1.81 µs. Therefore, only
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Table 2.2: PIVview settings for velocity determination

Parameter

Setting

Resolution
Interrogation area
Correlation method
Interrogation method
Sub-pixel shifting

1600 px × 1200 px
24 px × 24 px
standard FFT, 3x
multi-grid
3rd order b-spline interpolation

one set of settings has to be used for the evaluation of the PIV images, as
summarized in Table 2.2. No tracer particles are used in the experiments,
since the droplets and morphology of the jet or liquid itself exiting the wheel
is used in the cross-correlation algorithm of the PIV analysis. Thus, velocities from the inside of the jet cannot be obtained, since no tracer particles are
added to the jet. PIVview from PIVTEC is used as the evaluation software.
A general overview about the PIV measurement technique can be found
in Raffel et al. (2007).

2.2.3 Phase Doppler Technique
In the second experimental setup (cf. Fig. 2.1b) a phase Doppler measurement system in the dual-mode configuration is used to measure drop size and
two components of the velocity vector for each drop of the resulting spray
(Albrecht et al., 2002; Tropea, 2011; Tropea et al., 1996). The experimental
results are shown in chapter 5. The orientation of transmitting and receiving
optics is chosen in such a way, that it is possible to measure the radial and
tangential velocity component of the spray in relation to the atomizer wheel.
The velocity component caused by gravity is neglected. A traverse system
is used to move transmitting and receiving optics laterally in the range of
30 to 190 mm from the atomizer wheel. Relevant system parameters from
the phase Doppler measurement system are summarized in Table 2.3. The
interchangeable receiving aperture mask A is chosen in order to be able to
detect low intensities of scattered light from small particles (up to 215.2 µm).
More details about the experimental setup can be found in Luh (2017).
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Table 2.3: Settings of the phase Doppler measurement system

Parameter

Setting

Laser Power
Wavelength 1
Wavelength 2
Transmitter focal length
Receiver focal length
Scattering angle
Refractive index water
Aperture mask
Maximum particle diameter
Phase validation ratio
Slit width

60 mW
488 nm
514.5 nm
600 mm
500 mm
30°
1.3330
Mask A
215.2 µm
15 %
100 µm

2.2.4 Hot-Wire Technique
The airflow around the rotating atomizer wheel can have a huge impact on
the atomization process. Therefore, detailed knowledge about the airflow
around the atomizer wheel is desirable in order to understand the influence
on the atomization process. The wheel is rotating with a high angular velocity and the flow in the far field is quiescent, promoting the evolution of a
boundary layer. Hot-wire measurements with a single wire boundary-layer
probe (55P14) are conducted to capture the velocity profile of the boundary layer (cf. section 4.6). For this purpose only the rotating wheel itself,
without any liquid atomization, is investigated, since the liquid would damage the hot-wire probe. The experiments are conducted with a StreamLine
Pro CTA System from Dantec Dynamics, 20 kHz sampling rate, a 15 point
calibration between 2 to 60 m/s and 84 measurement positions from 0.5 to
101 mm.
More general details about the hot-wire technique can be found in Bruun
(1995).
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3 Internal Flow in the Rotary Wheel
and the Insert
Parts of this chapter have been published in Kuhnhenn et al. (2017a, 2018).
Furthermore, Kerres (2018) supported the experimental investigations.
The first step in the analysis of the principles of a rotary atomizer is the
investigation of the internal flow, although this is not easily feasible. In order
to obtain a fundamental understanding of the mechanisms inside the rotary
atomizer wheel a novel experimental setup is developed. Since the atomizer
is very small in size and is consequently rotating with a tangential wheel
speed of up to 150 m/s no measurement instrumentation can be mounted
inside the wheel. The electric motor that is used to drive the atomizer is
usually mounted on top of the wheel outside the spray drying chamber to
allow the radially ejected spray to be pushed downwards due to gravity and
shaping air. To be able to access the internal process the atomizer motor is
mounted below the atomizer wheel and the top plate of the wheel is made
transparent by using acrylic glass.
Section 3.1 presents the experimental setup, as well as the results for the
investigation of the internal flow (cf. Fig. 3.1, liquid distributor and upside
down atomizer). Furthermore, section 3.2 presents approximate solutions

Figure 3.1: Overview of the different regions of the atomizer wheel that are
investigated in this chapter. The distribution of liquid inside the wheel, as well
as the transport in the radial inserts is investigated.
25

3 Internal Flow in the Rotary Wheel and the Insert

(a) 50 kg/h

(b) 200 kg/h

(c) 400 kg/h

Figure 3.2: Exemplary outflow from the liquid distributor without the atomizer wheel for increasing mass flow rate (left to right). Only the highest mass
flow rate delivers the desired umbrella shaped liquid film, which ensures equally
distributed liquid inside the wheel.

from analytical considerations for the flow inside the radial openings of the
atomizer wheel (cf. Fig. 3.1, analytical description).

3.1 Visualization of the Internal Flow Upside Down Atomizer
The liquid entering the atomizer wheel is supplied through a so-called liquid distributor (LD), which converts the inflow of the liquid through the
pipe into a slightly swirled umbrella shaped liquid film to achieve a uniform
distribution of liquid in the atomizer wheel. This is important in order to
avoid an imbalance of the rotating wheel, which could lead to a complete
shut-down of the atomizer test rig. Fig. 3.2 shows the the atomizer test rig
(no upside down setup) without the atomizer wheel. The liquid is supplied
from the top and exits the LD in small fingers and not the desired umbrella
shaped liquid film. Only the highest mass flow rate produces the desired
shape (cf. Fig. 3.2c). Lower mass flow rates show an unwanted behaviour,
since the liquid adheres to the surface, flows uphill and detaches from a completely different edge of the atomizer. These visualizations do not represent
the typical experimental configuration since the wheel is not mounted to
the atomizer. The spinning wheel will start pumping air through the wheel,
causing a zone of low pressure inside the wheel. These conditions, and the
fact that the spinning wheel will hinder the liquid from creeping up, will
result in a completely different behaviour. Nevertheless, these visualizations
demonstrate that a closer look at the liquid distributor is necessary.
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(a) Upside down setup

(b) Insert protrusion

Figure 3.3: (a) Sketch of the experimental setup with an image acquisition system
for the upside down setup. (b) Exemplary picture obtained with setup (a). The
protrusion of the insert (dashed line) and the film thickness (arrows) are visible.

Table 3.1: Summary of the experimental configurations used for the visualization
of the internal flow.

Internal view
Camera
Camera resolution
FOV
Resolution
View

pco.edge 5.5
2560 px × 2160 px
22.71 mm × 19.16 mm
8.87 µm/px
internal

3.1.1 Experimental Configuration
The experimental setup used in this section is presented in Fig. 3.3a. The
motor is mounted below the atomizer and the camera system (pco.edge 5.5)
including the laser for illumination purposes is mounted on top of the test
rig. Table 3.1 summarizes the camera setup that is used for the internal
flow visualizations. The liquid still enters the wheel from the top through
the liquid distributor. Fig. 3.3b shows an exemplary picture captured with
the upside down setup. One of the inserts protruding inside the wheel is
visible, as well as the liquid layer inside the wheel. The liquid layer fills up
the wheel and the film thickness is much thicker than the protrusion of the
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Figure 3.4: Sketch of the effective insert protrusion into the wheel. The wall film
hf has to overcome the effective inner wheel radius Reff to enter the insert and
exit the wheel (adapted from Kerres (2018)).

insert. Fig. 3.4 is a sketch of a similar configuration, showing the protrusion
of the insert into the wheel. The film thickness hf has to overcome the
protrusion p of the insert into the wheel to be able to eject liquid. Due to
the chamfer at the insert inlet the effective radius Reff towards the insert
exit is slightly larger than the radius to the insert protrusion into the wheel
Rins,i (rectangular). Depending on the inner radius of the insert b and the
radius of the chamfer the height ho that the liquid has to overcome can
be calculated to 2.67 mm and 2.77 mm for the insert radius b = 2 mm and
b = 1 mm, respectively. This has to be considered regarding the measured
film thicknesses in the next sections.

3.1.2 Distribution of Liquid in the Wheel
To obtain a better understanding of the processes inside the wheel a qualitative analysis is first presented, followed by a quantitative analysis of the
film thickness inside the wheel (section 3.1.3). Fig. 3.5 presents experimental
results of the distribution of liquid inside the wheel. The top row includes 4
inserts with a radius of b = 2 mm, whereas the bottom row shows 2 inserts
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liquid
fragment

wall film
(a) 50 kg/h, 4 x b = 2 mm (b) 200 kg/h, 4 x b = 2 mm (c) 400 kg/h, 4 x b = 2 mm

of dir
ro ect
ta io
ti o n
n
(d) 50 kg/h, 2 x b = 1 mm (e) 200 kg/h, 2 x b = 1 mm (f) 400 kg/h, 2 x b = 1 mm
Figure 3.5: Exemplary images of the internal flow inside the atomizer wheel with
the evolution of a wall film. 10,500 rpm and µ = 1 mPa s are shown. Mass
flow rate is increasing from left to right. Top row shows configuration with
four inserts and b = 2 mm, whereas the bottom row shows the wall film for two
inserts with b = 1 mm. In (a) the dashed white line exemplarily shows the wall
film thickness.

with b = 1 mm. The mass flow rate increases from left to right, whereas the
wheel speed is kept constant. For low mass flow rates small fragments of
liquid emerging from the edge of the LD towards the wall film are visible
(cf. Fig. 3.5a and 3.5d), indicating that also with the wheel attached to the
atomizer the LD does not produce an equally distributed umbrella shaped
thin film. With increasing mass flow rate (Fig. 3.5b to 3.5c) the liquid distribution becomes more uniform and the liquid fragments are replaced by
the desired thin film. Even with the uneven distribution of liquid the wall
film thickness in the wheel is constant and no signs of imbalance are visible. This is due to the fact that the liquid exits the LD with a very low
tangential velocity. The wall film is rotating with the wheel and has the
same tangential speed as the wheel itself (at the wall). Towards the inside
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(a) 10,500 rpm, 1 mPa s

(b) 10,500 rpm, 20 mPa s

(c) 10,500 rpm, 50 mPa s

(e) 20,000 rpm, 20 mPa s

(f) 20,000 rpm, 50 mPa s

of dir
ro ect
ta i o
tio n
n
(d) 20,000 rpm, 1 mPa s

Figure 3.6: Exemplary images of the internal flow inside the atomizer wheel with
the evolution of a wall film. 4 x b = 2 mm inserts and 200 kg/h are shown.
Viscosity µ is increasing from left to right (1 to 50 mPa s). Top row shows
10,500 rpm, whereas the bottom row shows the wall film for 20,000 rpm. In (a)
the dashed white line exemplarily shows the wall film thickness.

of the wheel a boundary layer develops and the speed, relative to the wheel
speed, decreases. The liquid hitting the wall film is accelerated very quickly
up to the wheel speed and imbalances are damped. The wall film thickness
stays roughly constant, indicating that no capacity limit is reached and the
amount of liquid that is pumped into the wheel can exit the wheel. With a
smaller outflow area (Fig. 3.5d to 3.5f) the behaviour for the distribution of
liquid is comparable, since the outflow area does not change the inflow conditions into the wheel. With increasing mass flow rate a significant change
can be observed - the wall film thickness increases massively for the highest
mass flow rate (Fig. 3.5f). A further increase in mass flow rate would probably lead to an overflow of the wheel, since the amount of liquid cannot be
transported through the inserts anymore.
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What happens if the viscosity and the wheel speed are changed is shown in
Fig. 3.6, with viscosity µ increasing from left to right (1 to 50 mPa s). The top
row shows low wheel speeds (10,500 rpm), whereas the bottom row presents
the results for high wheel speeds (20,000 rpm). In both cases the baseline
configuration with four inserts with b = 2 mm are shown. An increase in
viscosity obviously damps disturbances in the wall film, since the undulated
wall film surface is smoothed. The wall film thickness seems to be slightly
increased with higher viscosity, whereas the speed of the wheel does not have
a significant influence on the thickness of the wall film.

3.1.3 Internal Wall Film Thickness
Observations of the internal flow are used for the evaluation of the effect
of various operational conditions on the wall film thickness. Therefore, the
captured images are further analysed using image processing modules in
MATLAB.
Image Processing
After the rotational correction (cf. section 2.2.1) the images are processed
with an entropy filter to be able to distinguish the wall film from the inside
of the wheel. Since the wall itself does not change with position, this area
can be excluded from the image processing. An exemplary entropy filtered
and masked image is shown in Fig. 3.7a. The wall film is very uniform and
can be clearly distinguished from the surroundings, since the entropy filter
emphasizes statistical uncertainty. The film thickness is then obtained automatically for a large number of images (N = 300) per operating point
to achieve statistical significance. In each image three segments of the wall
film are considered for the analysis of the film thickness in order to be able
to detect a gradient in the wall film thickness across the wheel segment.
The statistical significance of an exemplary operating point is depicted in
Fig. 3.7b, showing that about 300 images are sufficient to obtain reliable results. Since the film thickness does not change much, the standard deviation
is very small. In order to estimate the film thickness, the intensity values
across the entropy filtered wall film are analysed. The jump in the intensity
values as soon as the film ends can be detected automatically. Since the
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Figure 3.7: Evaluation of the film thickness with image processing. (a) Entropy
filtered and masked image, where the film is clearly visible. Three regions are
used to obtain the film thickness in each frame, as indicated by the white lines.
(b) Statistical significance (normalized standard deviation) for an increasing
number of images taken into account.

