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Abstract

The economical and industrial transition towards a circular economy is a main
challenge over the next decades. One of the key technologies enabling the closure of
the anthropogenic carbon cycle is the entrained flow gasification for chemical recycling
of carbon-based materials (e.g. waste and biomass-based residues). In order to
achieve complete carbon conversion in a high pressure entrained flow gasifier, the
typically suspension based fuels are atomized into fine droplets, leading to high surface
area for liquid evaporation and subsequent gasification. The required spray
characteristics produced by the commonly applied gas-assisted coaxial atomizers,
ranges from a defined spray angle over droplet size and velocity distributions up to
integral Sauter mean diameter values. To fit these demands, atomizer geometry, flow
configurations and conditions need to be adjusted to fit operating conditions and fuel
specifications of the latter industrial process. The focus of this work is therefore set on
the scale-up of such atomizers towards increased system pressure and liquid mass
flow as well as the comparison of different liquid flow configurations.

First, the effect of system pressure on the resulting spray characteristics was
investigated over a wide range of system pressures, gas slit widths, gas velocities and
corresponding gas mass flows. As a result, gas momentum flow was identified as a
major influencing parameter of resulting droplet size and an empirical correlation for
design of gas-assisted coaxial atomizers with central liquid jet towards increased
system pressures was derived.

In a second investigation, the effect of liquid mass flow on resulting droplet size was
determined for central liquid jet atomizers. The experiments were conducted at
constant Weber number, Gas-to-Liquid mass flow ratio and liquid velocity for
increasing liquid mass flow. An increase in droplet size with higher liquid mass flow
was detected, which was explained by a decrease in gas velocity to achieve the
constant Weber number as well as a decrease in the ratio between shearing surface
and volume of the liquid phase.

Furthermore, the effect of a variation in the gas channel angle of central liquid jet
atomizers was evaluated. It was shown, that a decrease in droplet size with increasing
gas channel angle was only achieved for application of low gas velocities. Via
measurement of the gas phase velocity, an acceleration of the gas phase and therefore
increase in aerodynamic forces was detected for angled gas channels, caused by a
reduction in the cross-sectional area of the gas flow after exiting the atomizer orifice.



For ideal comparison of different liquid flow configurations at constant gas momentum
flow, velocity and mass flow, an atomizer with three identical (central and annular)
orifices was designed. As a major result, the liquid sheet configuration with an outer
annular gas stream produced a spray with small integral droplet size over a wide range
of liquid viscosities as well as a wide spray angle, compared to the configurations with
central liquid jet and annular gas stream or central gas stream and annular liquid sheet.
Here, an ideal liquid flow configuration can be expected for the liquid mass flow scale-
up of gas-assisted coaxial atomizers towards industrial scale.



Kurzfassung

Der wirtschaftliche und industrielle Ubergang zu einer Kreislaufwirtschaft ist eine der
grolten Herausforderungen der nachsten Jahrzehnte. Eine der Schlussel-
technologien, die die SchlieBung des anthropogenen Kohlenstoffkreislaufs
ermdglichen, ist die Flugstromvergasung zum chemischen Recycling von kohlenstoff-
haltigen Materialen (zum Beispiel Abfélle und Rickstdnde aus Biomasse). Um eine
vollstdndige Kohlenstoffumwandlung in einem Hochdruck-Flugstromvergaser zu
erreichen, werden die typischerweise suspensionsbasierten Brennstoffe in feine
Tropfen zerstaubt, um eine grol3e Oberflache fur die Verdampfung der Flissigkeit und
anschlieBende Vergasung zu generieren. Die erforderlichen Sprayeigenschaften,
welche Ublicherweise eingesetzte, gasgestitzte Zerstauberdlsen erzeugen, reichen
von definiertem Spraywinkel Gber TropfengréRen- und Geschwindigkeitsverteilungen
bis hin zu integralen Sauterdurchmessern. Um diese Anforderungen zu erfillen,
werden Zerstadubergeometrie, Stromungskonfiguration und -bedingungen an die
Betriebsparameter und Brennstoffspezifikationen des jeweiligen industriellen
Prozesses angepasst. Der Schwerpunkt dieser Arbeit liegt daher auf der Skalierung
solcher Zerstauberdisen fur erhéhte Systemdriicke und FlUssigkeitsmassenstrome,
sowie auf dem Vergleich unterschiedlicher Stromungskonfigurationen der Flissigkeit.

Zu Beginn wurde der Einfluss des Systemdrucks auf die resultierenden
Sprayeigenschaften Uber eine weite Spanne an Systemdricken, Gasspaltweiten,
Gasgeschwindigkeiten und entsprechenden Gasmassenstromen untersucht. Als
Ergebnis konnte der Gasimpulsstrom als ein wesentlicher Einflussparameter auf die
resultierende Tropfengréf3e identifiziert und eine empirische Korrelation zur Auslegung
gasgestutzter Zerstauberdlsen mit zentraler Strahlvorlage bei erhdhtem Systemdruck
abgeleitet werden.

In einer zweiten Untersuchung wurde der Einfluss des Flussigkeitsmassenstroms auf
die resultierende TropfengrofRe beim Einsatz von Zerstauberdisen zentraler
Strahlvorlage ermittelt. Die Experimente wurden bei konstanter Weber-Zahl,
konstantem Massenstromverhaltnis von Gas- zu Flussigphase und konstanter
Flissigkeitsgeschwindigkeit bei steigendem Flussigkeitsmassenstrom durchgefihrt.
Eine Zunahme der TropfengrofRe mit steigendem Flissigkeitsmassenstrom wurde
detektiert, was durch eine Verringerung der Gasgeschwindigkeit zum Erreichen
konstanter Weber-Zahlen, sowie durch eine Verringerung des Verhdaltnisses aus
Scherflache und Volumen der Fliussigphase erklart werden konnte.

VI



Weiterhin wurde die Auswirkung einer Variation des Gasanstellwinkels von
Zerstauberdisen zentraler Strahlvorlage untersucht. Es konnte gezeigt werden, dass
eine Abnahme der Tropfengrof3e mit steigendem Gasanstellwinkel nur bei Einsatz
geringer Gasgeschwindigkeiten erreicht wird. Durch Messung der Gasgeschwindigkeit
wurde eine Beschleunigung der Gasphase und damit eine Steigerung der
aerodynamischen Krafte bei angestelltem Gaskanal festgestellt, welche durch eine
Verringerung der Querschnittsfliche des Gasstroms nach dem Austritt aus dem
Zerstauber verursacht wird.