spatial resolution of the camera is known the thickness can be calculated in
µm.
Results of Film Thickness Measurements
Experiments are conducted for a large range of operating conditions. Different viscosities (1 to 50 mPa s), mass flow rates (50 to 400 kg/h), rotational
speeds (10,500 to 29,000 rpm), insert combinations (4 x b = 2 mm to 2 x
b = 1 mm) and liquid distributors (cross-section 3.5 to 11 mm2 ) are considered in the experimental investigations. The effect of an increase in viscosity
on the film thickness is shown in Fig. 3.8a, 3.8c and 3.8e. The viscosity increases from top to bottom (1 to 50 mPa s). Each diagram contains different
wheel speeds (increasing from left to right) and several mass flow rates. The
film thickness is almost constant with increasing speed and also a change
in mass flow rate has no significant influence on the thickness, as already
seen from the visualizations (Fig. 3.5 and 3.6). Only for high wheel speeds
does the trend go towards a slightly smaller film thickness. The small differences between the mass flow rates vanish, as a higher wheel speed damps
disturbances in the wall film due to the higher centrifugal force. If the viscos32
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Figure 3.8: (a,c,e) Influence of viscosity on wall film thickness for different wheel
speeds and mass flow rates. The film thickness is constant with increasing wheel
speed and mass flow rate, but an increase in viscosity also increases the wall film
thickness. (b,d,f) Influence of outflow area on wall film thickness. A reduction of
the outflow area from (b) to (d) increases the wall film thickness, partly caused
by the effective insert protrusion. A further reduction from (d) to (f) leads to a
strong increase of the film thickness inside the wheel. The dashed line represents
the effective insert protrusion.
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ity is increased (Fig. 3.8c,e) differences start to develop: the film thickness
increases for all operating conditions.
In all cases the measured film thickness is smaller than the protrusion of
the insert (cf. section 3.1.1), as indicated by the dashed line in Fig. 3.8.
In direct proximity of the insert the film becomes thicker, overcomes the
insert protrusion and exits the wheel through the insert. With increasing
viscosity the liquid accelerates faster to the speed of the wheel, causing
a lower relative velocity between wheel and liquid, compared to the low
viscous liquid. The lower relative velocity between liquid and wheel becomes
important considering the flow into the insert. Since the inserts are rotating
with the wheel speed, the higher viscous fluid has a lower relative velocity to
the insert. Since the mass flow rate is the integral amount of a certain film
thickness and film velocity, the lower relative velocity has to be compensated
by a higher film thickness, in order to transport the same amount of liquid
(mass flow rate is constant, only viscosity is changed). Due to this effect the
film thickness increases with increasing viscosity. Furthermore, this effect is
responsible for the slight decrease of the film thickness with an increase of
the wheel speed, since the mean relative velocity between insert and liquid
increases, allowing a lower film thickness to transport the same mass flow
rate.
What happens to the film thickness if the outflow area is reduced is shown
in Fig. 3.8b,d,f. From top to bottom the outflow area is reduced by changing
the insert radius b and the number of inserts. In that way the outflow crosssection in relation to the baseline case (4 x b = 2 mm) is reduced by a
factor of 4 (4 x b = 1 mm) and 8 (2 x b = 1 mm), respectively. A decrease
by a factor of 4 already increases the film thickness with a constant offset.
This is not only related to the outflow cross-section, it also depends on the
effective insert protrusion into the wheel. With a reduced insert radius b
the effective protrusion is increased from 2.67 mm to 2.77 mm, causing the
thickening of the wall film. If now additionally two of the four inserts are
blocked, the outflow cross-section is reduced even further by a factor of two.
This introduces some significant changes to the film thickness, as depicted
by Fig. 3.8f. For low mass flow rates (50 to 200 kg/h) the trend is the same
as for the case with four inserts and b = 1 mm, but an increase in mass
flow rate to 300 kg/h or 400 kg/h causes the film thickness to grow strongly,
which can also be seen in Fig. 3.5f. The change in mass flow rate from
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200 kg/h to 300 kg/h has to include a major difference in the flow inside the
wheel or on the outflow conditions. At some point the outflow through the
insert is choked and the additional mass cannot be transported through the
insert, causing an increase in film thickness. Due to this increase the pressure
inside the liquid film increases and pushes the liquid through the insert, still
allowing such high mass flow rates to be transported. Nevertheless, the
capacity limit is almost reached at this point, since a further increase in the
thickness of the liquid film would lead to an overflow of the wheel through
the top. With an increase in wheel speed the thickness reduces massively,
since the centrifugal forces, responsible for the pressure inside the wall film,
are also increased. A larger wheel speed enables a larger mass flow rate that
can be transported through the wheel inserts.
Theoretical Model for Film Thickness
Based on the assumption that a streamline of a liquid element inside the
wheel can be followed from the free surface of the film inside the wheel
towards the inlet of the insert, Bernoulli’s equation in the rotating coordinate
system can be applied to obtain the velocity at the inlet of the insert
√
(3.1)
uinsert inlet = ω ro2 − ri2 ,
with the angular velocity ω, the outer radius ro and the inner radius ri . The
liquid element is followed from the free surface of the film towards the inlet
of the inserts, which are protruding into the wheel (cf. Fig. 3.3b). Therefore
eq. (3.1) can be rewritten as
√
(3.2)
uinsert inlet = ω (Rwh,i − p)2 − (Rwh,i − hf )2 ,
with the internal wheel radius Rwh,i , the insert protrusion into the wheel
p, and the film thickness hf . The mass flow rate through the insert can be
calculated by Q = uA. Since the mass flow rate through the insert is known
from the experiments (total mass flow rate is equally distributed into the
inserts), the theoretical film thickness inside the wheel can be obtained from
eq. (3.2)
√
Q2
hf = Rwh,i − (Rwh,i − p)2 − 2 2 ,
(3.3)
A ω
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Figure 3.9: Analytically obtained film thickness inside the atomizer wheel for
µ = 1 mPa s and b = 1 mm. The top row (a,b) depicts the analytical values
based on eq. (3.3), whereas the bottom row (c,d) shows values for a empirically
corrected insert inlet cross-section. The dashed line represents the effective
insert protrusion.
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with the mass flow rate per insert Q and the cross-section of the insert inlet A. The results from eq. (3.3) are depicted in Fig. 3.9a and 3.9b for
4 × b = 1 mm and 2 × b = 1 mm, respectively. The results can be compared
to the experimental results in Fig. 3.8d and 3.8f. Obviously the analytically
calculated film thicknesses deviate from the experimental results, although
they are already in the same order of magnitude, indicating that the correct
dominating physics are considered. With increasing wheel speed the film
thickness decreases and increases with mass flow rate, but to a larger extent than in the experimental investigations. In the experiments almost no
change in film thickness is visible for the case with 4 × b = 1 mm, whereas
theory predicts a significant change in film thickness. This indicates that
in the experimental investigations more mass can be transported, although
eq. (3.3) does not consider any frictional or pressure losses. The theoretical
calculation is based on inserts with a constant diameter, whereas the inserts
used in the experiments are chamfered at the inlet. This chamfer enlarges
the effective inlet cross-section, obviously allowing more mass to be transported. Due to the ongoing acceleration in radial direction the subsequent
reduced cross-section is counteracted. Figs. 3.9c and 3.9d present results for
an empirically adjusted cross-section A∗ = A · C, which takes into account
the enlargement due to the chamfer at the inlet with the correction factor
C = 1.69. It is important to mention that the correction factor is in the order
of unity. In both cases the experimental results from Fig. 3.8 can be reproduced. Since the total cross-section of the inserts is large in the case of four
inserts, no significant increase in film thickness can be observed. The film
thickness is, as already observed in the experimental results, in the range of
the insert protrusion p. As soon as the cross-section is reduced and only two
inserts are used, the thickness of the wall film increases significantly. Due
to the radial acceleration of the liquid inside the wheel this mass flow rate
still can be transported. Eq. (3.3) together with A∗ can be used to calculate
all experimental results, since in all cases the film thickness has to overcome
the insert protrusion p and only for very small outlet cross-sections the film
thickness starts to increase. Furthermore, eq.(3.2) can be used, together
with u = Q/A, to calculate a maximum mass flow rate that can be transported through the wheel before it overflows. The maximum film thickness
is constrained by geometrical considerations, which allows the calculation of
the according mass flow rate, which should provide a rough estimation of the
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wheel capacity. Calculations have shown that the capacity is not limited by
frictional losses that have to be overcome by the Centrifugal force according
to
ϱu2
∂p
=
λ = ϱω 2 R,
∂z
2 · 2b

(3.4)

which can be rearranged to
1/2

Qmax

2πb5/2 ωRins,i
=
.
λ1/2

(3.5)

3.1.4 Influence of the Liquid Distributor
As shown in Fig. 3.2 the outflow of the LD is not symmetrical in all cases.
In order to check the influence of the LD on the distribution of liquid inside
the wheel, different geometries are investigated in this paragraph. Therefore,
four different LD are considered in the experimental investigations, where
the cross-section at the redirection of the liquid inside the LD (90° bend),
which is responsible for the large pressure loss across the LD, is changed.
The cross-section is changed from 3.5 to 11 mm2 and the resultant influence
on the wall film thickness is shown in Fig. 3.10. In all cases the film thickness
decreases slightly with increasing wheel speed and stays roughly the same
with increasing mass flow rate. No large differences between different LD
configurations are visible, indicating that the distribution of liquid inside the
atomizer wheel is not affected by the cross-section of the LD and the resulting pressure loss (and therefore the velocity in the smallest cross-section).
Although the outflow of the LD (cf. Fig. 3.2) is not fully symmetrical and
causes an uneven distribution of liquid at the LD exit, these inequalities even
out and the film thickness is constant.

3.2 Analytical Description of the Flow in the
Insert
The liquid flow in the inserts cannot be easily observed experimentally. To
better understand the mechanisms of the liquid atomization in rotary wheels
and to predict the thickness and the velocity of the ejected liquid jet, approximate solutions for this flow could be helpful. In this study an approximate
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Figure 3.10: Influence of LD on wall film thickness for varying operating conditions. No influence of the initial distribution of liquid inside the wheel is visible
in the stationary film thickness measurement. The dashed line represents the
effective insert protrusion.

solution for the rivulet inside the insert is obtained from the mass and momentum balance equations. A kinematically admissible flow in the rivulet
cross-section is assumed, which satisfies the no-slip conditions at the wall.
Then the momentum balance equation is formulated, which accounts for the
inertial effects associated with the rotation of the atomizer (Coriolis force),
inertia of the liquid in the rivulet, and viscous stresses. Furthermore, the
experimentally obtained results and the analytical description are compared
to the results of numerical simulations of the flow inside the wheel and especially the inserts.
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Figure 3.11: Sketch of the rotating wheel and the flow in the insert. As an example a wheel with four identical inserts is shown. Definition of the fixed laboratory coordinate system {X, Y, Z} and one rotating with the wheel, {x, y, z} and
{r, θ, z}. (Reprinted from Kuhnhenn et al. (2018), with permission of Springer
Nature. © 2018 Springer Nature.)

3.2.1 Solution for the Rivulet and Film Flow in the
Insert
A theoretical model for the flow in the insert is developed to predict the
thickness of the jet at the exit, since the jet covers only a small part of the
outlet area: one part describes the main rivulet (which at the insert exit
is transformed into a free jet) and another part the thin annular film flow,
which is also visible from the photographic images (cf. Fig. 4.2a).
The geometry of the wheel and the coordinate systems are defined in
Fig. 3.11. A fixed laboratory Cartesian coordinate system {X, Y, Z} with
the axial coordinate Z is defined. Correspondingly X and Y are located
in the wheel rotation plane. Furthermore, a Cartesian coordinate system
{x, y, z} is defined with the coordinate z coinciding with the axis of a rotating
insert, coordinate x is normal to the wheel rotating plane {y, z}. Since the
liquid flow in the insert forms a thin wall film or rivulet at the internal
interface of the insert, it is convenient to define also a cylindrical coordinate
system {r, θ, z}, where r and θ are the radial coordinate and the azimuth,
respectively. All three coordinate systems are depicted in Fig. 3.11.
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Consider also a wheel rotation with the constant angular velocity ω. The
angle between the axes z and X is therefore ϕ = ωt.
Consider a material point x = {r, θ(t), z(t)} moving in the wall film. The
velocity in the insert in the radial direction is assumed to be small in comparison with the axial and azimuthal velocity components, and is neglected
in the present study. The position of the point in the laboratory coordinate
system is
X(t) = z(t) cos(ωt) − y sin(ωt),
Y = z(t) sin(ωt) − y cos(ωt),

(3.6)

Z = −x.
The axial and the azimuthal components of the particle acceleration can be
derived from the geometrical considerations:
ar

=

[Ẍ sin(ωt) + Ÿ cos(ωt)] cos θ(t) − Z̈ sin θ(t),

(3.7)

aθ

=

[Ẍ sin(ωt) − Ÿ cos(ωt)] sin θ(t) − Z̈ cos θ(t),

(3.8)

az

=

Ẍ cos(ωt) + Ÿ sin(ωt).

(3.9)

The expressions for the point accelerations are then obtained with the help
of (3.6) and using the assumption that the film thickness is much smaller
than the insert radius (r ≈ b)
ar
aθ
az

−ω 2 b cos2 θ − bu2θ + 2ωuz cos θ,
ω2 b
sin 2θ − 2ωuz sin θ + Ro θ̈,
=
2
= −ω 2 z + z̈ + 2ωbuθ sin θ.

=

(3.10)
(3.11)
(3.12)

The equations of motion can then be written following the lubrication
approximation
1
∂2u
a = − ∇p + ν 2 ,
ϱ
∂l

u = ẋ,

(3.13)

where l is the distance of the liquid element from the wall (cf. Fig. 3.12).
These equations will be analyzed for the liquid flow on the internal surface
of the insert. It can be shown that the effect of the pressure in the liquid
film is much smaller than the effect of the forces associated with the wheel
rotation if the liquid is of low viscosity, ν ≪ ωbz.
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Figure 3.12: Magnification of one rotating insert with a thin annular film flow.
The liquid exits the insert on the right side due to centrifugal force (left picture).
The planes (a) y, z (top view) and (b) x, y (frontal insert view) are shown for
clarity. (Reprinted from Kuhnhenn et al. (2018), with permission of Springer
Nature. © 2018 Springer Nature.)

We roughly estimate the velocities in two main regions, thin liquid film
flow and rivulet flow, which are treated separately.
Solution for the Film Flow
The flow in a thin liquid film outside the rivulet is shown schematically in
Fig. 3.12. Consider an element of the liquid film of thickness h and a distance
l from the inner wall to a point, such that ∂/∂l = −∂/∂r, in the rotating
coordinate system {z, r, θ} (see Fig. 3.12).
We assume a steady creeping flow in the thin liquid film, using the assumption z̈ ≪ ω 2 z in the expression (3.12) for the axial acceleration. The
momentum equation (3.13) in the axial z direction
az = ν

∂ 2 uz
∂l2

(3.14)

allows the velocity profile in the film to be obtained
uz =
42

ω2 z
(2hl − l2 ),
2ν

uθ =

ω 2 Ro
(2hl − l2 ) sin 2θ.
4ν

(3.15)
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The local volumetric flux qz through the film thickness in the axial direction
can now be calculated
∫ h
ω 2 h3 z
.
(3.16)
qz ≡
uz dl =
3ν
0
Substitution of the expression (3.15) for the axial velocity uz in (3.11)
and in the momentum equation (3.13) in the azimuthal direction yields the
following expression for the azimuthal velocity
uθ =

)
]
l(l − 2h)ω 2 sin θ [(
−4h2 − 2lh + l2 ωz + 6νb cos θ .
2
12ν

(3.17)

The corresponding flux in the azimuthal direction is therefore
∫
qθ ≡

0

h

uθ dl =

4h5 ω 3 z sin θ h3 ω 2 b cos θ sin θ
−
.
15ν 2
3ν

(3.18)

A mass balance in a steady flow in a thin liquid film yields
∂qz
1 ∂qθ
+
= 0.
∂z
Ro ∂θ

(3.19)

We roughly estimate the value of the film thickness in the regions θ → 0
and θ → π, where ∂h/∂θ → 0, assuming a fully developed flow in the
film. Substitution of the expressions (3.18) and (3.16) in the mass balance
equation (3.19) yields
8κζδ 3 cos θ + 20δ sin2 θ − 15δ,θ sin 2θ
+ 30ζδ,ζ + 40κζδ 2 δ,θ sin θ = 0.
ωbRo
h
z
, κ=
, δ= .
ζ=
Ro
ν
b

(3.20)

In the region θ → 0 this equation reduces to
8κζδ 3 cos θ + 30ζδ,ζ = 0,

θ = 0.

The solution of the ordinary differential equation (3.21) yields
√
15νb
h= √
,
8ω(C + z)

(3.21)

(3.22)
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where C is an integration constant.
For low viscosity liquids the linearized solution for the film thickness is
obtained in the form
√
15νb
,
(3.23)
hf = √
8ω(Ro − Ri )
The total flux through the thin film at the exit can then be expressed as
√ √
5π 15 ων b5/2 Ro
Qf ≈ 2πbqz = √
.
(3.24)
8 2(Ro − Ri )3/2
Solution for the Rivulet Flow
In a second step the rivulet without the thin annular film flow is described
analytically (cf. Fig. 3.13). The rivulet is much thicker than the thin film
on the insert walls, therefore some inertial effects have to be accounted for.
The obtained flux through the thin film is subtracted from the known total
mass flux (mass flow meter) Q = Qtotal − Qf , to obtain the mass flux in the
rivulet.
Consider a cylindrical coordinate system {r, θ, z}, rotating together with
the insert. The flow in the insert can be rather complicated, including vortices generated by the rotation. We consider only a steady case and assume
the main flow velocity in the axial direction u = uz (r, θ, z)ez . Let us also
neglect the pressure in the liquid rivulet associated with the surface tension,
which is much smaller than the pressure associated with the inertial effects
caused by the rotation of the atomizer. The cross-section of the rivulet is
approximated by a truncated circle. The thickness h is determined from
geometrical considerations
)
(
cos θ∗
,
(3.25)
h=b 1+
cos θ
where θ∗ is the polar coordinate of the contact line. The cross-section area
of the rivulet A and the maximum height hr for small θ∗ are
A = b2 (θ∗ − cos θ∗ sin θ∗ ) ≈

2b2 θ∗3
,
3

hr ≈

bθ∗2
.
2

(3.26)

Expression (3.26) is obtained using the assumption of a planar surface of the
rivulet. It is an approximate solution. In reality the surface is deformed due
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Figure 3.13: Magnification of one rotating insert with the main rivulet. The
liquid exits the insert on the right side due to centrifugal force (left picture).
The planes (a) y, z (top view) and (b) x, y (frontal insert view) are shown for
clarity. (Reprinted from Kuhnhenn et al. (2018), with permission of Springer
Nature. © 2018 Springer Nature.)

to the vortical flow in the rivulet, which is not considered in this analysis,
since its influence on the momentum in the axial direction is small.
We approximate the axial velocity u by a parabolic profile. This is a continuous, kinematically admissible flow field satisfying the no-slip boundary
conditions at the wall, r = b, and shear-free condition at the rivulet surface,
r = b − h. We skip the algebraic expressions and present only the linearized
expression valid for small θ∗
u=

B(θ∗2 − θ2 )l[b(θ∗2 − θ2 ) − l]
,
θ∗2

l = b − r.

(3.27)

The coefficient B is found from the condition
∫

π+θ ∗

∫

Q=b

h

udldθ,
π−θ ∗

(3.28)

0

integration of which leads to
B=

945Q
.
64b4 θ∗7

(3.29)
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Now the equation of motion of the rivulet can be written in the integral
form:
( ∫
)
π+θ ∗ ∫ h
d
2
2
b
u dl = Fµ ,
(3.30)
−ϱω zA + ϱ
dz
π−θ ∗
0
where the shear force Fµ is obtained through the integration of the viscous
stresses at the wall of the insert
∫ π+θ∗
∂u
63µQ
Fµ = µb
dθ = − 2 ∗4 .
(3.31)
4b θ
π−θ ∗ ∂r
Substituting the expression (3.27) for the approximate velocity u in the
equation of motion (3.30) and accounting for the relation (3.26) between the
angle θ∗ and the rivulet thickness hr yields the following ordinary differential
equation for hr (z)
√
63µQ 4 2 √ 2 3/2
3969ϱQ2 h′r
−
ϱ bω zhr = 0,
(3.32)
−
√ √ 5/2 +
16h2r
3
2288 2 bhr
which can be simplified to
√
ϱQ2 h′r
µQ
−1.23 √ 5/2
+ 3.94 2 − 1.89ϱ bω 2 zh3/2
= 0,
r
hr
bhr

(3.33)

with the liquid density ϱ, the mass flow rate per insert Q, the rivulet thickness hr , the radius of the insert b, the dynamic viscosity µ and the angular
velocity ω, in dependency of the axial coordinate in the insert z. Prime
denotes differentiation in the z direction.
In the following analysis we use the numerical solution of differential equation (3.33). However, for low viscous fluids the second term in the equation
of motion (3.33) is much smaller than the other two. The equation of motion
is reduced to
h′r + 1.54

bω 2 z 4
h =0
Q2 r

the solution of which for a long insert yields
( )3
b
≈ 1 + 2.31Ω2 ,
hr
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(3.34)

(3.35)
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Figure 3.14: (a) Ratio hr /b as a function of dimensionless parameter Ω defined
in equation (3.36). (b) Linear dependence of hr /b on the dimensionless number
Ω2/3 as predicted in equation (3.37). (Reprinted (adapted) from Kuhnhenn
et al. (2017a). © 2017 Elsevier.)

with the dimensionless number Ω (cf. Figure 3.14a)
Ω=

ωb2 Ro
.
Q

(3.36)

For a thin rivulet, corresponding to Ω ≫ 1, the result can be further reduced
to
hr
≈ 0.76Ω−2/3 .
b

(3.37)

The dependence of hr /b on the dimensionless number Ω is shown in Figure 3.14b. The asymptotic solution (3.37) agrees very well with the full
computations of hr /b.