Zum idealen Vergleich unterschiedlicher Stromungskonfigurationen der Flissigkeit bei
konstantem Gasimpulsstrom, konstanter Gasgeschwindigkeit und konstantem
Gasmassenstrom wurde eine Zerstauberdiise mit drei identischen (zentralen und
ringférmigen) Austrittséffnungen entworfen. Ein wesentliches Ergebnis war, dass die
Stromungskonfiguration mit Zugabe der flissigen Phase tber inneren Ringspalt und
Gasstrom Uber aulReren Ringspalt ein Spray mit geringer integraler Tropfengrée und
grolem Spraywinkel erzeugte. Vor allem verglichen mit den Strémungs-
konfigurationen bei denen die Flussigkeit als zentraler Strahl mit ringférmigem
Gasstrom oder Flussigkeit aus dem inneren Ringspalt und der Gasstrom zentral
austritt. Dies lasst eine ideale Stromungskonfiguration der Flussigkeit fur die
Skalierung des Flissigkeitsmassenstroms gasgestitzter Zerstauberdisen in den
industriellen Maf3stab erwarten.

VIl
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Introduction and scope

1 Introduction and scope

In order to achieve sustainable growth, the European Commission introduced the
European Green Deal in 2020, in which one of the main tasks, besides the reduction of
greenhouse gases, is the transition towards a carbon circular economy [1]. Therefore key
technologies that enable the chemical recycling of carbon-based materials, e.g. into
synthesis gas (CO/H2), must be identified. One of these technologies is the entrained flow
gasification (EFG), which fits both biomass-based as well as anthropogenic waste and
residue streams (see Figure 1) [2].

) Pyrolysis
Physical Entrained
Pre-
Flow ) G
treatment Gasification -~ )
Treatment
} Pulverized Feed .

Figure 1: Feedstocks and process steps for carbon conversion from wastes and biomass-based residue

streams to fuels and chemicals via entrained flow gasification ([3] image modified).

For proof of concept and technology investigation from the lab to the demo scale, at the
Karlsruhe Institute of Technology (KIT) an EFG unit with system pressure of 40 bar is
operated [4]. Here, the feedstocks are typically suspension fuels that feature viscosities
of up to 1000 mPa's and additional complex rheological flow behavior. In the gasifier, the
fuel jet is atomized into droplets. The liquid phase of the droplets evaporates, whereas
remaining solid particles are converted via heterogeneous gasification reactions. As latter
process steps in the gasifier require a high surface area for fast evaporation and complete
carbon conversion, the atomization of the introduced jet into a fine and homogeneous
spray is one of the main challenges in EFG operation. For atomization of these liquids,
external-mixing, gas-assisted burner nozzles with various flow configurations are
commonly applied. Here, the slowly moving liquid is disintegrated by a high-velocity gas
stream after exiting the atomizer orifice. As the atomization agent also serves as reactant,
the operating conditions of the atomizers are typically limited in terms of gas-to-liquid
mass flow ratio (GLR) to GLR < 1 [5,6]. External-mixing, gas-assisted atomizers are often
utilized at significantly higher GLR, indicating that the disintegration of high-viscosity fuels
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under increased system pressure conditions is a challenging task. The present
dissertation aims for the design of an atomizer for EFG operation with technical fuels. As
EFG is typically performed at elevated system pressures, research question 1 “How are
spray characteristics affected by an increase in system pressure?” (paper | & 1) is
focused first. Additionally, these systems are utilized in the industrial scale at high liquid
throughputs. Therefore, research question 2 “How are spray characteristics affected
by an increase in liquid mass flow?” (paper 1IV) must be replied. In industrial
application, typical external-mixing atomizers are constructed with an angle between
liquid jet and surrounding gas channel. This arises research question 3 “How is the
disintegration process of aliquid jet influenced by an angle between gas and liquid
phase at the atomizer orifice?” (proceeding Il). Beside the typical central liquid jet
configuration of coaxial atomizers, also other liquid flow configurations via liquid sheet
appear utilizable. Hence, research question 4 “Which atomizer flow configuration
(liquid jet or liquid sheet) results in smaller droplet sizes?” (proceeding | & paper I11)
needs to be answered.

In order to answer these research gquestions the following cumulative dissertation, which
is based on four scientific journal articles and two conference proceedings was written.
Chapter 2 gives a short literature review on the topics of the respective research question
and an approach to achieve the corresponding answers. An overview on the atomizer
design, applied test rigs and measurement techniques is shown in chapter 3. Major
results from the journal articles and the proceedings are discussed in chapter 4, whereas
the complete publications are attached to the thesis in the appendix. Chapter 5 gives a
summary on the answers to the research questions and an outlook.
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2 Literature review and approach

2.1 System pressure

The disintegration of a liquid jet into droplets via external-mixing gas-assisted atomizers
is typically performed with an annular gas stream at high momentum flow. Here, the
typically fast moving gas phase shears the exiting liquid near the atomizer orifice, which
induces liquid instabilities, followed by primary and secondary breakup. For description
of the atomization process and the resulting droplet size, commonly dimensionless
numbers as aerodynamic Weber number Weaero o0r momentum flow ratio J are utilized.

Regarding a solely increase in system pressure, which equals an increase in the
aforementioned Weaero and J, a decrease in droplet size and an enhancement of the
atomization process is expected. This effect was confirmed by many authors for various
system pressure ranges, atomizer configurations and liquid viscosities [7—12]. As an
additional boundary condition, an increase in GLR with increasing system pressure was
required in order to keep exiting gas velocity constant. As against this, Risberg et al. [13]
and Gullberg et al. [14] investigated the atomization process at various system pressures,
but constant gas velocity and GLR (adjusting Mig). This resulted in an increasing primary
breakup length and droplet size for higher system pressures. Further experiments by
Jakobs et al. [15] and Fong et al. [16] led to similar results for increasing system pressure
while keeping Weaero constant, as therefore vgas needs to be reduced with every system
pressure step.

As can be seen from this literature summary, the effect of an increase in system pressure
on the resulting spray characteristics is always dependent on the applied boundary
conditions of gas velocity, gas mass flow, GLR and J. In order to keep these identified
boundary conditions constant while increasing psys and to answer research question 1,
two investigations were performed. In the first set of experiments, an increase in system
pressure was realized, while keeping vgas, GLR and Mgas constant, as these parameters
affect atomization and are of interest for the later process application (e.g. EFG). To
achieve these constant parameters, for every system pressure step, one atomizer with
corresponding gas orifice area (i.e. Sgas) Was utilized. In a second investigation, the effect
of all parameters forming Jgas Was investigated by varying vgas, Psys, Sgas and GLR with the
objective of an empirical system pressure scaling approach.
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2.2 Mass flow scale up

While performing a literature review on gas-assisted coaxial atomizers, found studies are
mostly investigated at low liquid or gas mass flows in order to see the influencing effect
on primary jet breakup more clearly or to apply laser-based measuring systems for
detection of droplet size at their optimum. A conversion of these results towards increased
liquid mass flows is often necessary for industrial application, but challenging, as an
increase in viq or Miq utilizing one atomizer leads to a significant higher droplet size [17].
Therefore, Leroux et al. [18,19] performed experiments in the atomizer near and far field
(e.g. primary breakup and resulting droplet size) with three diq and three dgas, Which can
be compared individually. As a scaling approach the authors kept Reiq and j constant,
while changing diq in a range of diq = 0.4 — 2.0 mm. With increasing diq, a change in
primary breakup from prompt atomization to the formation of large droplets and ligaments
occurred.

Regarding this study, keeping Reiq and j constant, led to a significant decrease in J for
higher diiq. As J represents the aerodynamic forces relevant for the atomization process,
an increase in droplet size was detected. A scaling rule for keeping the resulting droplet
size constant, while increasing liquid mass flow, was not specified.

To answer research question 2 and start to fill the knowledge gap regarding the topic of
liquid mass flow scale up of gas-assisted coaxial atomizers, an approach for derivation of
scaling rules from the lab to the industrial scale was needed. In the present study,
therefore atomizers according to the following design were investigated: (i) viq was kept
constant while increasing Miq, which required an increase in diq and one atomizer for
every Miq step. (i) GLR was kept constant, which requires increasing Mgas for higher Miq.
(iii) Weaero Was kept constant, which results in lower vgas, as diq increases with higher Miq.

2.3 Gas channel angle

Typically, research studies on gas-assisted coaxial atomization are performed with
atomizers, consisting of a central, straight tube for liquid supply, surrounded by a straight,
annular exit for the high velocity gas phase. As against this, for industrial application,
often coaxial atomizers with a converging (straight inner wall, angled outer wall) or angled
gas channel (angled inner and outer wall) are applied [6,20-23]. Hardalupas et al. [24]
performed experiments, which compare the resulting droplet size of an atomizer with
straight and converging (a = 28°) gas channel. As a result, a decrease in droplet size was
detected for the converging atomizer. Above a gas-to-liquid velocity ratio of vgas/Viiq = 50,
no further changes in droplet size were measurable, without further explanation. Varga et
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al. [25] also compared a straight and converged atomizer, determining a similar effect on
droplet size over all measuring conditions. In this study, the decrease in droplet size was
attributed to a decrease in the boundary layer thickness. Bieber et al. [26] compared two
gas-assisted coaxial atomizers with straight gas channel and gas channel of a = 45°. For
a = 45°, a smaller droplet size and corresponding higher vgr,zmean Was found. The results
were explained by an increased shear rate at the atomizer orifice while applying an angled
gas channel.

As shown, previous investigations mainly focused on the comparison between straight
and angled gas channel atomizers. Research on the increment effect of this angle leading
to changes in primary breakup and resulting droplet size have not been performed yet.
Additionally, the decrease in resulting droplet size for angled gas channel atomizers was
explained by three different effects (i.e. ratio of gas-to-liquid velocity, change in boundary
layer thickness, variation in the shear rate).

In order to answer research question 3 and clarify the effect of gas channel angle on
primary breakup as well as resulting droplet size, atomizers with different gas channel
angles were used and investigated at a wide range of operating conditions (i.e. Vgas (GLR),
Psys and niq). For explanation of the gas channel angle effects, the gas phase was seeded
and gas velocity measured via particle image velocimetry.

2.4 Comparison of atomizer configuration

Regarding the liquid and gas flow concerning gas-assisted coaxial atomizers, a wide field
of flow configurations is possible. Beside the aforementioned research on central liquid
jet atomization, in the literature also configurations with an annular liquid sheet and central
gas jet or additional gas sheet can be found. These sheet configurations allow among
others for small liquid sheet thickness, also for significant increment in liquid mass flow.
Investigations on liquid sheet atomization with one central gas jet were performed by
Leboucher et al. [27] and Zhao et al. [28], presenting morphological classifications of the
liquid sheet breakup via high-speed camera. Main difference between both regime
diagrams is the application over Jgas and Jiq as against Weaero,sheet aNd Siig/diig,sheet. First
radial droplet size measurements were only recorded at vgas > 180 m's? by Li et al. [29],
showing a V-shaped profile and a slight dependence of droplet size on changes in Vgas.
Taking an additional angled outer gas sheet into account, Carvalho et al. [30] recorded
high-speed camera images of the resulting spray at varying Vi, Vgas,i, Vgas,o, Siiq s well as
an outer gas swirl ratio. As vgasi Was changed up to Vgasi = 200 m's™ and vgas,0c was only
increased to0 Vgaso = 40 m's™?, vgasi Was identified in this study to be more relevant for
liquid sheet disintegration. Wahono et al. [31] used a high-speed camera in order to detect
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primary breakup mechanisms of a liquid sheet in further detail, utilizing an atomizer with
straight inner and outer gas exit channels. As a result, it was shown, that primary breakup
of the sheet was mainly affected by Jgas,o, Jgasi @and Jgas. A dependency between a sheet
rupturing Kelvin-Helmholtz surface wave and Jgaso Was found. An additional instability for
liquid sheet breakup was found by Duke et al. [32,33], whereas the previously detected
Kelvin-Helmholtz instability was only formed for sufficiently high relative velocity (Av > 30
m'st) between liquid sheet and outer gas stream. Further details on stability
investigations can be found in Cao et al. [34], Ibrahim et al. [35] and Lee et al. [36].
Summarizing the results of these stability studies, a higher atomization efficiency was
ascribed to the inner gas jet in contrast to the outer gas stream. Further scale up
experiments for these atomizers were performed by Duke et al. [37], showing that siiq has
a dominant effect on the resulting spray characteristics. Continuing the studies mentioned
before, Leboucher et al. [38] conducted radial droplet size measurements of annular liquid
sheet atomizers at varying gas swirl ratio. In this study, mainly the inner gas jet led to a
reduction in droplet size, compared to the outer gas stream. While the vgas,i was set up to
Vgasi = 180 m's™, vgaso was only investigated up to Vgaso = 90 m's™. Zhao et al. [39]
performed laser diffraction measurements, where a maximum in droplet size was found
at Vgas,o = 30 — 40 m's™t, with no effect by vgas,i. By the authors, the assumption was made,
that the liquid sheet is accelerated by the outer gas stream, leading to a decrease in
relative velocity between liquid sheet and the dominant, inner gas jet.