3.2.2 Influence of Initial and Boundary Conditions on
Analytical Solution
The equation describing the thickness of the rivulet inside the insert is a
differential equation (cf. eq. (3.33)) that on the one hand depends on the
initial conditions that are used to solve the equation and on the other hand
on the respective parameters, e.g. insert radius, liquid viscosity, feed rate,
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Figure 3.15: Analytically obtained rivulet thickness hr at z = Ro for different
initial conditions. The initial condition is only of relevance for high mass flow
rates and assumed thin films in the insert. (Reprinted (adapted) from Kuhnhenn
et al. (2017a). © 2017 Elsevier.)

etc. The following section deals with the questions arising from these different conditions that can be applied to the differential equation. How robust
is the differential equation with respect to the initial conditions? What is
the resulting rivulet thickness and what happens if we change the parameters? The results from the analytical calculation have to be validated with
experimental results, which will take place in chapter 4.
Initial Conditions for Differential Equation
Differential equation (3.33) can be solved numerically, subject to initial conditions for the rivulet depth at the entrance z = Ri . Exact conditions at
the entrance to the insert are not known. It is assumed that the thickness
at the insert entrance is comparable with the insert radius b. Figure 3.15
shows that the rivulet thickness hr at the exit from the insert depends only
slightly on the initial conditions. The variation of h at z = Ri is shown for
two different mass flow rates. In the case of a low mass flow rate (Fig. 3.15a)
the thickness hr at the insert exit (z = Ro ) differs only slightly for varying
initial thicknesses. For higher mass flow rates (Fig. 3.15b) the solution is still
stable and only shows a variation for very thin initial rivulet thicknesses (e.g.
h = b/16). In the further analysis all the jet thicknesses are computed using
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Figure 3.16: (a) Analytically obtained mass flow rate through rivulet (cf.
Fig. 4.2a). (b) Ratio between rivulet and film mass flow rate. (Reprinted
(adapted) from Kuhnhenn et al. (2017a). © 2017 Elsevier.)

the initial conditions h = b/2 at z = Ri . It will be shown that this choice
of the initial conditions leads to an excellent agreement with the results of
CFD computations (cf. section 3.3).

Resulting Jet Thickness at Insert Exit
Figure 3.16a shows the calculation of the mass flow rate in the rivulet, by
calculating the film mass flow rate according to equation (3.24) and subtracting it from the total mass flow rate. Additionally in Fig. 3.16b the
fraction of the rivulet and the film mass flow rate is shown for reference. For
low mass flow rates the mass flow through the thin film can be of the same
order of magnitude as the rivulet mass flow. Nevertheless, for most operating conditions the mass flow rate through the rivulet predominates and
therefore, the rivulet mass flow rate and thickness can be used for further
investigations as main parameters. The resulting rivulet thickness hr at the
exit of the insert, obtained with the help of equation (3.33), is plotted in
Fig. 3.17, together with the results from CFD simulations (cf. section 3.3).
Figure 3.17 shows that the rivulet thickness decreases with increasing speed
and increases with increasing mass flow rate. The same behaviour can be
observed in the experimental investigations (cf. Fig. 4.4 and Fig. 4.5).
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Figure 3.17: Operating liquid - water (µ = 1 mPa s): Jet initial thickness obtained
from equation (3.33). Red filled markers are obtained by numerical simulations
(cf. section 3.3). (Reprinted (adapted) from Kuhnhenn et al. (2017a). © 2017
Elsevier.)

Influence of Viscosity
The analytical model is capable of considering the influence of a change in
liquid viscosity. Since the spray drying of water is not the intended use of a
spray drying plant the viscosity is an important parameter. The industrial
feeds are quite often of high viscosity and sometimes rheologically more
difficult than simple Newtonian liquids, although this cannot be captured in
the presented model. As soon as the influential parameters for Newtonian
liquids can be confirmed from experimental results and the analytical model
has been validated it can be extended in the future, based on the findings of
this study.
Figure. 3.18 shows the influence of an increase in viscosity on the ratio
of the jet and film mass flow rates. In contrast to the previously presented
results (cf. Fig. 3.16b) the mass flow rate through the rivulet is not dominating anymore. In several cases the ratio goes to zero, i.e. all mass is
transported through the thin film and not the rivulet, as also visible from
experimental investigations (cf. Fig. 4.6c). It will be shown in section 5.1.2,
that it is favourable to have a high ratio of the mass flow rate into jet and
film.
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Figure 3.18: Ratio between rivulet and film mass flow rate. (Reprinted (adapted)
from Kuhnhenn et al. (2018), with permission of Springer Nature. © 2018
Springer Nature.)

Changing the Boundary Conditions
The results presented in the last paragraphs are directly related to the atomizer setup that is also used in the non-laboratory scale. Geometrical
boundary conditions, e.g. the number of inserts, insert radius, insert length,
wheel diameter, etc. can be changed very easily in the analytical modelling,
in contrast to a change on the real spray dryer. In the scope of this study
also different insert diameters have been investigated experimentally and
are therefore analysed in this section. The resulting jet thickness hr for inserts with a radius of b = 1 mm is shown in Fig. 3.19. Fig. 3.19a considers
four inserts, whereas Fig. 3.19b considers two open and two blocked inserts
to reduce the outflow area. As expected the jet thickness increases with
a decrease of the outflow area, which can also be seen from experimental
investigations in chapter 4.
More interestingly, Fig. 3.20 shows the ratio of the mass flow rate into
thin film and liquid rivulet. With a decrease of the insert radius the mass
flow rate into the rivulet experiences a major increase, or more precisely the
mass flow rate into the thin film highly depends on the insert radius b and
decreases significantly. Therefore, the ratio of the mass flow rates increases,
which is favourable in terms of a good atomization (cf section 5.1.2). In
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Figure 3.19: Initial jet thickness for inserts with b = 1 mm.
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Figure 3.21: Ratio of mass flow rate into jet and thin film for a channel wheel
with 24 inserts (a) and for the baseline case with longer inserts (b).

order to improve the mass flow ratio for higher viscosities, a first step could
be the reduction of the insert radius b, as well as the use of fewer inserts.
Besides the insert radius b it was already shown that a decrease of the number of inserts results in a lower mass flow rate into the thin film. Fig. 3.21
depicts two more possible changes, i.e. a change of the insert shape (24 rectangular inserts) and the insert length. If the number of inserts is increased
and the shape is changed to a rectangular insert (Fig. 3.21a), a high mass
flow rate into the thin film develops. The thin film is present in each of
the 24 inserts and therefore reduces the amount of liquid into the rivulet to
a higher extent (fewer inserts result in less overall mass flow into the thin
film). On the other hand the influence of the insert length can be studied
from Fig. 3.21b. This has to be compared directly to Fig. 3.16b, since this
is the baseline case but with increased insert length. In the baseline configuration the ratio varied in the range of 2 to 35, whereas an increase of the
insert length leads to a range of 5 to 80. Longer inserts yield more mass
into the rivulet, which is favourable in terms of a uniform atomization (cf.
section 5.1.2).
It can be concluded from the analytical investigation of the flow inside the
insert, that the number of inserts should be low, as well as the radius should
be small. Furthermore, a longer insert length leads to a better distribution of
the liquid (mass flow ratio), since more mass is transported into the rivulet,
53

3 Internal Flow in the Rotary Wheel and the Insert

due to the Coriolis force. These factors can counteract the negative effects
of a higher viscosity on the balance between mass flow rate in the rivulet
and the thin film.

3.3 Numerical Simulations of the Internal
Flow in the Atomizer
Numerical simulations (CFD), conducted by a CFD engineer from the partner company GEA Process Engineering A/S, are used to obtain a better
understanding of the hydrodynamics inside the insert, as this area of the
atomizer wheel cannot be accessed in the experiments. The simulations are
performed using ANSYS FLUENT. A Volume of Fluid (VOF) approach is
used to represent the two phases. The face fluxes near the phase interface
are calculated using the GEO-RECONSTRUCT scheme. Gravitation and
surface tension forces are included. Due to the periodic layout of the geometry, only one quarter of the wheel has been modelled. Periodic boundaries
are applied at each side of the computational domain. The model is further
simplified such that the inner part of the wheel is omitted, as it should not
influence the flow in the outer part of the wheel. The inner periphery of
the wheel is given a zero gradient, zero flux boundary condition (symmetry
boundary condition). The outlet of the model is given a zero gauge pressure outlet boundary condition. To model the transport of water from the
inner part of the wheel to the water residing around the bushings, a source
term for mass and momentum is applied to the cells in the water phase near
the water/air interface. A conformal hexahedral mesh with 900,000 cells is
used for the calculations. The mesh is stretched such that the bushing film
flow is well resolved. The mesh inside the wheel is stretched such that the
air/water interface is well resolved. The numerically obtained intersection
on the insert exit is shown in Figure 3.22, coloured by VOF. The jet thickness obtained from these simulations is shown in Fig. 3.17 together with the
analytical results from equation (3.33). The results from the CFD match
almost perfectly the analytical prediction; only small deviations are visible.
As a qualitative comparison of the outflow from CFD with experimental results Fig. 4.3 can be taken into account, supporting the calculated shape of
the jet at the insert exit.
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(a) 10,500 rpm, 100 kg/h (b) 20,000 rpm, 100 kg/h (c) 29,000 rpm, 100 kg/h

direction of
rotation
✲

(d) 20,000 rpm, 200 kg/h (e) 20,000 rpm, 300 kg/h
Figure 3.22: Results obtained with the help of CFD for the baseline configuration
with four inserts with b = 2 mm. The plots are shaded by the VOF and show
the cross-section of the inserts at the exit. In addition to the liquid jet on one
side of the insert, an annular film flow can be seen around the periphery of the
insert. (Reprinted from Kuhnhenn et al. (2017a). © 2017 Elsevier.)
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and Film
Parts of this chapter have already been published in Kuhnhenn et al. (2017a,
2018). Furthermore, Wolf (2017) supported the experimental investigations.
The external flow around the atomizer wheel is a direct result from the
internal flow in the insert described in chapter 3. Since the flow inside
the inserts is not accessible with image based measuring techniques, the
resulting flow outside the wheel has to be considered and the results have to
be transferred back to the flow inside the insert and can be compared to the
results of the analytical model. This chapter explains first the experimental
setups that are used for various experimental investigations of the external
flow. Afterwards, qualitative results are presented, followed by a detailed
quantitative analysis.

4.1 Experimental Configuration
In this chapter several different experimental setups are used to acquire the
necessary images of the external flow. The experimental test rig used in these
investigations already is described in section 2.1, although the specific details
used for the corresponding investigations differ slightly. Therefore, Table 4.1
summarizes the main differences which are related to the optical setup, i.e.
the camera. The laser described in section 2.1 is the illumination source in
all cases. Additional experiments were conducted to visualize the insert exit
from a frontal view to get further knowledge about the liquid distribution
at the insert exit and to get a validation for the assumptions regarding
the liquid shape in the analytical model (section 3.2). Therefore, the camera
(FlowSense 2M) is mounted on a Scheimpflug adapter in front of the atomizer
wheel (see Fig. 4.1) together with the laser system to visualize the exit plane
of the inserts. Due to the liquid leaving the wheel in a horizontal plane
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rotary atomizer
wheel
laser
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Figure 4.1: Experimental setup for the visualizations of the exit plane of the
inserts with the help of a Scheimpflug adapter mounted on the camera.

around the wheel, the camera could not be mounted directly in front of the
inserts.

4.2 Visualization of the Jet Flow
A regular atomizer wheel with four inserts with a radius of b = 2 mm is
the baseline case. In order to decrease the outflow cross-section, also inserts
with a radius of b = 1 mm are used in the experiments, either in the configuration with four inserts or only two inserts, while the remaining inserts are
blocked with plugs. Additionally, a wheel with rectangular openings (channel wheel) is considered. These experiments and therefore the visualization
of the liquid exiting the atomizer wheel are used to validate the analytical
model based on a qualitative comparison. Moreover, in further experiments
also a quantitative comparison should be achieved. The rivulet flow in the
insert, described in chapter 3, is transformed into a free jet at the insert exit.
Therefore, the description of the rivulet flow (internal) is now referred to as
a jet flow (external).
Baseline Case: Four inserts with b = 2 mm
Example images obtained with the setup shown in Fig. 2.1a and Fig. 4.1 are
presented in Fig. 4.2 and 4.3 for different operating conditions. The liquid
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Table 4.1: Summary of the used experimental configurations for the visualizations
of the external flow.

Frontal view
Camera
Camera resolution
FOV
Resolution
View

FlowSense 2M
1600 px × 1200 px
14.27 mm × 10.7 mm
8.92 µm/px
front

Jet thickness
Camera
Camera resolution
FOV
Resolution
View

pco.edge 5.5
2560 px × 2160 px
17.5 mm × 14.8 mm
6.85 µm/px
bottom

Breakup length
Camera
Camera resolution
FOV
Resolution
View

pco-edge 5.5
2560 px × 2160 px
53 mm × 44.7 mm
20.70 µm/px
bottom

PIV
Camera
Camera resolution
FOV
Resolution
View

FlowSense 2M
1600 px × 1200 px
17.7 mm × 13.3 mm
11.08 µm/px
bottom
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(c) 50 mPa s, 10,500 rpm

(d) 1 mPa s, 20,000 rpm
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(f) 50 mPa s, 20,000 rpm

(g) 1 mPa s, 29,000 rpm

(h) 20 mPa s, 29,000 rpm

(i) 50 mPa s, 29,000 rpm

direction
of rotation

(b) 20 mPa s, 10,500 rpm

Figure 4.2: Exemplary images in bottom view (direction of rotation from bottom
to top) for increasing viscosity (left to right) and increasing wheel speed (top to
bottom). The feed rate is kept constant at 200 kg/h.
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(a) 1 mPa s, 10,500 rpm

(b) 20 mPa s, 10,500 rpm

(c) 50 mPa s, 10,500 rpm

(d) 1 mPa s, 20,000 rpm
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Figure 4.3: Exemplary images with a frontal view on the insert exit plane (direction of rotation from left to right) for increasing viscosity (left to right) and increasing wheel speed (top to bottom). The feed rate is kept constant at 200 kg/h.
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viscosity increases from left (µ = 1 mPa s) to right (µ = 50 mPa s), whereas
the wheel speed increases from top (10,500 rpm) to bottom (29,000 rpm).
The feed rate is kept constant in all cases (200 kg/h). The liquid exits the
wheel in a jet-type flow and most of the liquid accumulates on the trailing
edge of the insert due to the Coriolis force. A thin annular film flow is
present in the insert for all operating conditions, visible by the small droplets
leaving the periphery of the insert. The thin annular film becomes more
dominant with increasing viscosity (cf. Fig. 4.2 and Fig. 4.3 middle and right
column), as also stated by the analytical description of the rivulet inside the
insert (section 3.2). The liquid jet becomes thinner with increasing viscosity,
since more mass is transported into the thin film, although the overall mass
flow rate stays constant. For low viscosity the thin annular film breaks up
immediately after the insert exit and small droplets are ejected, which is
mainly visible for low wheel speeds (Fig. 4.2a,d,g and Fig. 4.3a,d,g). An
increase in viscosity provokes small fingers protruding from the thin annular
film. These small fingers become longer with a further increase in viscosity
from µ = 20 to 50 mPa s. An increase in wheel speed (top to bottom) with
a constant feed rate leads to a thinning of the jet, while the exit velocity is
increased (stronger acceleration and therefore thinning of the jet). For the
same reason, the droplets emerging the thin film become smaller and gain
speed. The frontal view on the insert is shown in Fig. 4.3, clarifying the
jet shape and the thin annular film flow at the insert exit. The conclusion
from the bottom view images (cf. Fig. 4.2) is reliable, since the presence of
the thin annular film around the periphery of the insert can be confirmed.
Furthermore, the dominance of the thin annular film with increasing viscosity
becomes visible. Even for higher wheel speeds the small droplets around the
periphery are clearly visible, supporting the idea of a larger mass flow rate
into the thin film with higher viscosity.
Changed Outflow Area: New Insert Geometry
In Fig. 4.4 the frontal view on the insert exit plane for a changed outflow
geometry is displayed. Fig. 4.4a to 4.4f show the case with two inserts with
b = 1 mm, while the two remaining inserts are blocked to reduce the outflow
area by a factor of 8 in comparison with the baseline case. A completely
new wheel geometry is depicted in Fig. 4.4g to 4.4i. Rectangular openings
62

4.2 Visualization of the Jet Flow

(a) 50 kg/h, 10,500 rpm

(b) 50 kg/h, 20,000 rpm

(c) 50 kg/h, 29,000 rpm

(d) 200 kg/h, 10,500 rpm

(e) 200 kg/h, 20,000 rpm

(f) 200 kg/h, 29,000 rpm

(g) 300 kg/h, 10,500 rpm

(h) 300 kg/h, 20,000 rpm

(i) 300 kg/h, 29,000 rpm

direction
of rotation

Figure 4.4: Exemplary images with a frontal view on the insert exit plane (direction of rotation from left to right) for increasing wheel speed (left to right)
and increasing mass flow rate (top to bottom). The viscosity is kept constant
at 1 mPa s.
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(width: 3 mm, height: 4 mm) are used in this case and the number of inserts is increased to 24 (increase in outflow area by a factor of 5.7). Even
with a reduced outflow area the liquid covers only a small amount of the
outflow area, leading to the conclusion that the capacity limit is not reached
yet. Although, due to the acceleration of the liquid inside the inserts, the
outflow area can never be completely covered. Furthermore, the images in
Fig. 4.4 support the results from the analytical description of the flow inside
the inserts in section 3.2. As expected, the jet thickness increases with a
reduction of the insert radius b, which can be observed in a comparison of
Fig. 4.3 and 4.4. Additionally, the ratio of the mass flow into the liquid
jet and the thin film can be verified qualitatively. The analytical approach
concludes that the ratio of the mass flow into jet and thin film is changing
with the insert radius towards a higher ratio, i.e. less mass into the thin
film with a smaller insert radius, which can be verified by these images.
Furthermore, the question arises, whether it is possible to describe the flow
inside the channel wheel based on an equivalent diameter that is used in the
presented analytical model. Since a thin film flow (around the periphery)
develops in each radial opening and the number of openings is increased to
24, the analytical model predicts a low ratio of jet mass flow towards film
mass flow. The film thickness of the jet is much smaller compared to the
baseline case, which is expected due to the increase in outflow area.
Based on the initial assumption that the thickness of the main liquid jet
leaving the insert is the primary influencing parameter for drop size, the
thickness has to be quantified.