As described in the literature review, many studies were performed on the influence of
the inner and outer gas stream, regarding the resulting spray characteristics. Most of the
studies revealed, that the inner gas jet has a dominant effect on the resulting droplet size,
compared to the outer gas stream. However, the outer gas stream velocity was kept at
least a factor of two smaller in comparison with the inner gas jet velocity for all
investigations [30,34—-36,38]. The main reason for this gas velocity arrangement is the
geometrical setup of annular liquid sheet atomizers, which are designed with a small
central gas jet diameter, implying small gas mass flows lead to high vgasi. Additionally,
large outer gas orifice areas arise as a result of positioning, where comparable gas mass
flows lead to small vgas 0. Taking a closer look from a geometrical point of view, the outer
gas stream should have an increased influence on droplet size, as the impact area for
shear forces on the liquid sheet is increased, as against the inner sheet surface area.

In order to answer research question 4 and describe the effect of gas velocity
arrangement on primary breakup and resulting droplet size more clearly, an atomizer
design with annular liquid sheet, central gas jet and outer gas stream was designed with
three identical exiting orifice areas. This allows in a first set of experiments for ideal
comparison of gas velocity influence between inner and outer gas stream. Furthermore,
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by changes in flow configuration, an optimal comparison between all three flow
configurations is made possible, as atomization relevant parameters (i.e. Vgas, Viq, GLR
and J) remain constant. Additionally, liquid viscosity was increased for designated
operating conditions in order to identify the dependency of droplet size on viscosity for

liquid sheet atomizers.
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3 Materials and methods

Experimental investigations and measurements for this thesis were performed with three
different atomizer configurations in three different test rigs, which are described in the
chapters 3.1 - 3.4. In chapter 3.5, the measurement techniques, applied settings and
extracted data are discussed.

3.1 Atomizer concepts

3 different external-mixing gas-assisted atomizer concepts were utilized for the
experiments performed in this work. The following enumeration was chosen to
differentiate between the applied atomizer concepts. Configuration (i) defines the central
liquid jet (diiq) atomizer with annular gas stream (Sgas). Configuration (ii) represents the
annular liquid sheet (siq) atomizer only using gas from the central gas tube (dgas).
Configuration (iii) specifies the annular liquid sheet (siiq) atomizer while applying gas mass
flows via both gas orifices (dgas and Sgas). Figure 2 depicts the sectional drawings, as well
as a front view of the atomizer flow configurations.
(i) (ii)
Ga

Liquid

Figure 2: Schematics of the applied atomizer flow configurations as side and front view.

In order to reduce the influence of gas boundary layer and enable undisturbed gas flow
avoiding vortex formation directly at the atomizer orifice, the tube thicknesses between
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gas and liquid phase are reduced to b = 0.1 mm. In accordance to Tian et al. [40] this size
guarantees for undisturbed flow. The depicted atomizers feature parallel channels for gas
and liquid phase to enable optimal comparison with results presented already in literature
[17,41,42]. An angle between gas and liquid phase, which is typically applied for industrial
application, is defined with a (see Figure 3).

0° 30°
wy X gz
a
z
Figure 3: Schematics of applied atomizers with straight (left) and angled (right) gas channel.

3.2 Atmospheric spray test rig (ATMO)

The measurements for papers Ill, IV and proceeding I, Il were performed at the
atmospheric spray test rig (ATMO), which is depicted in Figure 4 as schematic for
operation of liquid sheet nozzles.
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Figure 4: Schematic of the atmospheric spray test rig with three-fluidic lance and the horizontal cross-

sectional view (A - A) in the measurement plane.

The ATMO consists of a two- or three-fluidic lance, where the nozzle is mounted, a
collection container with exhaust air system and separate liquid as well as gas supply
system. The liquid or suspension is fed out of a stirred and tempered tank with an
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eccentric screw pump, controlled by Coriolis density and mass flow meter (range: Miq =
5—100 kg'h1). The atomizing air flow is delivered by the compressed air system, whereas
two parallel hot wire anemometers with integrated valve measures and regulates the gas
mass flow in a range of Mgas = 0.5 — 90 kg'h'L, respectively. The measurement techniques
are mounted on a 2D traverse system with motion in x/y-plane, shown as horizontal cross-
sectional view (A — A). In order to reduce recirculation effects of droplets, a honeycomb
structure was mounted in the container and utilized as a flow straightener and
coalescence promoter. The exhaust air is removed by a suction system.

3.3 Pressurized atomization test rig (PAT)

The pressurized atomization test rig (PAT) enables for spray characterization at
increased system pressures of psys = 1 — 21 bar. The test rig was used for data acquisition
in papers |, Il and proceeding Il. A scheme of the test rig is shown in Figure 5.
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Figure 5: Scheme of the pressurized atomization test rig with horizontal cross-sectional view (A - A) of the

pressure chamber.

The test rig consists of a pressure chamber with a twin-fluid lance entering the chamber
at the top, a tempered liquid circulation system, a pressurized air supply system as well
as a filter system for exhaust air. In the pressure chamber with an internal diameter of
300 mm and total height of 3000 mm, a honeycomb structure is mounted for reduction of
droplet recirculation. In the circulation system, the liquid is pumped, while the eccentric

10
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screw pumps P1 and P2 feature liquid towards the twin-fluid lance. Liquid mass flow is
controlled by Coriolis flow meters in a range of Migp1 = 10 — 60 kg'h™* and Migp2 = 60 —
200 kg'h1, respectively. In the pressurized air supply system, a turbine meter is used for
volume flow detection in a range of Vgas = 0.85 — 25 m*®'h-1. Gas mass flow is calculated
via the ideal gas law with the aid of temperature and pressure measurements directly
behind the turbine. System pressure control is performed by three parallel valves after
the exhaust air filtering system. The pressure chamber is equipped with three glass
windows for spray characterization via optical or laser-based measurement techniques.
Optical ports are located at the angles of @ =0, 70 and 180°, as shown in the horizontal
cross-sectional view (A — A) of Figure 5.

3.4 Burner testrig (BTR)

The burner test rig (BTR) was applied for spray measurements at increased liquid and
gas mass flows as investigated in paper IV. A scheme of the test rig is shown in Figure
6.

$ y
screw compressor <t Pt

&1 e

Figure 6: Scheme of the burner test rig with a mounted twin-fluid lance and high-speed camera.

As the test rig is typically operated open-air, due to the increased liquid mass flows, a
simple setup was chosen, which consists of a liquid and gas supply system, as well as a
rack for the twin-fluid lance and measurement technigue. Out of a 1 m? liquid storage
tank, the liquid is pumped towards the mounted lance via an eccentric screw pump within
a mass flow range of Miq = 400 - 1300 kg-h', which is measured by a Coriolis mass flow
and density meter. The supply of pressurized gas is ensured by a screw compressor with
a pressure vessel at pvessel = 11 bar. A hot wire anemometer with integrated valve allows
for regulation of the gas mass flow in a range of Mgas = 50 - 400 kg-hL.
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3.5 Measurement techniques

For the detailed investigation of primary breakup as well as to detect local droplet size
and velocity distributions optical and laser-based measurement techniques were applied.

The qualitative investigation of primary breakup and the detection of large droplets was
performed by a Photron SA4 high-speed camera (HSC). This camera enables a frame
rate of 3600 Hz at a resolution of 1024 x 1024 pixels as well as frame rates up to 500 kHz
at reduced resolution. For image recording, a lens with focal length of fusc = 105 mm was
applied. The images were captured applying back-light illumination with a 9 x 4500 Im
high-power LED array. To detect fast motion sequences at less motion blur, very short
exposure times were required. Images used for illustration were processed with a
background image in order to remove greyscale fluctuations caused by the back-light
illumination. Each set of images included at least 1000 images, as all spray phenomena
in different time scales should be recorded. The set frame rates ranged from 3.6 kHz up
to 25 kHz, dependent on the time scale of the captured spray phenomena (e.g. primary
breakup of liquid jets or instability formation and spread). Chosen frame rates were
always in accordance with the Nyquist stability criterion [43,44]. For the analysis of
following spray characteristics the high speed camera images were used: primary
breakup morphology, primary ligament length, Kelvin-Helmholtz wave frequency, spray
angle, sphericity check of droplets and droplet size detection in coarse sprays.

For deeper insight into the spray, a far-field microscope with an adjustable focal-length in
the range of 350 — 600 mm and a CCD-camera by Dantec Dynamics was used in
combination with a pulse-laser (Aiaser = 532 nm) flash light as back-light illumination (also
called shadowsizer (SZ)). This laser-optical measurement technique allows for droplet
size and sphericity measurement, due to a field of view of 2.8 x 2.8 mm? and a high
resolution of 2048 x 2048 pixels. With a calibration target, the maximum measurement
error was estimated to be < 10 ym. For the detection of the maximum droplet diameter,
a set of 1000 images was taken with the SZ at each operating condition, to guarantee for
a reliable number of droplets. The maximum droplet diameter was determined as a
validation criterion for the quantitative results of the laser-based measurement
techniques.

Another laser-optical measurement technique, leading to a deeper insight in gas phase
dynamics, is the particle image velocimetry (PIV). Here, a double-pulse laser is equipped
with a sheet optic, while a CCD-camera is located in perpendicular direction and focused
on the emitted laser sheet. As typically the air flow velocity is investigated, very small
droplets or particles must be seeded into the gas phase. Particle seeding was generated
via a seeding generator from LaVision, featuring di-ethyl-hexyl-sebacat (DEHS) droplets
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of 1 — 5 um size range in order to follow the gas phase perfectly [45]. When the laser
sheet hits the seeded gas phase, the small droplets emit the laser light also in direction
of the camera. The application of the double pulse laser with sufficient small time between
pulses enables the calculation of gas phase velocity and detection of vortex structures.

Laser Doppler anemometry (LDA) is a commonly applied laser—based technique for local
droplet velocity distribution measurement. Here, a laser beam is first splitted up in two
beams, whereas one is subsequently frequency shifted via a Bragg cell. Afterwards both
beams pass a lens and are intersected in the measurement volume, where they form a
spheroidal measurement volume, exhibiting interference fringes [46]. When a droplet
passes the measurement volume, the laser light is refracted by the droplet. The refracted
signal is detected via photo multipliers and shows the Doppler frequency. This enables
for the calculation of the related droplet velocity.

Beside the information on local droplet velocity, the radial droplet diameter distribution
can be characterized via phase Doppler anemometry (PDA). For this purpose, the
previously mentioned LDA-setup of laser beams is extended by a receiver optic with three
detectors (photomultipliers), arranged in a specific off-axis angle ®r alignment.
Additionally, the receiver optic is equipped with different masks for detection error
minimization as well as droplet size range adjustment and various slits for measurement
volume reduction in horizontal direction. When a droplet passes the measurement
volume, the respective scattering signal (intensity and signal dependent on the off-axis
angle) is detected by each photomultiplier with a phase difference in-between the
photomultipliers, which is a function of the geometric alignment, refractive index of the
liquid phase and droplet diameter. As geometric properties and refractive index are user
defined or measureable, the related droplet size can be calculated. As only one phase
difference between two detectors is necessary to obtain the size information, the second
phase difference information is used as validation criterion and to enlarge the measuring
range in terms of droplet size. The alignment and the adjustment of PDA systems is of
major importance for the accuracy of the latter achieved results. As a high amount of
system parameters show increased sensitivity and can change the measurement results,
typically a sensitivity study is performed before data acquisition of a new set of
measurements. Details of a sensitivity study procedure are discussed in Kapulla et al.
[47]. The following limitations of a PDA system can be enumerated: (i) trajectory effect or
Gaussian beam effect (which leads to detection of large phantom droplets by increased
scattered light) [48], (ii) shadowing due to high droplet number density (that results in an
increase of calculated droplet size as detection of small droplets is inhibited) [49], (iii) slit
effect (leading to unwanted measuring errors) [50] and (iv) aspherical droplets (resulting
in a random shift of droplet size) [51-53]. Phase Doppler anemometry is often applied in
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15t order refraction to achieve high signal intensity and low noise (typical ®r = 70° off-axis
angle). Therefore the measurements are limited to transparent liquids. In this thesis, two
different phase Doppler analyzer were applied. For data curation in paper |, a fiber PDA
system by Dantec Dynamics was utilized with Ajaser = 514.5 nm. Measurements for papers
Il — IV and proceeding I, 1l were performed with a fiber PDA and SprayExplorer system
by Dantec Dynamics at Ajaser = 561 nm. For all measurements the asymmetrical mask B,
as well as a slit of lsit = 200 um were applied in order to (i) achieve a well-defined
measurement volume, (ii) ensure for high data rates in dense sprays and (iii) enable for
liquid mass flux calculation. Lenses with a focal length of 1000 mm were used for
transmitter and receiver optics to enable droplet size measurements up to a maximum
diameter range of D = 1330 - 1380 um, dependent on refractive index of the utilized
liquids. As position for droplet size and velocity measurement in papers | - Il and
proceeding I, Il z =200 mm was chosen. For paper IV, the measurement position was
evaluated according to a method described in appendix section G. For all PDA
measurements radial profiles in the whole spray cone with a radial increment of Ax =2 —
4 mm as well as a data basis of 50.000 droplets or duration of 60 s were set. At every
radial measurement position, typically Sauter mean diameter D3> and axial mean droplet
velocity Vdr,zmean Was calculated [54].