4.3 Jet Thickness
To validate the analytical model of the flow in the insert (cf. section 3.2) the
images that are captured from the atomization process with the experimental
setup presented in section 2.1 are analysed quantitatively. Therefore, a large
number of operating points is used to get a variety of different images showing
the liquid jet exiting the atomizer wheel (cf. Fig. 4.2). Image processing
algorithms are used to detect the thickness of the liquid jet. To obtain a
statistical significant value of the jet thickness, single pictures are analysed
and the mean value for the thickness is specified. The liquid jet can be clearly
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distinguished from the background in many cases and has a sharp contour.
The intensity values across the liquid jet are used to detect the according
jet thickness. A peak width at relative height algorithm is used to evaluate
the highest peak (intensity value) of the inverted intensity distribution. It
is assumed that the jet generates the lowest (black) intensity value and the
finite thickness of the jet generates a plateau in the intensity values across
the jet. By choosing a relative height with a manual calibration on selected
images, the algorithm detects the width of the plateau up to the point of
the relative height (outer contour of the liquid jet is reached). From the
point of the highest peak the algorithm moves in both directions until a
certain threshold (relative height) is reached and calculates the distance in
µm to detect the thickness. To achieve reliable results, the jet has to be
clearly distinguishable. Since the resolution of the camera is known from
a calibration of the experimental configuration, the thickness of the jet can
be detected based on single images. Statistical significance can be reached,
since N > 200 images are analysed per approach (cf. Fig. 4.5b), although the
fluctuation of the jet thickness can lead to rather large standard deviations.
As visible from the frontal view of the insert (cf. Fig. 4.3), the jet shape
is not a perfect semi circle. Due to the fact that the bottom view tries
to visualize a three-dimensional phenomenon into a two-dimensional image,
a certain deviation between experimentally obtained jet thickness and the
analytical prediction towards slightly higher jet thicknesses is unavoidable.

4.3.1 Measurements
The results of the jet thickness analysis are presented for the baseline case
with four inserts with b = 2 mm in Fig. 4.5. With increasing speed of the
wheel the jet thickness decreases and increases with increasing mass flow
rate, which is an expected behaviour. Furthermore, low mass flow rates
(<150 kg/h) exhibit a nearly constant jet thickness with increasing wheel
speed. As the position of the liquid in the exit plane of the inserts (cf.
Fig. 4.6a and 4.6b) changes significantly in certain time steps, the measured
jet thickness (in the bottom view) fluctuates. Although the amount of liquid transported in the main jet is constant, this behaviour can cause rather
large errors in the estimation of the experimental jet thickness. Furthermore, small ligaments and droplets leaving the jet increase the noise in the
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Figure 4.5: (a) Jet thickness obtained from experimental investigations by image
processing for µ = 1 mPa s. (Reprinted (adapted) from Kuhnhenn et al. (2017a).
© 2017 Elsevier.) (b) Convergence of the jet thickness hr over the number of
pictures taken into account (10,500 rpm, 200 kg/h).

experimental results. The statistical significance of a representative measurement is presented in Fig. 4.5b, showing the evolution of the mean jet
thickness with an increasing number of images taken into account for the
evaluation. Although the jet thickness is not constant, due to load fluctuations and changes in the outflow position, as well as ligaments disturbing the
thickness estimation, a reliable result can be obtained if a sufficient amount
of images is considered.
If the viscosity is increased, the differentiation of jet and thin film is not
reliably possible anymore, due to the large mass flow rate into the thin film
and the enhancement of ligaments and long fingers. In certain experimental
cases the liquid rivulet vanishes completely and only a thin film is visible
as shown in Fig. 4.6c, which makes an automated measurement of the jet
thickness fault-prone.
To further validate the analytical model and because higher viscosities
could not be validated with the jet thickness estimation, a PIV analysis is
presented in section 4.5.1 considering the exit velocity of the liquid jet and
furthermore the thin liquid film.
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(a) Frame 1

(b) Frame 2

(c) No rivulet

Figure 4.6: Frontal view on the baseline case configuration with b = 2 mm,
10,500 rpm, 200 kg/h and 1 mPa s. Two subsequent frames (a - b) show the
fluctuation of the position of the main liquid jet on the insert exit. (c) At certain operating points the liquid rivulet vanishes and only a thin film is visible.

4.3.2 Model Validation
Analytical (Fig. 3.17) and experimental results (Fig. 4.5) show the same
trend of decreasing jet thickness with increasing wheel speed, although the
absolute values cannot be matched in all cases. Nevertheless, the experimental results clearly show that the analytical model captures the predominant
physical effects in the atomizer wheel that are relevant for the generation of
the liquid rivulet. It is now possible to predict the fraction of the mass flow
through the thin film and the rivulet, as well as the thickness and velocity
of the jet at the exit of the insert, according to eq. (3.33). Therefore, the
behaviour of the liquid exiting the atomizer wheel can be predicted without
the necessity of conducting experiments. Next, the hypothesis is made that
the resulting D32 correlates with the initial jet thickness hr , which would
enable prediction of the outcome of the atomization based on the analytical
model. Furthermore, the analytically predicted exit radial and tangential
velocities of the liquid jet and film will be further analysed in section 4.5.1.

4.4 Breakup Length
The liquid exiting the wheel breaks up into smaller fragments at a certain
distance to the wheel, depending on the initial operating conditions, like
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wheel speed, mass flow rate and viscosity. The distance where the continuous liquid jet is split is called breakup length and is widely investigated in
literature for different kind of sprays or liquid jets (Eggers, 1997; Eggers and
Villermaux, 2008; Lee et al., 2007; Lekic and Birouk, 2009; Lin and Reitz,
1998; Reitz and Bracco, 1986; Sallam et al., 2004; Ng et al., 2008). The
breakup of the liquid jets is mostly related to surface tension and growing
instabilities, at least in the region where the jet flow is laminar (Rayleigh,
1878, 1892) and no crossflow occurs. The breakup length is a typical length
scale that is important to understand the atomization process. In order to
detect the breakup length for the type of atomizer investigated in this thesis
additional experiments with a large FOV (53 mm × 44.7 mm) are conducted
(cf. Tab. 4.1).
The breakup length is detected by image processing, i.e. a MATLAB algorithm is developed and used to detect the breakup length in single images.
A large number of images (N > 200) is captured in each case for different
operating conditions. After the rotational correction of the images (cf. section 2.2.1 and Fig. 4.7a) the contour of the liquid leaving the insert has to
be detected. Therefore, the image is binarized with a local threshold, i.e.
the image is segmented into smaller parts and a local threshold for the binarization is detected in order to take the inhomogeneity of the background
into account (cf. Fig. 4.7b).

(a) Original image

(b) Binarized image

(c) Breakup length

Figure 4.7: Exemplary images obtained with the breakup length setup. The
baseline case with four inserts with b = 2 mm, 10,500 rpm, 100 kg/h and 1 mPa s
is shown.
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Figure 4.8: Exemplary cumulative distribution map (a) and the detected breakup
length (b) for the baseline case with four inserts with b = 2 mm, 10,500 rpm,
100 kg/h and 1 mPa s are shown.

The segments in the binarized images are then further analysed. An algorithm follows the contour of the segments and detects the longest continuous
part, starting from the insert exit, exemplary depicted in Fig. 4.7c. The
length of this detected segment can be calculated from a spline fit following the trajectory of the jet. This detection method is executed for a large
amount of images, i.e. the statistical fluctuation of the breakup length can
be captured. In the end it is possible to assign to each operating condition
a specific breakup length based on the experimentally obtained images.
Another possibility is the estimation of a certain probability for the liquid
jet to break up. Therefore, the binarized images are used to create an averaged image of the breakup process. This averaged image now represents a
cumulative distribution function in form of a distribution map (Pope, 2000).
Regions with the probability to contain liquid or air can be identified, since
the binary image contains only the information that a certain part contains
liquid (1) or air (0). Such a distribution map is shown in Fig. 4.8a. The probability of detecting liquid can now be used to determine a breakup length,
since a probability of Ψ = 0.5 can be used as a threshold for the occurrence of
breakup, around which the breakup length fluctuates. This method can be
applied assuming that the breakup length fluctuates according to a Gaussian
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distribution. The detected breakup length plotted on top of a mean image
is shown in Fig. 4.8b.

4.4.1 Visualization of the Breakup Length
This section deals with the qualitative analysis of the breakup of the liquid
exiting the atomizer, similar to the results presented in section 4.2, but with a
larger FOV to capture the breakup length. Several different operating conditions are depicted in Fig. 4.9. The top row shows an increasing wheel speed,
whereas the mass flow rate is kept constant at 100 kg/h. The trajectory of
the liquid exiting the wheel doesn’t change significantly, although the tangential speed is increased from 55 to 150 m/s. This is caused by the increase
in the radial velocity of the jet, since the higher rotational speed accelerates
the liquid in the insert and therefore the angle of the liquid with respect
to the wheel does not change. The analytically calculated ejection angle is
shown in Fig. 4.10, which is based on the volumetric velocity of the jet from
the analytical model presented in section 3.2 and the rotational speed of the
wheel. The angle varies only over a small range around 60°, which can be
confirmed by the experimental results. The breakup of the liquid exiting the
wheel for a higher mass flow rate of 300 kg/h is depicted in Fig. 4.9d to 4.9f.
In comparison with the low mass flow rate the breakup length is increased
and with increasing wheel speed the breakup length still stays at the same
level. The liquid jets leaving the atomizer wheel are thicker, as already investigated in section 4.3. In order to validate these observations the breakup
length is estimated for a larger set of experiments in the following section.

4.4.2 Measurements
With increasing jet velocity and mass flow rate the detection of the breakup
length becomes difficult, since the spray is more dense and the fragments are
smaller. Finding the first point where the liquid core is not intact anymore
is challenging. Structures that in some cases only have a thickness of a few
pixels are crucial for the detection of the breakup length and can largely
influence the result. If the speed is increased these small ligaments become
even smaller and cannot be resolved anymore. The detection of the breakup
length therefore is done in terms of the generation of probability maps that
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(a) 10,500 rpm, 100 kg/h (b) 20,000 rpm, 100 kg/h (c) 29,000 rpm, 100 kg/h

(d) 10,500 rpm, 300 kg/h (e) 20,000 rpm, 300 kg/h (f) 29,000 rpm, 300 kg/h
Figure 4.9: Exemplary images obtained with the breakup length setup for µ =
1 mPa s. The baseline case with four inserts with b = 2 mm and increasing wheel
speed (left to right) for two different mass flow rates is shown.
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Figure 4.10: Ejection angle of the liquid jet exiting the wheel, calculated from
the analytical model presented in section 3.2. The angle only changes in a small
range, since a higher rotational speed also causes higher jet velocities.

describe the probability of the presence of liquid or air. By finding the
contour line where the probability for the occurrence of water is 50 % the
breakup length can be detected.
The breakup length obtained from the probability analysis (cf. Fig. 4.8a)
is shown in Fig. 4.11a for different wheel speeds and mass flow rates. With
increasing mass flow rate, i.e. a thicker jet thickness at the insert exit (cf.
Fig. 4.5a), the breakup length increases, as already seen from the qualitative
analysis. Additionally, if the wheel speed is increased, resulting in larger jet
velocities (cf. Fig. 4.11b), the breakup length only decreases slightly for the
largest mass flow rates. In some cases the breakup length slightly increases
with increasing wheel speed. Fig. 4.12 depicts the breakup length detected in
the single picture analysis, indicating that the use of a 50 % threshold for the
detection of the breakup length is reasonable, since both diagrams show the
same trend. Although the detection of a single picture breakup length might
be error-prone, good agreement is visible. For most of the wheel speeds,
i.e. jet velocities, the breakup length stays constant, as already shown in
literature for high jet velocities (Haenlein, 1931; Lefebvre and McDonell,
2017; Eggers and Villermaux, 2008). According to Eggers and Villermaux
(2008) this effect relates to the shear instability that is responsible for the
jet peeling-off, i.e. the aerodynamics influence the breakup length of the jet.
According to Fig. 4.9f this can be confirmed, since small droplets emerge
from the lee side of the liquid jet further away from the wheel. Nevertheless,
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(a) Breakup length over wheel speed (b) Breakup length over jet velocity
Figure 4.11: Breakup length Lbr of the liquid exiting the atomizer wheel, based
on experimental investigations (cumulative distribution). Viscosity µ = 1 mPa s
and insert radius 4 × b = 2 mm.

the breakup length will also be further analysed in terms of the stretching
of liquid at the exit due to the kinematics of the wheel, as presented in
section 4.5.
The Reynolds number Re l of the liquid jet, based on the thickness of the
liquid jet, is in the range of 5000 to 20,000 or 60,000 to 180,000 if the radius
b is used as a length scale. In both cases the liquid jet is turbulent, since the
critical Reynolds number Re crit for the transition of the jet from laminar to
turbulent flow is reached (Lefebvre and McDonell, 2017)
(
Re crit = 12,000

1
hr

)
,

(4.1)

with the rivulet thickness hr . The maximum critical Reynolds number is
Re crit = 1300, which confirms the turbulent conditions of the liquid jet.

4.4.3 Model for the Breakup Length
Several studies can be found that deal with the disintegration of liquid jets
for turbulent and laminar conditions (Lefebvre and McDonell, 2017; Eggers
and Villermaux, 2008; Lee et al., 2007; Lekic and Birouk, 2009; Lin and
Reitz, 1998; Sallam et al., 2004, 2002; Reitz and Bracco, 1986; Grant and
Middleman, 1966; Wu and Faeth, 1995), which conclude that not a single
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Figure 4.12: Breakup length Lbr of the liquid exiting the atomizer wheel, based
on the analysis of single pictures (N > 200). Viscosity µ = 1 mPa s and insert
radius 4 × b = 2 mm.

mechanism is responsible for jet breakup and often a combination of several factors has to be considered. Besides aerodynamically induced unstable
waves, liquid jet turbulence, nozzle geometry, viscosity or the surrounding
airflow, many more factors can influence the outcome of the jet breakup
(Lefebvre and McDonell, 2017). Nevertheless, even if the detailed mechanisms cannot be resolved, several empirical correlations can be found in the
above mentioned literature. Based on the initial jet velocity ur , together with
the capillary breakup time as a simplified breakup time (Rayleigh, 1878) the
breakup length can be described with
√
tbr =

ϱl b3th
σ

√
with bth =

Qr
,
πur

(4.2)

with the liquid density ϱl , theoretical jet radius bth , surface tension σ and
initial jet velocity ur . The capillary breakup time tbr is derived from the
Rayleigh breakup regime and therefore eq. (4.2) is only valid for laminar
operating conditions. With increasing surface tension σ the breakup time
tbr is reduced (cf. to breakup of stretched liquid threads in Mescher (2012)),
whereas for turbulent conditions the breakup time would be delayed. By
considering the mass flux through the jet and the volumetric velocity at the
insert exit, the equivalent theoretical jet radius bth can be calculated. The
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Figure 4.13: Calculation of the breakup length Lbr with the velocity ur and the
capillary breakup time tbr according to eq. (4.2).

breakup length Lbr is obtained by
√
Lbr = ur tbr = ur

ϱl
σ

(

Qr
πur

3/4 1/2 1/4

)3/4
= 0.42

Qr ϱl ur
σ 1/2

,

(4.3)

where the initial jet velocity ur has to be obtained from eq. (3.33). Fig. 4.13
shows the result of eq. (4.3) together with the results from the experimental
breakup length Lexp . The measurements for the breakup length agree very
well with the theoretical predictions. An increase in the initial velocity, e.g.
due to an increase in wheel speed, results in a small increase of the breakup
length, as also visible in the experimental investigations (cf. Fig. 4.11). If
the volume flow rate is increased, the breakup length increases to a larger
extent, since the initial velocity as well as the breakup time are becoming
larger. The airflow in the vicinity of the wheel does not seem to influence
the breakup length, since the results show a good agreement with the initial
jet velocity.
Although the liquid jet at the exit of the wheel is stretched due to the
kinematics of the wheel (cf. section. 4.5), the stretching does not influence
the breakup length of the liquid jet. As already shown by Weickgenannt
et al. (2015) the breakup time does not depend on the acceleration for high
acceleration rates (i.e. stretching rates). The characteristic stretching rate
at the injection point will be described in the following section 4.5.
Eq. (4.3) describes the breakup length of the liquid jet in dependency
of the volume flow rate and the initial velocity. Based on this correlation,
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which is only valid for low viscosity, the theoretical breakup length Lbr can
be predicted. The correlation of the breakup length with the initial velocity
indicates that the jet velocity is an important factor for the breakup length.
Together with the breakup time of the liquid jet the resulting breakup length
can be well described. In chapter 5 the resultant droplet size and velocity will
be further investigated in a radial distance of 30 to 110 mm from the wheel.
The closest data points to the wheel (30 mm) could be located in the ongoing
breakup zone, which could lead to the production of non-spherical droplets.
Therefore the main analysis is carried out in a distance of 110 mm from
the wheel, which is beyond the theoretically and experimentally predicted
breakup length.