§V=1 Dgo,i m; - Ay

N 2 .. A
i=1 D30, -y + Ay

ID33m = 1)

The global spray characterization was performed by calculation of a mass-weighted
integral Sauter mean diameter (ID32m) according to equation (1). Here, Dzoi and Dazo;i
represent the local volume and surface mean diameter, respectively. A; is the annulus
area and m; is the local mass flux at the corresponding measurement position i. The
computation was performed by the toolbox SprayCAT. Further information on
computation can be obtained by DIN SPEC 91325 [55] and Albrecht [50]. Each
measurement was repeated at least three times, whereas one full profile was recorded
for symmetry check and two half-profiles were taken and mirrored after symmetry was
proven. Therefore all figures with radial profiles show mirrored data as open symbols.
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4 Results and discussion

4.1 System pressure

4.1.1 Influence of system pressure for constant vgas, GLR and Jgas

The results from this subsection are part of the master thesis Grossl [56] and paper I
“Experimental investigation on the influence of system pressure on resulting spray quality
and jet breakup applying pressure adapted twin-fluid nozzles” by Wachter et al. [57].
Here, the effect of system pressure on primary jet breakup, resulting droplet velocity and
size was analyzed during the application of atomizers with pressure adapted gas orifice
areas. Reduction of gas orifice area with increasing system pressure allows for constant
Vgas, GLR and Jgas at every system pressure step without changing the gas mass flow.
The operating conditions comprise five system pressure steps (Psys =1/2/6/11/16
bar) with five adapted central liquid jet atomizers (flow configuration (i)), which were
operated at three different gas velocities vgas = 60 /80 /100 m's* (GLR =0.6 /0.8 /1.0)
and constant Miq = 20 kg-h't. Experiments were conducted in the test rig PAT with nig =
1 mPa's and 100 mPa's, applying water and a glycerol/water — mixture.
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Figure 7: var,zmean (l€ft) and D32 (right) as function of radial position at varying psys. Configuration (i), digq = 2
mm, Miq = 20 kg'h, Vgas = 60 m's™ (GLR = 0.6), 17iq = 100 mPas.

To discuss the influence of system pressure on resulting droplet velocity and size, the
PDA measurements for vgas = 60 m's* (GLR = 0.6) and niq = 100 mPa-s are shown in
Figure 7. Corresponding measurements for other operating conditions are illustrated in
the appendix section A. As Figure 7 (left) shows, for all droplet velocity measurements
with the PDA system, the typical Gaussian shaped radial profile for gas-assisted central
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liquid jet atomizers was detected, which is also in accordance with the free jet theory
described in the appendix chapter F. Additionally, with increasing system pressure, a
decrease in resulting droplet velocity was observed, although gas velocity at the atomizer
exit remained constant. Against this, the droplet diameter showed a different behavior at
increasing system pressure, as depicted in Figure 7 (right). Here, for psys =1 - 6 bar a
slight decrease in droplet size was measured, followed by a significant rise and change
in radial profile shape from v-shape with a minimum on the spray axis to a pronounced
peak in the spray center. This inverse effect on resulting Sauter mean diameter was
detected for all investigated vgas (GLR), which is shown by the calculated ID3>,m values in
Figure 8 (left). In addition, Figure 8 (right) presents the corresponding HSC images at psys
=1 and 11 bar for vgas = 60 m's™* (GLR = 0.6) and niq = 100 mPa's.
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Figure 8: ID32m as function of psys for varying vgas (GLR) (left), HSC images of the primary breakup for vgas
=60 m's at a) psys = 1 bar and b) psys = 11 bar (right). Configuration (i), diq = 2 mm, Miq = 20 kg-h2, niq =
100 mPa's.

When comparing the primary jet breakup morphology for psys = 1 and 11 bar, it can be
stated, that for higher system pressure, the primary ligament remained intact for a
significantly longer distance after leaving the nozzle orifice. Furthermore, the radial
displacement of ligaments and membrane formation is reduced at psys = 11 bar.

In order to explain this effect of increased system pressure on droplet size, the local
dynamic pressure of the gas jet jgas Needs to be taken into account, which is influenced
in an opposite way by two parameters:

e An increase in system pressure, results in higher gas density and therefore in
higher dynamic pressure of the gas jet jgas at constant vgas. The higher shear stress
between gas and liquid phase leads to smaller droplet sizes as visible for an
increase in psys between 1 — 6 bar.

16



Results and discussion

¢ When the gas phase exits the atomizer, the gas velocity decreases with increasing
atomizer distance due to gas phase entrainment, in accordance with the free jet
theory (appendix chapter F). This effect is enhanced, due to deq reduction for every
system pressure step and results in a decrease of local dynamic pressure of the
gas jet jgas,local at fixed atomizer distance z = 200 mm, which leads to higher droplet
sizes.

To clarify those opposing effects at different system pressures, jgas,ocal Was calculated
locally in the measuring plane (z = 200 mm) by using the droplet velocity of all droplets in
the size range 1 - 5 um, as these represent the gas phase velocity [45]. Figure 9 depicts
the influence of system pressure on jgas,iocal, While applying pressure adapted atomizers
at psys =1/ 6/ 16 bar for vgas = 100 m's™* (GLR = 1.0) and niq = 100 mPas.
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Figure 9: jgas ocal @s function of radial position at varying psys. Configuration (i), dig = 2 mm, Miq = 20 kg'h,

Niq = 100 mPa’s, vgas = 100 m'st (GLR = 1.0).

The maximum in jgasocal iS Clearly visible for psys = 6 bar, which results in a maximum in
gas / liquid interaction and therefore a minimum in Sauter mean diameter. For a further
increase towards psys = 16 bar, a significant decrease in local jgas Was found, which is
responsible for the high droplet size detected according to Figure 8 (left). A comparison
of measurements for different liquid viscosities, revealed that an increase in viscosity led
to higher droplet sizes but similar results concerning the effect of system pressure, as can
be seen in the appendix section A.

After gathering a deeper insight concerning the influence of Jgas at corresponding psys on
resulting droplet size and primary breakup, an investigation of the three parameters (Sgas,
Psys and Vgas) affecting the aerodynamic forces (Jgas) and therefore the liquid disintegration
was performed.
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4.1.2 Influence of Jgas

The results of this subsection are part of paper Il: “Towards system pressure scaling of
gas assisted coaxial burner nozzles — An empirical model” by Wachter et al. [58].
Following the conclusions of the previous subsection, in this chapter, the effect of gas
momentum flow was studied in order to derive a scaling approach for gas-assisted
atomizers with central liquid jet (configuration (i)). Three atomizers with different gas gap
widths Sgas = 0.6 / 1.2 / 2.0 mm were operated at vgas = 60 / 80/ 100 m's™* and psys = 1/
3/6/11/16/ 21 bar, leading to Jgas variation between 0.06 - 2.5 N. Water (niq = 1 mPas)
was atomized in the PAT at constant Miq = 20 kg°h™.
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Figure 10: D3, as function of radial position for varying psys (left) and sqas (right). Configuration (i), dig = 2

mm, Miq = 20 kg'h'1, niqg = 1 mPars.

For discussion of the results concerning the variation of psys and Sgas, radial droplet size
profiles are depicted in Figure 10. Corresponding measurements for other operating
conditions are illustrated in the appendix section B. An increase in psys between 1 — 11
bar, while also increasing GLR but constant vgas, led to a significant decrease in droplet
size over the whole spray cone (see Figure 10 (left)). For psys > 6 bar, homogeneity of the
radial droplet size distribution without larger droplet size deviations was obtained, which
is attributable to the increased aerodynamic forces (i.e. Jgas). Especially an increment in
Psys over 11 bar showed, that the dependency on Sauter mean diameter levels off
completely and nearly constant droplet size distributions are achieved. Similar effects on
the measured droplet size distribution resulted from an increase in Sgas for constant vgas
and psys, illustrated in Figure 10 (right). All measured dependencies were also verified by
HSC images of primary jet breakup, where a significant intensification of the disintegration
process was identified between vgas = 60 to 100 m's™, psys = 1 to 21 bar and Sgas = 0.6 to
2.0 mm (see appendix section B). Nevertheless, all recorded breakup morphologies
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represented the fiber type breakup, which is the common breakup mode for low-viscosity
atomizer operation at sufficient gas momentum flow [12,59,60].
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Figure 11: IDs,m as function of Jgas at varying psys (left). Parity plot of the calculated and measured IDs2,m

for varying psys (right). Configuration (i), diq = 2 mm, Miq = 20 kg'h%, nig = 1 mPa's.

As the impact on and dependency of resulting droplet size regarding all parameters
forming Jgas Were similar, an empirical model for system pressure scaling of central liquid
jet atomizers was derived out of the recorded data for psys =3 /11 / 21 bar. The residual
system pressure steps were used for model validation. For model fitting of the
experimental data, a potential fit was chosen, as shown in Figure 11 (left) and equation
(2) with two pressure dependent parameters A and C from equations (3) and (4). B was
set constant to 0.19 N.

_Jgas
IDBZ,m = A(psys) e B + C(psys) (2)
A(psys) = 3.0 pds + 220 (3)
C(psys) = 1.1 pgys + 67 (4)

The model accuracy is illustrated by a parity plot in Figure 11 (right), which compares
measured versus calculated D3> m values. As maximum percentage deviation 12.7 % at
Psys = 3 bar, Vgas = 100 m's™ and sgas = 1.2 mm was found. The validation measurements
showed lower variance than 12 % except for psys = 6 bar and Jgas = 0.69 N with AlDz>m =
18 um, which equals 22 %. Model applicability was proven in a range of psys = 1 — 21 bar,
Jgas = 0.07 — 2.5 N and Miq = 20 kg-h™™.

By applying Jgas as characteristic parameter for atomization performance, the
understanding of the influence of system pressure on spray formation was deepened and
an empirical model for system pressure scaling of central liquid jet atomizers was derived
and validated.
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4.2 Mass flow scale up

The results in this chapter are part of the bachelor thesis Muller [61] and paper IV: "Mass
Flow Scaling of Gas-Assisted Coaxial Atomizers” by Wachter et al. [62]. Here, the effect
of liquid mass flow on primary jet breakup and the resulting droplet size was analyzed at
constant Weaero in order to derive a model for scale-up of central liquid jet atomizers (flow
configuration (i)) at atmospheric pressure conditions. Four liquid mass flow steps (Miq =
20 /50 /100 / 500 kg-h1) were investigated with similar atomizer setups in central tube
diameter diig=2.0/3.2 /4.5 /10 mm, that allow for constant viq = 1.77 m's™1. As operating
conditions, Weaero = 250 / 500 / 750 / 1000 (GLR =0.36/0.50/0.61 / 0.70) were applied,
which requires for constant Weaero and increasing Mig, a decrease in Vgas due to an
increase in diq. For the investigations, water (niq = 1 mPas) was atomized in the test rigs
ATMO and BTR. At Miq = 500 kg-h'* droplet size was measured qualitatively via HSC
images and an algorithm applying a global threshold according to Otsu et al. [63] and
subsequent circle fitting.
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Figure 12: IDs2m as function of Miq (diq) at varying Weaero (GLR). Configuration (i), niq = 1 mPa’s, psys = 1

bar.