4.5 Jet Kinematics
An approximate shape of the ejected jet and the velocity distribution near
the atomizer can be determined neglecting the influence of the aerodynamic
forces on the flow in this jet. A material point, ejected from the insert at the
time instant tj < 0 is followed. At this instant the insert is aligned at the
angle θ = −ωtj as shown in Fig. 4.14a. The coordinate of a material point
in the jet and its velocity vector at this instant in the laboratory Cartesian
coordinate system {x, z} with the base vectors ex and ez are
X0 = R sin θex + R cos θez ,

U0 = Vjet er + ωReθ ,

(4.4)

where
er = sin θex + cos θez ,

eθ = − cos θex + sin θez .

(4.5)

At the time instant t > tj , when the insert is in the vertical position, the
position of the material point is X = X0 + U0 (t − tj ) = X0 + U0 (t + θ/ω).
In the coordinate system {x, z} the position X is
X = R [(1 + sΘ) sin θ − Θ cos θ] ex
+ R [(1 + sΘ) cos θ + Θ sin θ] ez ,
(4.6)
Vjet
, Θ ≡ θ + ωt.
with s ≡
ωR
Equation (4.6) determines the shape of the jet centerline in a parametric
form, with θ being a parameter. In the case t = 0, Θ = θ equation (4.6)
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Figure 4.14: (a) Sketch of a rotating wheel with pathlines (dotted) and the
streakline of liquid from one insert. The dots represent different instants in time.
(b) Comparison of theoretical jet shape from equation (4.6) with experimental
data. Speed: 10,500 rpm, feed rate: 200 kg/h. (Reprinted from Kuhnhenn et al.
(2017a). © 2017 Elsevier.)

defines the jet shape at t = 0 when the insert is vertical. The theoretical
jet shape is compared to experimental data for one operating point in Figure 4.14b. The deviation between experiments and analytical prediction are
caused due to aerodynamic influences. This comparison already reveals that
the influence of aerodynamic forces are minor and can be neglected in the
direct vicinity of the wheel.
A characteristic stretching rate γ̇ in the liquid jet just beyond the exit
plane of the insert can now be estimated. This is an important parameter
which is presumed to significantly influence the atomization process of the
liquid jet. An element of the jet length dλ is determined as
(
dλ =

∂X ∂X
·
∂θ ∂θ

)1/2
dθ = R

√

(Θ2 + 1) s2 + 2Θs + Θ2 dθ.

(4.7)

Therefore, the stretching rate can be estimated as
( 2
)
Θs + s + Θ ω
1 dλ
ω dλ
=
=
.
γ̇ =
dλ dt
dλ dΘ
(Θ2 + 1) s2 + 2Θs + Θ2

(4.8)
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The characteristic stretching rate at t = 0 (when the insert is vertical) at
the injection point (Θ = θ = 0) is
γ̇ =

Rω 2
ω
=
.
s
Vjet

(4.9)

The stretching rate will be further investigated in section 5.2, to analyse
the influence of the jet stretching on the primary atomization.

4.5.1 Measurements
The volumetric velocity ur = QAr of the liquid rivulet and the thin film can be
calculated from the results presented in section 3.2, since the mass flow rate
and the thickness of the rivulet and the thin film are known from the analytical model. By calculating the cross-section of the liquid in the insert exit
plane the volumetric velocity can be determined. Furthermore, 2D2C PIV
images of the liquid exiting the atomizer wheel have been captured for the
baseline case (4 x b = 2 mm), which allow a detailed analysis of the velocities
in the vicinity of the wheel. The resultant velocity component superimposed
on the first frame of the captured photographic images is shown in Fig. 4.15.
The velocity can only be detected around the jet and film or from the small
droplets around it, since they are used for the cross-correlation algorithm as
tracer particles. Therefore, large areas with small or zero velocity are visible, which are also physical in terms of liquid velocity. The air flow around
the wheel cannot be captured with this PIV analysis. From the resultant
velocity component it is already obvious, that the velocity of the thin film
and the rivulet differ from each other. The trajectory of film and rivulet
are different, due to the varying radial velocity, while the tangential velocity
component has to match the rotational speed of the wheel. The velocity of
the rivulet, which transforms into a free jet at the exit, is significantly higher
than the film velocity and the jet penetrates further into the surroundings
(cf. Fig. 4.15). The droplets and ligaments emerging the thin annular film
lag stronger against the direction of rotation, representing a lower radial
velocity for this operating point.
The radial velocity component for different wheel speeds (10,500 rpm to
26,000 rpm) and viscosities (1 to 50 mPa s) is shown in Fig. 4.16. Obviously,
the already observed higher jet velocity can be confirmed. In the case of no
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Figure 4.15: Resultant velocity of 200 averaged image pairs (4 x b = 2 mm).
Speed: 29,000 rpm, feed rate: 200 kg/h, µ: 50 mPa s. 3: velocity of the film, #:
velocity of the jet, ▽: maximum tangential velocity. (Reprinted from Kuhnhenn
et al. (2018), with permission of Springer Nature. © 2018 Springer Nature.)

visible jet (cf. Fig. 4.16b) the ratio of the mass flow rates from jet and film
is zero (cf. Fig. 3.18b), i.e. also from the analytical model no jet is expected.
For an increased wheel speed the jet velocity increases (see different scaling of
colorbar) and the drawback of this measurement technique becomes visible.
In the jet core (Fig. 4.16c) the velocity cannot be fully determined with a
PIV analysis, as no jet morphologies can be tracked in the dark region. As
shown in Fig. 4.16d the viscosity is increased again and as already observed
from lower wheel speeds the viscosity causes a decrease of the jet velocity.
To compare a large number of experiments with varying rotational speed
(10,500 rpm to 29,000 rpm), mass flow rate (50 to 450 kg/h) and viscosity
(1 to 50 mPa s), certain points within the liquid jet and the thin film are
selected to compare the velocity at these points. In Fig. 4.15 and 4.16 these
points are marked by the symbols 3 (velocity of the film) and # (velocity
of the jet). The symbol ▽ shows the position of the maximum tangential
velocity of the wheel itself, which can be compared to the rotational speed.
Fig. 4.17a,b shows the results of the radial velocity components averaged
over 200 image pairs per operating point for µ = 1 mPa s. The theoretical
values of the film and jet velocity are obtained from the analytical model,
but recalculated to the radial coordinate system, since the radial velocity
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Figure 4.16: Radial velocity component obtained from PIV images (4 x b = 2 mm)
for different wheel speeds ((a) and (b) 10,500 rpm [top color bar], (c) and (d)
26,000 rpm [bottom color bar]). The viscosity is changed from 1 mPa s ((a) and
(c)) to 50 mPa s ((b) and (d)). The jet velocity is higher for low viscosities
and the thin annular film becomes more dominant with increasing viscosity. 3:
velocity of the film, #: velocity of the jet, ▽: maximum tangential velocity, ×:
injection point.
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Figure 4.17: Radial velocity of the jet (left column) and the annular film (right
column) of all measurement points (4 x b = 2 mm). (a,b) µ = 1 mPa s (c,d) µ =
20 mPa s (e,f) µ = 50 mPa s (Reprinted (adapted) from Kuhnhenn et al. (2018),
with permission of Springer Nature. © 2018 Springer Nature.)
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component increases with further distance to the wheel (based on the kinematics). Therefore, the distance from the insert exit to the actual point, that
is used from the PIV analysis, is used to correct the analytically obtained
velocities. Obviously, the jet and the film velocity increase with increasing
rotational speed, whereas an increasing mass flow rate only has a minor
influence on the radial velocity of the jet and the film, respectively. Furthermore, the observed difference between jet and film velocity can be confirmed
by the PIV results. It is notable that the velocity of the thin film is quite
high, although the mass flow rate through the film is much smaller for the
low viscosity. The PIV results show a good agreement between measured
jet velocity and analytical prediction. Small deviations between theoretical
and experimental investigations are understandable, since the point of the
largest velocity for one radial distance to the wheel across the jet has been
chosen for the PIV analysis. This value is larger compared to the analytical
prediction, as analytically the volumetric velocity is calculated. The deviation between the experimentally obtained and analytically predicted film
velocity is larger. On the one hand this is also caused by the calculation
of the volumetric velocity and on the other hand the airflow inside the inserts is neglected in the analytical model. This airflow leads to an additional
acceleration of the thin film resulting in higher radial velocities.
As soon as the viscosity increases (cf. Fig. 4.17c to 4.17e), the deviation
between analytically predicted and experimentally obtained film velocity
vanishes. Film and jet velocity converge to each other, since with increasing
viscosity more mass flow goes into the thin film and less into the jet. In
cases where the ratio between Qr and Qf goes to zero (no mass flow into
jet), the velocity of film and jet should match, since the film is now also
present in the former jet position. As we can observe the convergence of the
velocities and also the good agreement between theoretical and experimental
observations, the analytical model is capable of predicting both, the jet and
the film velocity close to the insert exit, quite well. The findings depicted in
Fig. 4.15 - higher velocity of the liquid jet compared to the thin film - can
be confirmed for all cases.
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4.6 Gas Velocity
For a better understanding of the mechanisms of atomization the velocity
field of the gas flow around the wheel has to be characterized in detail. As
the wheel is rotating with a high angular velocity and the ambient air in the
far field is quiescent, a boundary layer develops. The tangential velocity of
the wheel can be calculated by
ut = ωRo .

(4.10)

The tangential velocity of the wheel varies from 55 to 150 m/s, depending
on the angular velocity of the wheel. As the wheel has radial openings and
is not encapsulated from the surroundings, air is accelerated through the
radial openings, based on the centrifugal force (even without water). Pipe
friction causes a slight reduction of the resulting air velocity. The radial air
velocity can be estimated as
√
λu2 l
(4.11)
ur = 2ω 2 Ro l − r ,
2b
with the angular speed ω, outer wheel radius Ro , Darcy friction factor λ,
radial air velocity ur , insert length l and insert radius b.
Hot-wire measurements with a single wire boundary-layer probe (55P14)
were conducted, to capture the velocity profile of the boundary layer. For
this purpose only the rotating wheel itself, without any liquid atomization,
is investigated, since the liquid would destroy the hot-wire probe. The experiments are conducted with a StreamLine Pro CTA System from Dantec
Dynamics, 20 kHz sampling rate, a 15 point calibration between 2 to 60 m/s
and 84 measurement positions from 0.5 to 101 mm. The measured air velocity is shown in Figure 4.18, already split into radial (Fig. 4.18a) and tangential (Fig. 4.18b) velocity components. The decomposition of the hot-wire
signal was performed with the help of Figure 4.18c, showing the mean trend
of 50,000 acquired samples for one distance and angular velocity, split into
orthogonal components, as the flow is periodic due to the four inserts. The
resultant air velocity is displayed in Fig. 4.18c: the tangential air velocity is
represented by the lower part and the peak shows the vector addition of the
radial and tangential velocities. Figure 4.18a shows the strong deceleration of
the radial air velocity within 10 mm from the wheel outer surface. Different
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Figure 4.18: Results of hot-wire measurements. (a) Radial air velocity (b)
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for 10,500 rpm. (Reprinted from Kuhnhenn et al. (2018), with permission of
Springer Nature. © 2018 Springer Nature.)
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Figure 4.19: Comparison of analytical and experimental values for radial (ur )
and tangential (ut ) air velocities.

angular velocities have a high impact on the exit velocity, although with increasing distance this impact rapidly decreases. The decay of the tangential
velocity is shown in Figure 4.18b. Additional measurements are conducted
10 mm below the inserts in order to show the influence of the airflow coming
out of the inserts, represented by the dashed-dotted lines. In contrast to the
tangential velocity in front of the inserts, these results illustrate a different
behaviour as the airflow prevents the proper evolution of a boundary layer.
In the spray drying process the airflow around the wheel is influenced by
the atomized liquid, but nevertheless these measurements demonstrate the
thinness of the boundary layer around the wheel. Even 0.5 mm away from
the wheel the tangential air velocity is far from the tangential velocity of
the wheel itself (ut = ωRo ). Therefore, a large relative velocity between
droplets and the surrounding air exists leading to a strong deceleration of
the atomized liquid.
Figure 4.19 shows the comparison between the experimentally (CTA) and
analytically obtained air velocities (Eq. (4.10) and (4.11)). Obviously, the
theoretical prediction of the tangential velocity is much higher compared
to the experiments, showing that already 0.5 mm away from the wheel the
air is strongly decelerated. The deviation of the radial air velocity is much
smaller, but increases with the wheel speed. While theoretical prediction and
experiments of ur match quite well at 10,500 rpm, they deviate from each
other up to a factor of two at 29,000 rpm. This effect can be explained by the
insufficient temporal resolution of the experimentally obtained radial insert
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(air) velocity ur . For example, at 29,000 rpm only 10 measurement points
can be acquired for 90° due to the 20 kHz sampling rate (cf. Fig. 4.18c).
Furthermore, this can lead to an underestimation of the actual air velocity.
A further description and analysis of the gas boundary layer around a rotary
atomizer can also be found in Gramlich (2011); Koch (2003); Mescher (2012).
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Process
Parts of this chapter have already been published in Kuhnhenn et al. (2017a,b,
2018) and were furthermore supported by the experimental investigations of
Luh (2017). This chapter deals with the disintegration of the liquid exiting
the atomizer wheel into small drops. The spray is characterized experimentally and the results are connected to the knowledge from previous chapters,
to get an overall understanding of the processes inside the atomizer wheel
and the inserts.

5.1 Experimental Spray Characterization
To obtain a better understanding of the atomization process, phase Doppler
measurements are conducted for different mass flow rates, wheel speeds,
viscosities, insert geometries, and also for several distances to the wheel.
The spray is characterized with a phase Doppler measurement system (cf.
Fig. 2.1b) in the dual-mode configuration (Tropea et al., 1996; Albrecht
et al., 2002) to obtain two velocity components (tangential and radial), as
well as the drop diameter and its sphericity.

5.1.1 Experimental Configuration
The PD system is operated in the dual-mode configuration to measure
droplet size and velocity distributions of the resulting spray (Albrecht et al.,
2002; Tropea et al., 1996). By adjusting the orientation of transmitting and
receiving probe, the tangential and radial velocity of the spray exiting the atomizer wheel can be measured. The gravitational influence and the resulting
velocity component is neglected, as the spray is oriented horizontally. The
PD system can be moved laterally in a range of 30 to 190 mm distance to
the wheel, in order to be able to capture different stages of the atomization
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30 mm

110 mm

190 mm

Figure 5.1: Radial measurement positions of the PD system. Distances from 30
to 190 mm are investigated in terms of droplet sizes and velocities (radial and
tangential). The velocity component due to gravity is neglected.

(a) 10,500 rpm

(b) 29,000 rpm

Figure 5.2: Phaseplot for 200 kg/h, 4 x b = 2 mm, 1 mPa s and a distance of
110 mm.

process (cf. Fig. 5.1). The main settings of the system used to acquire the
data presented in this study are summarized in Table 2.3. As the atomizer
wheel has several inserts that pass by the measurement volume of the PD
system, the measured spray is highly unsteady. An encoder signal from the
atomizer (one signal per revolution) is used as a reference signal for the PD
measurements. The detected droplets are assigned to the reference signal
in time, which makes it possible to conduct angular resolved measurements
(phase averaged with bins of 0.5°).
Phase Plot
Fig. 5.2 shows representative phase plots from the conducted measurements.
The phase plot can be used to check the correct setup of the PD system,
since small errors in the alignment of the system are visible and also the
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overall measurement quality can be checked easily. In the dual-mode configuration the PD system measures droplet sizes in two directions (meridional
and equatorial) with the phase difference U12 of the standard system and
V12 of the planar system, respectively (Albrecht et al., 2002). The measurement of the droplet size in two directions can be used as a validation
procedure to detect only spherical particles. In Fig. 5.2 the green dots refer
to the accepted particles, whereas the red dots are rejected particles. The
width of the green band corresponds to an allowed deviation from perfectly
spherical particles, since the occurrence of slightly non spherical particles
is very likely and furthermore inaccuracies in the measurement and signal
processing can be compensated. In the presented example the spherical validation (amount of accepted particles vs. not accepted particles) is circa
80 %. The rejected particles are either non-spherical particles, imperfections
of the system alignment, or general noise (photo multipliers). Fig. 5.2a and
5.2b visualize different wheel speeds (10,500 rpm vs. 29,000 rpm). Obviously,
both measurement lead to a completely different result in terms of droplet
sizes. As shown in Fig. 5.2a much more larger droplets, leading to a larger
phase difference, are detected, whereas in Fig. 5.2b smaller phase differences
and droplet sizes are depicted, respectively. This is a plausible result, since
an increase in wheel speed should produce smaller droplets.
As it can be seen from the phase plots there is a certain threshold for
the smallest detectable droplets, visible from the white area around the
origin. A higher laser power could be used to increase the recognition of
smaller droplets, but as a drawback the general noise is increased and the
validation rates becomes poorer due to over-saturated signals. The cloud
of rejected droplets in the bottom right corner in Fig. 5.2b (also visible in
Fig. 5.2a) could be plotted on the left side of the diagram. For low droplet
diameters (i.e. low phase values) the tolerance band around the origin should
be expanding, as otherwise the absolute deviation from spherical particles
gets more strict. Smaller particles with an absolute deviation of only a
few µm are already rejected. Unfortunately, this is not possible with the
measurement system used in the experimental investigations. An optical
misalignment would result in a deviation of the detected phase differences
from the diagonal line due to a difference in the arrival time between the
detectors.
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(a) Validation

(b) Spherical validation

Figure 5.3: Validation of the conducted PD measurements, depending on the
measurement position. (a) Different mass flow rates, viscosities and positions
are compared. (b) In all cases the spherical validation is above 70 %.

Validation
Either 50,000 samples or at least 60 s of measurement time are recorded.
The dual-mode PD system system delivers two different validation ratios, as
mentioned in the last paragraph: the validation and the spherical validation.
The validation considers the ratio of valid and invalid bursts from the photo
multipliers (signal matching), whereas the spherical validation checks the
sphericity of the droplets. Due to the inhomogeneous spray formation and
the unbroken liquid jets in the vicinity of the wheel, the validation is weaker
compared to the validation in the homogeneous spray, as shown in Fig. 5.3.
With increasing distance the validation increases and reaches up to 90 %.
Higher viscosities hinder the measurements in the vicinity of the wheel, as
longer ligaments are produced (cf. Fig. 4.2c). Furthermore, it is difficult to
measure operating points with 50 kg/h mass flow rate due to the distribution
of low volume of atomized liquid in the observation zone further away from
the wheel and the resulting low data rate combined with high noise levels.
The spherical validation (cf. Fig. 5.3b) is above 70 % in all cases, i.e. a large
amount of the detected particles is spherical.
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Figure 5.4: Correlation of droplet size and velocity for two different operating
conditions at a distance to the wheel of 110 mm. Speed (20,000 rpm) and mass
flow rate (200 kg/h) are kept constant, while the viscosity is changed from (a)
1 mPa s to (b) 50 mPa s. In both cases a positive correlation is visible (larger
droplets are faster).

5.1.2 Spray Characterization with Phase Doppler
Technique
Since an encoder signal is used to assign each detected droplet an instant in
time in relation to the rotation of the atomizer wheel, angular resolved measurements can be conducted. In order to compare single measurements, all
detected droplets can be taken into account in an angular resolved diagram.
Since it is not possible to compare several mass flow rates in one diagram,
angular resolved mean values can be calculated, i.e. one value per angle bin
with a resolution of circa 0.5°. Furthermore, it is possible to take a closer
look at the overall mean values that describe a spray. Therefore, the analysis
is split into three parts, which will be discussed in the next paragraphs: Raw
data analysis, Mean angular analysis and Mean analysis.
Raw Data Analysis
The correlation of droplet size and velocity for a wheel speed of 20,000 rpm
and a mass flow rate of 200 kg/h is depicted in Fig. 5.4. The viscosity is
increased from 1 mPa s (Fig. 5.4a ) to 50 mPa s (Fig. 5.4b). In both cases
a positive correlation between droplet size and resultant velocity can be
obtained, i.e. larger droplets are faster. This is expected for this type of
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spray, as the droplets are ejected into quiescent air and the momentum of
the large droplets keeps them travelling faster, whereas the small droplets
are decelerated quickly. The resultant velocity at a distance of 110 mm to
the wheel is larger for the high viscous case (cf. Fig. 5.4b). Meanwhile, the
droplets are also larger, which explains the higher velocity.
Figure 5.5 shows the angular resolved velocity components (tangential and
radial) of the spray at certain distances to the wheel (30 to 190 mm). The
black dots represent the mean velocity per angle bin. While Fig. 5.5a to 5.5d
depict the velocity component for the low viscous case (1 mPa s), Fig. 5.5e
and 5.5f represent 50 mPa s. Beginning in the vicinity of the wheel, four
distinct velocity peaks are visible (cf. Fig. 5.5a and 5.5e), reflecting the four
inserts of the wheel. As expected, the velocity components decrease with an
increase in distance to the wheel (Fig. 5.5a to 5.5d) due to aerodynamic drag.
The tangential velocity component (green) flattens out faster than the radial
component, as the initial tangential velocity is lower compared to the radial
(also compare to CTA measurements in Fig. 4.18). As the initial tangential
velocity ut of the liquid at the exit of the wheel has to match the speed
of the wheel, a drastic decrease in tangential velocity is observed, which
was already seen before. This confirms, that the boundary layer around the
rotating wheel must be rather thin. If the cases of low (Fig. 5.5a) and high
(Fig. 5.5e) viscosity are compared, only small differences can be detected.
The distinct peaks are slightly expanded, which can be expected from the
visualizations (cf. section 4.2), since the higher viscosity produces a large film
causing a widening of the spray at the exit. Furthermore, the radial velocity
(blue) is decreasing with viscosity, as the thin film has a lower exit velocity
compared to the liquid jet, which was already seen in the PIV investigations
(cf. section 4.5.1).
If the wheel speed is increased from 10,500 rpm to 20,000 rpm (cf. Fig. 5.6),
the exit velocity of jet and film increases, as well. Nevertheless, the conditions already observed for the lower wheel speed still persist. The decrease
in droplet velocity is severe, as already 110 mm away from the wheel the
tangential velocity is almost negligibly small, whereas the radial velocity
decreases slower.
In addition to the droplet velocities, also the droplet diameters can be
investigated in an angular resolved diagram as shown in Fig. 5.7. The corresponding angular resolved droplet sizes for different radial distances and
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Figure 5.5: Angular resolved velocity of the resulting spray at different distances
to the atomizer exit. The wheel is running with 10,500 rpm and 200 kg/h. Four
inserts with b = 2 mm are used. The viscosity is varied between η = 1 to
50 mPa s. The black dots represent the mean velocity per angle bin.
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Figure 5.6: Angular resolved velocity of the resulting spray at different distances
to the atomizer exit. The wheel is running with 20,000 rpm and 200 kg/h. Four
inserts with b = 2 mm are used. The viscosity is varied between η = 1 to
50 mPa s. The black dots represent the mean velocity per angle bin.
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Figure 5.7: Angular resolved droplet size of the resulting spray at different distances to the atomizer exit. Mean values per angle bin are highlighted by the
red markers. The wheel is running with 10,500 rpm and 200 kg/h. Four inserts
with b = 2 mm are used. The viscosity is varied between η = 1 to 50 mPa s.
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viscosities are illustrated. The mean diameter per angle bin is highlighted
by the red markers. Similar to the droplet velocity also the droplet size
produces four distinct peaks close to the atomizer wheel, when the wheel
is passing the measurement volume. With increasing distance to the wheel
the peaks are broadened and flatten out (cf. Fig. 5.7a to 5.7d). The mean
droplet diameter per angle bin (red marker) is already nearly constant at
110 mm, indicating that the breakup process is almost finished here. If the
viscosity is increased to 50 mPa s (cf. Fig. 5.7e and 5.7f), the amount of
large droplets increases and also the peaks are broader compared to the low
viscous case indicating a larger mean diameter of the spray. With increasing
distance the spray becomes more and more homogeneous and, surprisingly,
the mean diameter per angle bin increases (overall mean diameter). Combined with the strong velocity size correlation (cf. Fig. 5.4) this is either a
sign of coalescence or of ongoing breakup of filaments that are not recognized
by the PD system in the vicinity of the wheel. Due to the high validation
rates (validation and spherical validation) the likelihood of the occurrence of
non-spherical particles is small, which indicates that coalescence is the factor causing an increase of the mean droplet diameter. If the wheel speed is
increased to 20,000 rpm (cf. Fig. 5.8) the droplets are becoming smaller. An
increase in viscosity again broadens the distinct peaks and with increasing
distance the mean diameter increases. In general, these plots indicate that
one mean diameter per measurement point drastically underestimates the
droplet size of the liquid jets exiting the wheel in the vicinity of the wheel.
The question arises, if large droplets are produced by the thin annular film
or by the liquid rivulet. This is further investigated in section 5.1.2.
The description of the near field of the atomization is interesting in terms
of the understanding of the complex atomization processes, but for the spray
drying process only the far field is of major interest. Further away from
the wheel the spray is homogeneous and the breakup process is finished.
Therefore, the description of the spray itself is easier, as overall mean values
can be used.
Mean Angular Analysis
Fig. 5.9 shows the resultant velocity and the droplet diameter plotted over
360° as angular mean values, i.e. the mean value per angle bin for increasing
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Figure 5.8: Angular resolved droplet size of the resulting spray at different distances to the atomizer exit. Mean values per angle bin are highlighted by the
red markers. The wheel is running with 20,000 rpm and 200 kg/h. Four inserts
with b = 2 mm are used. The viscosity is varied between η = 1 to 50 mPa s.
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Figure 5.9: Mean droplet diameter and mean resultant velocity per angle bin for
increasing wheel speed (10,500 to 29,000 rpm) and two distances to the wheel.
The feed rate and the viscosity are kept constant at 200 kg/h and 1 mPa s, respectively. Four inserts with b = 2 mm are used.
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wheel speed. The feed rate and the viscosity are kept constant at 200 kg/h
and 1 mPa s, respectively. With increasing wheel speed the velocity of the
liquid leaving the wheel increases (cf. Fig. 5.9a) and also the instant in time,
where the first droplets are detected, is shifted towards smaller angles due
to the increase in velocity. Further away from the wheel (cf. Fig. 5.9b),
the differences between the droplet velocities are already dampened and an
almost constant mean velocity develops. For 10,500 rpm a certain fluctuation
of the velocity is still present, since the droplet diameters are much larger
compared to the higher wheel speeds. These large droplets are decelerated
slower due to their momentum and cause the visible peaks in the droplet
velocity for 10,500 rpm. In addition to the wheel speed, the droplet diameter
is plotted in Fig. 5.9c to 5.9d. With increasing wheel speed the droplets are
getting smaller, which is an expected behaviour. Additionally, the same
effect as for the droplet velocity can be observed: an earlier detection of
faster and therefore larger droplets. Further away from the wheel the mean
droplet diameters are increasing (cf. Fig. 5.9d), as already described in the
last paragraph. This behaviour is caused by drop-drop collision resulting in
coalescence.
If the viscosity is increased from 1 mPa s to 50 mPa s (cf. Fig. 5.10), the
velocity at a distance of 30 mm decreases slightly due to the enhancement
of the thin annular film. At the same time the mean diameter increases,
causing larger and at the same time slower droplets. If the distance to the
wheel is increased, the velocity of the droplets is still larger compared to
the low viscous case. This is due to the fact, that initially smaller droplets
(low viscous) are decelerated faster. Furthermore, the high viscous droplets
are larger in the beginning, sustaining their momentum and ending with a
higher velocity.
Mean Analysis
Fig. 5.11 summarizes the results of the characterization of the droplet sizes.
The Sauter mean diameter D32 is plotted for different viscosities and insert
geometries at a distance of 110 mm to the wheel, where the primary breakup
process is already finished. The D32 decreases strongly with increasing speed
of the wheel, whereas an increasing mass flow rate only has a minor influence
on the resulting D32 . This trend remains for all measured viscosities from
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Figure 5.10: Mean droplet diameter and mean resultant velocity per angle bin for
increasing wheel speed (10,500 to 29,000 rpm) and two distances to the wheel.
The feed rate and the viscosity are kept constant at 200 kg/h and 50 mPa s,
respectively. Four inserts with b = 2 mm are used.
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Figure 5.11: (a) Sauter mean diameter D32 of the spray for µ =1 to 50 mPa s at
a distance of 110 mm to the wheel. In all cases D32 decreases with increasing
wheel speed and remains roughly constant for an increase in mass flow rate.
(Reprinted (adapted) from Kuhnhenn et al. (2018), with permission of Springer
Nature. © 2018 Springer Nature.) (b) D32 decreases for smaller insert radius b,
although the thickness of the jet increases (1 mPa s).

1 to 50 mPa s. The preferred parameter to achieve a lowered D32 in the
atomization process, is the speed of the wheel and not the mass flow rate.
Furthermore, the throughput can be increased without influencing the D32
of the spray. A detailed analysis of the influence of the insert radius b on
the D32 is depicted in Fig. 5.11b. A decrease in the size of the insert from
b = 2 mm to 1 mm decreases the D32 for all operating conditions, although
the overall rivulet thickness increases (cf. section 3.2.2). This effect is due
to the distribution of liquid into the thin annular film and the main rivulet,
which is shown in the next paragraph.
Size and Origin of Droplets
As already presented in previous sections of the current study, the mass
flow rate through the rivulet is not dominating in all cases and therefore
the thin film cannot be neglected (cf. sections 3.2.2 and 4.5.1). When looking at the different outflow conditions with changing viscosity (cf. Fig. 4.2)
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the question arises, whether different classes of droplet sizes emerge from the
thin annular film and the rivulet. Furthermore, the results from section 3.2.2
show, that the volumetric velocity of the jet is higher for all operating conditions, causing a different trajectory of the liquid exiting the atomizer wheel,
which should make a differentiation between both phenomena possible.
Nevertheless, the already presented D32 alone cannot answer the question,
whether the droplets arise from the thin film or the liquid jet. Examining
the ratio of Qr to Qf (cf. Fig. 3.16 and 3.18) more closely it is obvious, that
with increasing mass flow rate and at a constant wheel speed more mass
is transported into the jet. This is reflected in equation (3.24), since the
mass flow rate through the thin film only depends on the speed of the wheel.
Increasing the mass flow rate for the same speed results in additional mass in
the jet. Accordingly, the results shown in Fig. 5.12a,c,e can be discussed. The
histograms for the droplet diameters (at a distance of 110 mm to the wheel)
are shown, normalized with the counts per second. An increase in mass
flow rate increases the data rate, i.e. counts per second. All three different
viscosities are shown for the same wheel speed of 10,500 rpm. Obviously, in
all cases the smallest mass flow rate of 50 kg/h produces the lowest data rate.
Furthermore, in Fig. 5.12 it is shown that with an increase in mass flow rate
the data rate is increased mostly for smaller droplets. For droplets > 60 µm
the data rate does not change significantly, indicating that no additional
large droplets are generated, although the mass flow rate is increasing. Thus,
the generation of large droplets already reaches a saturation level at low mass
flow rates, indicating that these low mass flow rates are responsible for the
larger droplets. This is reinforced by the fact that the D32 decreases slightly
with increasing mass flow rate (cf. Fig. 5.11b).
Furthermore, Fig. 5.12b,d,f shows the correlation of the droplet size and
the respective radial velocity for different mass flow rates and viscosities.
With a large increase in mass flow rate the additional mass is transported
into the rivulet and not into the thin film. As seen from the correlation, a
higher mass flow rate ( ) still produces large droplets, but the number of
small droplets increases significantly. At the same time the radial velocity
increases slightly with increasing mass flow rate. This leads to the conclusion,
that large droplets are produced by the film, as with an increasing mass flow
rate (more mass into jet) the data rate for small droplets increases.
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Figure 5.12: (a,c,e) Histograms for the droplet diameters obtained by phase
Doppler measurements at a distance of 30 mm, normalized with the counts per
second. b = 2 mm; Speed: 10,500 rpm. (b, d, f) Correlation of droplet size with
the respective radial velocity for two mass flow rates at a distance of 30 mm ( :
50 kg/h, : 300 kg/h); b = 2 mm; Speed: 10,500 rpm. Only every 10th datapoint is shown for clarity (5000 instead of 50,000). (Reprinted (adapted) from
Kuhnhenn et al. (2018), with permission of Springer Nature. © 2018 Springer
Nature.)
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Figure 5.13: b = 2 mm; Speed: 10,500 rpm; µ = 20 mPa s. (a) Angular resolved
radial velocity of the single droplets (only every 10th datapoint is shown for
clarity) and (b) the respective mean velocity per angular bin for a resolution of
0.5°. Only the angular position for one of the four inserts is shown for clarity.
The distance to the wheel is 30 mm. (Reprinted (adapted) from Kuhnhenn et al.
(2018), with permission of Springer Nature. © 2018 Springer Nature.)

Furthermore, it is possible to analyse the phase Doppler data in terms
of a cyclic analysis, which reveals the chronological order of appearance of
small and large droplets. Therefore, the phase Doppler data is acquired
with an encoder signal, that is used as a trigger signal once per revolution to
assign each droplet to a rotational angle between 0° and 360°. All recorded
revolutions are summed up into one data set representing one revolution of
360°. In Fig. 5.13 the radial velocity of the droplets for angles corresponding
to one of the four inserts is shown. While Fig. 5.13a displays single detected
drops, Fig. 5.13b shows the mean radial velocity per angular bin. Obviously,
larger mass flow rates lead to an earlier detection of droplets, since these
droplets have a higher velocity. This is valid for all mass flow rates, which
can now be connected to the PIV results from section 4.5.1 showing that
the jet velocity is larger compared to the film velocity. Thus, the droplets
that are detected first are related to the liquid jet and not the thin film. To
verify that small droplets are generated from the jet and not from the film
it must be analysed, whether the first detected droplets are large or small.
Fig. 5.14 shows the angular resolved data rate (Fig. 5.14a) comparable to
Fig. 5.12 and the mean droplet diameter per angle bin (Fig. 5.14b). Again,
the data rate for high mass flow rates is higher, but in this diagram it is
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(a) Data rate

(b) Mean diameter

Figure 5.14: b = 2 mm; Speed: 10,500 rpm; µ = 20 mPa s. (a) Angular resolved
counts per second and cycle (data rate) and (b) the respective mean diameter
per angle bin for a resolution of 0.5°. Only the angular position for one of the
four inserts is shown for clarity. The distance to the wheel is 30 mm. (Reprinted
(adapted) from Kuhnhenn et al. (2018), with permission of Springer Nature.
© 2018 Springer Nature.)

also visible, that the higher data rate is detected earlier in terms of angular
position. Comparing this to the angular resolved mean diameter it has to be
noted, that a high mean diameter can be related to only very few droplets
in this angular bin. Therefore, the data rate has to be taken into account
to check the formation of a huge amount of large droplets. The highlighted
region is related to the highest data rate for 300 kg/h (Fig. 5.14a). While
comparing the highlighted area with Fig. 5.14b, it becomes clear, that this
high data rate is not related to the generation of the largest droplets, since
mainly droplets between 40 µm and 50 µm are generated in this region for
the highest mass flow rate. Lowering the mass flow rate to e.g. 50 kg/h the
data rate increases later in terms of the angular position. If this is connected
to the mean droplet diameter per angle bin, it becomes clear that the later
increase in data rate also corresponds to the generation of large droplets (170
to 180° corresponding to 55 to 65 µm droplets).
Based on the outcomes from the analytical modelling (section 3.2) in combination with the PIV results (section 4.5.1) and additionally section 5.1.2 it
can be concluded that the droplets produced by the liquid jet have a higher
radial velocity and are smaller in size. In terms of designing rotary atomizer
wheels it is therefore favourable to use either high mass flow rates or force
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the liquid into a rivulet type flow and avoid the generation of larger annular
films.

5.1.3 Deceleration of the Droplets
To understand and predict the droplet velocities further away from the wheel
and to obtain a better understanding of the atomization mechanisms the
airflow around the rotary atomizer wheel is taken into account. The wheel is
rotating with a high angular velocity and the flow in the far field is quiescent
promoting the evolution of a boundary layer. Hot-wire measurements with
a single wire boundary-layer probe (55P14) are conducted to capture the
velocity profile of the boundary layer (cf. section 4.6). In the spray drying
process the airflow around the wheel is influenced by the atomized liquid,
but nevertheless the boundary layer remains very thin. Already 0.5 mm away
from the wheel the tangential air velocity is far from the tangential velocity
of the wheel itself (ut = ωRo ). Therefore, a large relative velocity between
droplets and the surrounding air exists leading to a strong deceleration of
the atomized liquid.
As the air velocity around the wheel is known from the hot-wire measurements, the deceleration of the droplets can be estimated analytically.
The drag force is used to calculate this deceleration with dependency on the
Reynolds number. The relative velocity between the volumetric velocity of
the jet (analytical model) and the air velocity (hot-wire probe) is used to
define a Reynolds number
Re =

ϱl vrel D32
,
µ

(5.1)

with the relative velocity vrel , viscosity and density of the liquid µ and ϱl
and the Sauter mean diameter of the droplets D32 from phase Doppler measurements as a length scale (see section 5.1). The drag force Fd is obtained
by
Fd =

1
2
ϱair Cd Avrel
,
2

(5.2)

with the density of the surrounding air ϱair , the drag coefficient Cd (Re),
the projected area A normal to the relative velocity vector and the relative
velocity vrel between droplets and air. The drag coefficient Cd for a spherical
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Figure 5.15: (a) Analytical resultant velocity of the droplets close to the atomizer
wheel for a mass flow rate of 300 kg/h and a viscosity of 1 mPa s (
). A deceleration is visible in all cases, due to the high relative velocity between droplets
and surrounding air. The mean value of the fastest 10% of all measured droplets
by the phase Doppler system with increasing distance to the wheel is plotted
as a comparison (
). (Reprinted (adapted) from Kuhnhenn et al. (2018),
with permission of Springer Nature. © 2018 Springer Nature.) (b) Comparison
of experimental and theoretical resultant velocity component with increasing
distance to the wheel (10,500 rpm).
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(1971); Clift et al. (2005))
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(5.3)
1 + 0.15Re
+
Cd =
Re
1 + 42500
Re 1.16
The acceleration of the droplets (positive or negative) can then be obtained
by the equation
Fd
,
(5.4)
m
with the mass m of the droplets and the drag force Fd . The acceleration can
be integrated once to yield velocity or twice to yield trajectory.
The results from this calculation can be seen in Fig. 5.15a, exemplary for
a mass flow rate of 300 kg/h. The resultant velocity of the drops decreases in
all cases, since the droplets are decelerated due to the high relative velocity
between droplets and surrounding air. In addition to the analytically calculated resultant velocity in Fig. 5.15a, the experimentally obtained velocity
a=
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from phase Doppler measurements (cf. section 5.1) is plotted for a comparison. Since the first phase Doppler measurement is conducted at a distance
of 30 mm to the wheel, the first values appear at a radius of 80 mm. For low
wheel speeds the theoretically calculated velocity based on the deceleration
of the droplets matches very well with the experimentally obtained values for
the droplet speed (fastest 10% of the droplets). The slope of the corresponding curves are the same and also the absolute value is comparable. If the
speed of the wheel is increased, a larger deviation develops indicating that
the theory overpredicts the droplet velocity. The deceleration of the droplets
in reality is stronger compared to the theoretical prediction. Nevertheless, it
is obvious that the model already predicts the correct range for the velocities.
Since the model only uses the D32 and not a droplet size distribution, a certain deviation can be expected. The resultant velocity component from PD
measurements (fastest 10%) normalized with the theoretical initial resultant
velocity is shown in Fig. 5.15b for a speed of 10,500 rpm and different mass
flow rates. The dashed lines are a curve fit extrapolated towards the insert
exit, indicating the deceleration of the droplets with increasing distance to
the wheel. The extrapolation predicts the theoretical initial velocity of the
liquid at the insert exit and again validates the strong deceleration.

5.1.4 Power Consumption
The atomizer test rig is controlled with LabVIEW recording all operating
parameters, including mass flow rate, power consumption, wheel speed and
fluid temperature. An exemplary plot of the wheel speed and the power consumption for one measurement (10,500 rpm, 200 kg/h) is shown in Fig. 5.16.
The recording interval starts prior to the injection of liquid into the atomizer
wheel, which is controlled by a bypass system. Once the bypass is closed,
the liquid enters the wheel causing a jump in power consumption and a loss
in rotational speed, since the load increases and the wheel speed is not automatically regulated. The baseline power consumption includes idle losses,
e.g. drag of the rotating wheel, bearing friction, frequency converter losses,
motor losses et cetera. Once the liquid bypass is closed and the liquid enters
the wheel, the power consumption increases significantly, as the liquid has
to be accelerated to the tangential speed of the wheel (no slip possible due
to radial openings). The transition between idle state and atomizing state
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Figure 5.16: Experimentally obtained total power consumption. (a) The wheel
speed decreases as soon as the bypass is closed and the liquid is ejected into
the wheel, as the wheel speed is not automatically regulated. (b) The baseline
(idle) power consumption can be seen in the beginning of the measurement. The
sudden increase in power consumption is caused by the injection of liquid into
the wheel and therefore a load increase. The liquid has to be accelerated to the
wheel speed. The atomization power is the difference between idle power and
total power while atomizing liquid, indicated by the black arrow.

only takes about 1.5 s. The difference between the baseline power consumption and the atomizing state is extracted from the experiments and referred
to as atomization power, since this is the additional power that goes into
the liquid. Fig. 5.17a shows the total power consumption for all conducted
experiments with changing wheel speeds, mass flow rates, insert geometries
and viscosities. It is obvious that the power consumption mainly depends
on wheel speed and mass flow rate, while the viscosity as well as the exact
geometry of the inserts do not have a large influence.
In general, a rotary atomizer wheel is a turbomachine or radial pump. The
conservation of the angular momentum can be used to describe the rotary
atomizer based on Euler’s pump equation (Spurk and Aksel, 2007)
M = ϱl Q (Ro vt,o − Ri vt,i ) ,

(5.5)

with the volume flow rate Q, liquid density ϱl , outer wheel radius Ro , inner
radius (insert entrance) Ri , as well as the respective tangential velocities
vt,o and vt,i . Since the tangential velocity at the entrance into the inserts is
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negligible, eq. (5.5) can be simplified to
M = ϱl Q (Ro vt,o ) .

(5.6)

The resultant power consumption can easily be calculated by
# » #»
P = M · Ω = ϱl QRo2 ω 2 .

(5.7)

The calculated atomization power from eq. (5.7) can be compared to the
experimental results as depicted in Fig. 5.17b. The experimental and theoretical values of the atomization power match very well. The deviation towards a higher predicted power consumption is caused by the reduced wheel
speed in the experiments, whereas the calculations are conducted with the
ideal wheel speed that was set prior to the liquid injection. This only causes
a slight shift towards the expected direction that experimentally obtained
values are slightly larger than the theoretical prediction. Nevertheless, this
already shows the applicability of the Euler equation to predict the atomization power for a very large variety of experiments. The most influential
parameters on the atomization power are the size and the speed of the wheel.
In order to decrease the power consumption, it is favourable to reduce the
wheel speed instead of reducing the volume flow rate due to the quadratic
behaviour. Internal losses do not play a significant role and only the acceleration of the liquid up to the wheel speed seems to be relevant to calculate
the power consumption for the atomization process. Idle losses are not considered in these calculations.
To influence the power consumption, the inserts could be mounted with
a certain angle either in a positive or in a negative direction as depicted in
Fig. 5.18. By applying a positive angle α (Fig. 5.18a) an additional tangential
velocity component is introduced causing a higher power consumption. In
contrast, a negative angle α (Fig. 5.18b) reduces the tangential velocity at
the exit of the insert, which lowers the power consumption. Unfortunately,
the power consumption cannot be considered alone in this context, since an
angle α of the inserts would influence the distribution of the liquid inside
the insert. From section 5.1.2 it is known that a high mass flow rate into
the rivulet is favourable, which can be supported by a positive angle α
increasing the power consumption. Additionally, it is possible to tilt the
insert slightly downwards, which would support the collection of liquid into
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Figure 5.17: (a) Total power consumption for a large range of experimental investigations with different wheel speeds, mass flow rates, viscosities, geometries
et cetera. The wheel speed and the mass flow rate are the main influencing
factors. (b) Correlation between experimentally obtained and analytically calculated atomization power (cf. eq. (5.7)). The legend is valid for both plots.
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Figure 5.18: Influence of the angle α of the insert relative to the wheel. By
changing the angle of the insert the power consumption can be influenced either
by increasing the power consumption due to an additional tangential velocity
(a) or by decreasing the power consumption due to a decrease of the resultant
tangential velocity (b).
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a rivulet and furthermore apply a certain downward velocity at the insert
exit. This downward velocity supports the distribution of the spray inside the
drying chamber, prevents wall deposits and alternatively has to be applied
by shaping air. A detailed analysis of the orientation of the inserts in a
rotary atomizer already has been conducted by Schröder (1997).

5.2 Predictive Model for the Drop Size in the
Spray
Based on the findings from the experimental spray characterization in combination with the analytical insights into the flow inside the inserts a predictive
model is developed. If it is possible to combine the knowledge about the atomization process and the flow inside the wheel, a model can be derived
that is capable of predicting the outcome of the atomization without the
need of conducting further experiments. A parametric study can easily be
conducted, in order to see the most influential parameters and to improve
a certain command variable. The derivation of an analytical model is done
in two steps: a simplified model is presented, which considers low viscosity liquids, whereas the generalization for high viscous fluids is presented
thereafter.

5.2.1 Model for Low Viscosity Liquids
The dependence of the D32 on the analytical jet thickness is shown in
Fig. 5.19a. Constant wheel speed is depicted by dashed lines - different
mass flow rates for the same speed show an almost horizontal behaviour.
An increase in speed leads to a decreasing D32 , whereas the mass flow rate
only has a minor influence on the D32 (cf. Fig. 5.19a and 5.19b). In contrast, the jet thickness shows a clear increase with increasing mass flow rate,
whereas D32 stays constant. With a larger flow rate the jet becomes thicker
(cf. Fig. 3.17 and Fig. 4.5a) and at the same time the volumetric velocity increases. The increase in velocity due to the increase in flow rate is
counteracted, as the cross-sectional area increases, too. Thus, the resulting
average drop size D32 is determined by two counteracting factors. On the
one hand, the increasing jet thickness leads to an increase of the D32 . On the
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Figure 5.19: D32 for 1 mPa s and four inserts with b = 2 mm. (a) Influence of jet
thickness on the experimentally obtained D32 . Conditions of constant speed are
marked by the dashed lines. The speed is increasing from top to bottom. (b)
D32 obtained with PD measurement system for a distance of r = 110 mm to the
atomizer wheel. (Reprinted (adapted) from Kuhnhenn et al. (2017a). © 2017
Elsevier.)

other hand, an increase of hr leads to larger values of the breakup time (cf.
Eq. (5.12)) and thus to the generation of smaller drops due to the longer time
of jet thinning. This explanation is also supported by the expression for the
breakup parameter P (cf. Eq. (5.13)) which increases with hr . Moreover,
the results of section 5.1.2 explain the origin of small and large droplets.
Larger mass flow rates cause more mass to be transported into the rivulet,
which is favourable in terms of a uniform atomization and responsible for
the generation of smaller droplets. Although Fig. 5.19a shows a clear correlation between the D32 and the analytical jet thickness, depending on the
mass flow rate, one physical effect appears still to be influential and not
yet accounted for. Further investigation of this phenomenon is necessary
to reveal a possible correlation of the resulting D32 and the measured jet
thickness in accordance to the analytical equations.
An additional analysis of the data in combination with the aerodynamic
Weber number We a is shown in Figure 5.20a.

We a =

2
hr vrel
ϱg
,
σ

(5.8)
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with the relative velocity vrel between the droplet and the surrounding air.
The droplet velocity is taken from the volumetric velocity v = Q/A(h), where
the area A(h) is calculated with the jet thickness hr and the assumption that
the jet has the shape of a segment of a circle. The air velocity is measured by
means of constant temperature anemometry (CTA) as shown in section 4.6.
As displayed in Fig. 5.20a, the Weber number increases with increasing speed
of the wheel. Aerodynamic Weber numbers in the range of 3 to 35 should lead
to bag and multimode breakup (Sallam et al., 2004), although bag breakup
cannot be observed for low viscous fluids in the experiments. Multimode
breakup corresponds to a mixture between shear and bag breakup. An
increase in mass flow rate leads to a reduction of the ratio of the diameter
D32 and the thickness hr , while the Weber number dependency persists.
Although this analysis provides further insight into the atomization process,
the aerodynamic Weber number obviously cannot explain the overall physics
of atomization. Besides the aerodynamic Weber number the liquid Weber
number We l should be considered, which can be defined as
We l =

hr vr2 ϱl
,
σ

(5.9)

with the liquid density ϱl , rivulet thickness hr and rivulet volumetric velocity
vr . The liquid Weber number We l can be interpreted as a scale for the surface
turbulence of the liquid jet, due to the perturbations of the jet surface (Lee
et al., 2007). Fig. 5.20b shows the correlation between We l and the already
presented ratio of D32 and the thickness hr . The overall behaviour is similar
to the aerodynamic Weber number, since an increase in wheel speed leads
to an increasing Weber number, i.e. an increased level of surface turbulence
on the liquid jet. Nevertheless, the consideration of We l does not show a
clear correlation and still some physics are unresolved. Besides the already
presented dimensionless quantities the liquid jet Reynolds number Re l was
not considered yet, although the idea of turbulence being responsible for the
atomization was already discussed shortly. Re l can be defined as
Re l =

hr vr ϱl
,
µl

(5.10)

with liquid viscosity µl . As visible from Fig. 5.21a the liquid jet Reynolds
number Re l is varied from 4000 to 20,000, supporting the basic idea of a
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Figure 5.20: (a) Aerodynamic Weber Number We a and the correlation with the
ratio of D32 and the experimentally obtained thickness hr . Lines of constant
speed are marked by dashed lines. (b) Correlation of the ratio of D32 and hr
with the liquid Weber number We l . The trend is comparable with the aerodynamic Weber number We a . (Reprinted (adapted) from Kuhnhenn et al. (2017a).
© 2017 Elsevier.)

turbulent liquid jet. The Reynolds number shows a clear correlation with
the ratio of D32 and the thickness hr , indicating the importance of the liquid
jet velocity. Despite showing a better correlation compared to the analysis
of the Weber number, some effects are still not resolved.
Next, it is analysed, whether the jet stretching is a dominant factor in
the atomization process at high rotational speeds of the atomizer. This
parameter is determined in equation (4.9)
γ̇ =

Ro ω 2
,
vr

(5.11)

with the outer radius of the wheel Ro , the angular velocity ω and the volumetric velocity of the jet vr . The characteristic time for the capillary breakup
of the jet can be scaled by (Rayleigh, 1878)
√
tbr =

ϱh3r
.
σ

(5.12)

By multiplying γ̇ and tbr we obtain the dimensionless breakup parameter P
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Figure 5.21: (a) Correlation of the liquid jet Reynolds number Re l with ratio of
D32 and hr . Several measurement points collapse onto one line. (b) Breakup
parameter P in correlation with the ratio of D32 and the analytically obtained
thickness hr . (Reprinted (adapted) from Kuhnhenn et al. (2017a). © 2017 Elsevier.)

P = γ̇tbr

√
3/2
hr Ro ϱω 2
√
=
,
σvr

which can be evaluated using the asymptotic expression (3.37)
√
Q ϱ
P = 0.83 √ √ .
Ro b σ

(5.13)

(5.14)

P actually is the ratio of radial inertia to surface tension forces, representing
a radial Weber number, which can be expressed as
We r = P 2 = 0.832

ϱQ2
.
R02 σb

(5.15)

The results for P are displayed in Fig. 5.21b, showing the ratio between the
experimental D32 and the analytically obtained thickness hr in correlation
with the dimensionless breakup parameter P . The ratio of D32 and hr can
be expressed by a power law with the factors α and β obtained from a curve
fit (cf. Fig. 5.21b) to
D32
= αP −β = 0.32 P −3/4 .
hr
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Figure 5.22: Radial Weber Number (adaption of breakup parameter P ) and
the correlation with the ratio of D32 and hr , showing the applicability of the
simplification of P .

The inclusion of the stretching of the liquid is of utmost importance for
the description of the breakup process and leads to an even better correlation than Re l . All wheel speeds collapse onto one curve, indicating that it
is now possible to predict the experimental D32 with the analytical model
for all operating conditions. Atomization of liquid in rotary atomizers is
clearly dominated by the stretching of the liquid and not the aerodynamic
Weber number. The breakup parameter P almost stays constant for the
same mass flow rate, although the wheel speed is changing. The ratio of
D32 and hr is also constant, although with a change in wheel speed the D32
and hr decrease. But since the jet thickness hr can be calculated according
to the operating conditions, the change in D32 can be predicted. The results of Eq. (5.15) are depicted in Fig. 5.22, showing the applicability of the
simplification of the stretching as a radial Weber number.
Furthermore, by combining equation (5.16) and (5.14) together with (3.37)
the final analytical model is obtained, which now describes D32 /Ro
[ 5 2 ]1/24 [ 2 3 ]−3/8
Ro bω
ϱω Ro
D32
= 0.28
,
Ro
Q2
σ

(5.17)

depending only on initial parameters. Only a weak dependency on Q persists, which is also visible from experimental investigations (cf. Fig. 5.19b),
whereas ω still has the strongest influence on the resulting droplet diameter.
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Figure 5.23: (a) Correlation of the ratio of experimental D32 and analytical hr
with radial We. The measurements for high viscous liquids cannot be predicted
with this correlation. (b) Correlation of the ratio of experimental D32 and
analytical hr with radial We number for the case Qr ≫ Qf and Qr ≈ Qf . The
Oh number has to be taken into account for a plausible correlation. (Reprinted
(adapted) from Kuhnhenn et al. (2018), with permission of Springer Nature.
© 2018 Springer Nature.)

Eq. (5.17) can be simplified to
1/12

D32 = 0.28

b1/24 Ro σ 3/8
.
ω 2/3 Q1/12 ϱ3/8

(5.18)

5.2.2 Generalization of the Model for High Viscosity
Liquids
The presented parameter P is not capable of predicting the D32 with increasing viscosity of the atomized liquid. Therefore, a further analysis of
the phase Doppler measurements in combination with the analytical model
presented in section 3.2 is necessary to extend the capability of the breakup
parameter to predict the Sauter mean diameter for varying operating conditions. In order to increase the reliability of the model, several additional
experiments have been conducted, including higher viscosities (µ = 1 to
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50 mPa s), different insert diameters (b = 1 to 2 mm) and different insert geometries (round and rectangular), summarized in Fig. 5.23. P is expressed
as a radial Weber number, as already shown in Fig. 5.22.
Fig. 5.23a depicts the correlation between the ratio of D32 /hr and the
modified breakup parameter P that was found in this study for a large number of different operating conditions. The analytically obtained thickness of
the rivulet hr is considered, as well as the experimentally obtained droplet
diameter D32 . Since the analysis of the rivulet and the thin film shows that
the thin film cannot be neglected for increasing viscosity (cf. Fig. 3.18),
several regimes have to be defined. If Qr ≫ Qf , the film can be neglected,
but this condition is only valid for water (cf. Fig. 3.16b), which relates to
n = 55 experiments. Therefore, an intermediate regime is introduced, considering Qr ≫ Qf , as well as Qr ≈ Qf and hence a large number of the
investigated parameters (n = 100). As the rivulet thickness is much larger
compared to the film thickness (although the mass flow rate is comparable), the rivulet thickness can still be used as the relevant length scale. As
shown in Fig. 5.23a the modified P , expressed as radial We, alone does not
correlate well with the experimental results. At least for high viscosities a
certain deviation is visible. With the introduction of the Ohnesorge number
Oh, taking the viscous effects into account, the correlation can clearly be
improved. This agreement verifies the dominant role of the stretching of
the liquid elements at the insert exit in initiating the breakup process and
furthermore the necessity to considerate viscous effects. With the help of an
empirical fit of the presented data it is possible to find an equation capable
of predicting the measured D32 from analytical values
)−0.4
(
We
+ 0.0336hr .
(5.19)
D32 = 0.46hr √
Oh
By combining equation (5.15) and (5.19) the following correlation can be
obtained
9/10

D32 = 0.46

4/5

b2/5 η 1/5 hr Ro σ 3/10
+ 0.0336hr .
Q4/5 ϱ1/2

(5.20)

The gained curve fit based on the consideration of the Ohnesorge number
is presented in Fig. 5.23b. The rivulet thickness hr can be obtained from
equation (3.33), but since it is a ordinary differential equation with no analytical solution, the thickness hr cannot be substituted into equation (5.20).
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Figure 5.24: Comparison of experimental D32 and analytical D32 based on
eq. (5.20). A very good agreement is visible, showing the possibility of predicting D32 based on the presented model.

Nevertheless, it is now possible to calculate the D32 of a rotary atomizer
wheel with similar geometry without the necessity of conducting new experiments. Different viscosities, wheel speeds, mass flow rates, insert diameters
and even insert geometries have been investigated in this study and included
into the final model. Fig. 5.24 shows the calculation of D32 from Eq. (5.20)
together with all experimental results from the PD measurements. From
n = 100 experiments only n = 4 experiments deviate from the ideal solution. In every deviating case the rotational wheel speed is 10,500 rpm and
the viscosity is high. Since it is exemplary known from Fig. 4.2 the viscosity
plays an important role in the distribution of liquid into film and rivulet.
Either the atomization mechanism changes in the case of a low wheel speed
and high viscosity (cf. Fig. 5.25) or the experimental results are outliers, i.e.
PD results or test rig conditions are flawed. Nevertheless, due to the large
amount of data points that deliver reliable results in terms of the prediction of D32 , the correlation that is found in the experiments can be used for
further analysis and optimization of the rotary atomizer wheel.
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Figure 5.25: Correlation of the ratio of experimental D32 and analytical hf with
Oh number for Qr ≪ Qf . (Reprinted (adapted) from Kuhnhenn et al. (2018),
with permission of Springer Nature. © 2018 Springer Nature.)

As soon as the film mass flow rate is dominating Qr ≪ Qf , the model can
no longer be applied. In this case only n = 14 experiments are available to
describe the breakup process. As shown in Fig. 5.25 the ratio between the
experimentally obtained D32 and the film thickness hf are correlated with
the Ohnesorge number Oh. The viscous forces seem to be dominating in
this case, since a direct correlation to Oh could be found. Due to the results
presented in section 5.1, that large droplets are emerging from the film and
not the liquid rivulet, these conditions should be avoided anyway. As the
analytical prediction of the film mass flow rate Qf is known from equation
(3.24), suggestions can be made how to decrease the amount of liquid that
enters the film. One possibility is to increase the length of the insert, i.e. a
decrease of Ri . Furthermore, the number of inserts should be kept low, as
equation (3.24) represents the mass flow rate through one insert. An increase
in mass flow rate, as seen from the investigations in section 5.1.2, increases
the amount of liquid into the rivulet, which is beneficial. An increase of the
insert radius b is not desirable, since the film mass flow rate is increased.
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Following the fluid flow inside the rotary atomizer wheel, this thesis consequently started with the detailed analysis of the internal processes. Several
experiments with a rotary atomizer wheel were conducted to obtain a better
understanding of the physics of the liquid flow inside the wheel, as well as the
atomization process. The flow inside the atomizer wheel has been studied in
several experiments, revealing the process of liquid distribution to be rather
robust. Increasing viscosity dampens surface perturbations of the liquid film
inside the wheel, whereas the internal flow in general is very insensitive to
changes of wheel speed and mass flow rate. The internal wall film starts to
increase as soon as the the outflow cross-section is massively reduced. An
extended analytical model is presented, which describes the evolution of the
thin annular film and the rivulet in the inserts, as well as the respective ratio
of the mass flow rates. A parameter study reveals the influential parameters
of the analytical model, which makes it possible to analyse different outflow
geometries and configurations without the necessity of conducting further
experiments. As expected, the rivulet thickness decreases with increasing
wheel speed and increases with mass flow rate. Furthermore, the analysis of
the ratio of the mass flow rates reveals the drawback of the current wheel
design, since a large amount of the mass flow is transported into the thin annular film. The distribution of liquid into two distinct regions might broaden
the resulting droplet size distribution. The analytical models have been validated in terms of the experimental jet thickness analysis, which show a very
good agreement with the theoretical predictions. Moreover, qualitative comparisons between the outflow conditions demonstrate the similarity between
the analytically calculated and experimentally obtained results for a large
variety of geometrical constraints. A detailed analysis in terms of experimental and analytical velocity of the thin film and the respective liquid jet yields
a refined model exhibiting excellent agreement with the experiments. The
liquid jet has a higher radial velocity compared to the thin film, which can
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be confirmed by PIV results. Based on the wheel kinematics the trajectory
of the liquid jet can be predicted and it can be shown that the jet velocity plays an important role in the break up of the jet. Since it was shown
from the analytical model and the PIV analysis that the thin film cannot
be neglected, angular resolved phase Doppler measurements were conducted
to clarify which droplet ranges are produced by the film and the jet. As
stated earlier, the distribution of liquid into two main regions might lead to
a broadening of the droplet size distribution. The combination of PIV and
analytical solutions (film and jet velocity) in combination with the phase
Doppler data, clearly shows that large droplets are mainly generated by the
thin film. With increasing mass flow rate, which enhances the amount of
liquid into the jet, smaller droplets arising from the liquid jet are generated.
This leads to the conclusion that high mass flow rates should be favoured
and meanwhile large annular films should be avoided. The assumption that
a high ligament stretching rate is responsible for the droplet breakup can be
extended to a large variety of experiments with different geometries, mass
flow rates, wheel speeds and viscosities by considering the Oh number. A
differentiation of two regimes is necessary, since in some cases the mass flow
rate through the thin film is dominating. Nevertheless, a very good correlation can be achieved, showing the importance of the liquid stretching
as a approach to describe the breakup process for rotary atomizer wheels.
Furthermore, the presented results underline the occurrence of drop-drop
interactions, leading to coalescence, since the D32 of the generated spray
increases with distance from the wheel. Together with the strong velocity
size correlation and the large velocity gradient, this is a clear sign of coalescence. A detailed analysis of the power that is needed for atomization shows
the dependency of tangential exit velocity and mass flow rate on the power
consumption.
Future investigations have to consider the effects of non-Newtonian fluids
to capture all relevant effects that are important in the industrial spray
drying process. Suspensions and slurries surely will behave differently and
are not taken into account in the present study. To further investigate the
influence of the gas effect on the breakup of liquid jets, investigations with an
increased density ratio of liquid and gas can be conducted. The conclusion
drawn from the phase Doppler measurements, that a rivulet type flow is
preferred, should be validated experimentally by forcing the liquid inside
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the insert into a solely rivulet and examining the atomization. Furthermore,
the presented semi-empirical model for the description of the atomization
process has to be checked for the applicability to the description in a hot gas
environment. Since the outcome of the spray drying process is a powder and
not single droplets, the generation of powder has to be considered, which
was beyond the scope of this thesis. With the knowledge about the flow
in the optically not accessible regions of the wheel and the dependency on
various operating conditions novel wheels can be designed. Of course new
approaches have to be validated experimentally to ensure the applicability
of the presented models to real world spray dryers.
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Nomenclature
Small Greek Characters
δs

m

motion blur

δt

s

exposure time

γ̇

1/s

stretching rate

λ

−

Darcy friction factor

λ

m

wavelength of light

µ

Pa · s

dynamic viscosity

µg

Pa · s

gas dynamic viscosity

µl

Pa · s

liquid dynamic viscosity

ν

m2/s

kinematic viscosity

ω

1/s

angular frequency

σ

N/m

surface tension

ϱ

kg/m3

density

ϱg

kg/m3

gas density

ϱl

kg/m3

liquid density

Capital Greek Characters
∆lmin

m

minimum resolvable center-to-center separation

∆Φmin

deg

minimum resolvable angular separation

Ω

1/s

angular frequency
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Nomenclature

Ψ

−

probability for the occurrence of water

Small Roman Characters
ar,θ,z

m/s2

acceleration in the insert

b

m

insert radius

bth

m

equivalent jet radius

f

m

focal length

fnumber

−

f-number of the lens

h

m

thickness

hf

m

film thickness

ho

m

insert obstacle height ho = Rwh,i − Reff

hr

m

rivulet thickness

l

m

insert length

m

kg

mass

n

−

number of experiments

p

Pa

pressure

p

m

protrusion of the insert into the wheel

qz,θ

m2/s

volumetric flux in axial/azimuthal direction

{r, θ, z}

−

insert cylindrical coordinate system

ri

m

inner radius

ro

m

outer radius

t

s

time

tbr

s

breakup time

uinsert inlet

m/s

inlet velocity into insert
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Nomenclature

u∞

m/s

gas velocity around the wheel

ur,θ,z

m/s

velocity in the insert

ur,t

m/s

radial/tangential velocity

ur

m/s

volumetric rivulet velocity

vmax

m/s

maximum velocity for motion blur calculation

vrel

m/s

relative velocity between liquid and air

vr

m/s

volumetric rivulet velocity

vt,i

m/s

tangential velocity at inlet

vt,o

m/s

tangential velocity at outlet

{x, y, z}

m

insert Cartesian coordinate system

Capital Roman Characters
A

m2

area, e.g. cross-section of the insert

C

−

correction factor

Cd

−

drag coefficient

D

m

aperture diameter

D32

m

Sauter mean diameter

Fµ

N

shear force

Fd

N

drag force

Lbr

m

breakup length

Lth

m

theoretical breakup length

M

Nm

momentum

N

−

number of images

Oh

−

Ohnesorge number
129

Nomenclature

P

−

breakup parameter

P

W

Power

Q

m3/s

rivulet volume flow rate (per insert)

Qf

m3/s

film volume flow rate (per insert)

Qr

m3/s

rivulet volume flow rate (per insert)

Qtotal

m3/s

total volume flow rate (per insert)

Re

−

Reynolds number

Recrit

−

critical Reynolds number

Reff

m

effective radius to insert inlet with chamfer

Rins,i

m

inner wheel diameter to insert inlet

Ri

m

inner wheel diameter to insert inlet

ReL

−

liquid Reynolds number

Ro

m

outer atomizer wheel radius

Rwh,i

m

inner wheel diameter

Uf,exp

m/s

experimental radial PIV velocity of the thin film

Uf,th

m/s

theoretical radial PIV velocity of the thin film

Ur,exp

m/s

experimental radial PIV velocity of the rivulet/jet

Ur,th

m/s

theoretical radial PIV velocity of the rivulet/jet

Vjet

m/s

volumetric rivulet/jet velocity

We

−

Weber number

W ea

−

aerodynamic Weber number

W eg

−

crossflow Weber number

W el

−

liquid Weber number
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Nomenclature

W er

−

radial Weber number

{Ẍ, Ÿ , Z̈}

m/s2

acceleration

{X, Y, Z}

m

fixed laboratory coordinate system

Shortcuts
2D2C

two-dimensions, two (velocity) components

CTA

constant temperature anemometry

DOF

depth of field

DTU

Technical University of Denmark

FOV

field of view

IFD

Innovation Fund Denmark

LD

liquid distributor

PD

phase Doppler

PIV

particle image velocimetry
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