The resulting droplet size measurements for PDA and HSC are illustrated in Figure 12 for
all utilized operating conditions. Corresponding radial measurements for all operating
conditions are illustrated in the appendix section C. For an increase in Weaero (i.e. GLR)
a decrease in droplet size was detected, which is related to an increase in vgas and
aerodynamic forces, shearing the liquid jet. With higher aerodynamic forces, the influence
of a further increase in vgas is decreasing, as already discussed in chapter 4.1 for an
increase in Jgas. In contrast to this, for an increase in Miq, significant higher droplet sizes
were measured keeping Wezero constant. Beside this, also the primary ligament length
was extended up to z = 130 mm for Miq = 500 kg'h! (as depicted in the appendix Figure
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G 1). The effects on droplet size and primary ligament length were generated by two
changes in parameters, while increasing Miq. At first, for increasing Miq at constant
Weaero, a decrease in Vgas and therefore in jgas and Jgas IS calculated. As vgas decreases,
lower aerodynamic forces remain for disintegration of the liquid jet. Furthermore,
increasing Miyq is related to an increase in diq. For this condition, the ratio between
shearing surface of the liquid jet and the volume of the jet decreases, which leads to a
remaining intact liquid jet core over longer distance from the atomizer orifice.

With the measured data plotted over Jgas, an empirical model for scaling of central liquid
jet atomizers concerning the applied Miq was derived. The influence of Jgs on the
resulting droplet size as well as the derived model are shown in Figure 13 (left). Here, the
effect of Jgas ON resulting droplet size is also in accordance with the results from chapter
4.1.2. Therefore, again a potential fit was used with 3 different parameters A, B and C,
which were correlated via the least-square method. The model and the fitted parameters
are presented in equations (5)-(8).
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Figure 13: D3, as function of Jgas for varying Miq (diq) (left), Parity plot for comparison between measured

and calculated IDs; values (right). Configuration (i), niq = 1 mPa's, psys = 1 bar.

1Dy, = A(Myq) - e_B(]z—j;) +C(Myq) )
A(Myy) = 4.6 - My, + 91 (6)
B(My;,) = 0.006 - My;, + 0.03 7)
C(Myy) = 0.67 - Myq + 45 (8)

In addition, the parity plot shown in Figure 13 (right) illustrates the model accuracy,
comparing measured and calculated droplet sizes. The maximum deviation between
measured data and the model approach was reached at Miq = 100 kg'h't and Weaero =
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250 with 13.2 % (A/D32 = 17.6 uym). For Miiq = 500 kg-h™? and Weaero = 250 the highest
absolute deviation in droplet size between model and measured data occurred with A/D3»
= 55.5 ym, which equals a percentage variance of only 3.3 %. The model was considered
to be adequate in a range of Miq = 20 — 500 kg'h! at vig = 1.7 m's™.

One of the main influencing parameters for an increase in droplet size, when applying
increasing Miq was the simultaneously rising diiq, Which led to an unfavorable shift in the
ratio between shear surface for the gas jet and liquid volume. In order to overcome this -
in terms of mass flow scale up limiting effect - a variation in liquid flow configurations was
tested. Here, especially the liquid sheet configurations provide the advantage of Miq
scaling at constant sheet thickness as against central liquid jet atomizers. The
investigation was performed at constant conditions concerning atomization relevant
parameters, which is described in detail in the following chapter 4.4.

4.3 Gas channel angle

The results in this subsection are part of the bachelor thesis Ritter [64] and proceeding
Il: “Effect of gas jet angle on primary breakup and droplet size applying coaxial gas-
assisted atomizers” by Wachter et al. [65]. In the following subsection, the effect of the
gas jet angle on primary jet breakup and the resulting droplet size and velocity is
discussed. For this investigation, 3 atomizers with different gas channel angles a =0/ 15
/ 30° were applied at system pressure of psys = 1 and 11 bar. The gas orifices of the
central liquid jet atomizers were designed according to the pressure adapted nozzles
approach (refer to chapter 4.1.1). As liquids, water (niq = 1 mPa‘s) and a glycerol/water-
mixture (niq = 200 mPa's) were atomized in the test rig PAT at constant Miiq = 20 kg-h'?
and at vgas =60/ 100 m's* (GLR = 0.6/ 1.0). In order to analyze the gas flow velocity and
behavior, the PIV system with gas phase seeding was applied at the test rig ATMO. A
black colored pin was mounted in the central atomizer tubing, which represented the
emerging liquid jet.

In order to quantify the effect of gas channel angle on resulting droplet size and axial
velocity, Figure 14 (left) illustrates the measured radial distributions for different angles a,
at Vgas = 60 m's? (GLR = 0.6), niq = 200 mPa's and psys = 1 bar. Corresponding
measurements for other operating conditions are illustrated in the appendix section D. In
accordance to the literature [24,25], for the utilization of atomizers with gas channel angle,
a decrease in droplet size was detected compared to the parallel exiting gas channels.
The impact on droplet size decrement is typically related to an increase in Jgas i.€.
aerodynamic forces (as shown in chapter 4.1). Corresponding to this result, also an
increase in droplet mean velocity var,zmean Was measured for higher a, especially in the
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spray center (see Figure 14 (left)). As vgas at the nozzle orifice remained constant for
varying a, double pulse PIV measurements of the seeded gas phase were performed in
order to detect possible changes in the flow field, shown in Figure 14 (right) for a = 0 and
30° with absolute gas phase velocity vaps (calculated via axial and radial velocity
component). Applying an atomizer with a = 0°, the gas phase emerges from the atomizer
orifice and shears the pin while gas velocity decreases. Against this, for a = 30°, the
exiting gas phase hits the pin, leading to smaller cross-sectional area and therefore to an
increase of Avgas = 20 m's™. As vgas remains increased after the impact, this effect causes
higher aerodynamic forces and the changes in droplet size and velocity detected in the
spray center.
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Figure 14: Dz and Varz,mean as function of radial position at varying a (left), vass for varying a (right).

Configuration (i), diqg = 2 mm, psys = 1 bar, Vgas = 60 m's™.

Investigating the effect of gas channel angle on the primary jet breakup via HSC, no
changes in the breakup morphology were detected, as illustrated for vgas = 60 m's™* (GLR
= 0.6), nig = 200 mPa's and psys = 1 bar in Figure 15 (left).

a) ; b) <) :

Figure 15: HSC images of the primary jet breakup applying atomizers with a =0/ 15/ 30° at vgas = 60 m's-
1 (GLR =0.6), niq = 200 mPa's and psys = 1 bar (left). Scheme of the emerging gas and liquid phase as well

as the corresponding impact area for a = 15 / 30° (right).
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The main difference in the HSC images is highlighted with a red mark and represents an
area on the emerging liquid jet, where no typical disturbances or instabilities (as KHI)
were formed. For an increase in a, from 0° to 15° a significant increase of the mentioned
zone in axial direction was found. A further increment from 15° to 30° led to a decrease
in impact area. This dependency leads to the conclusion, that the undisturbed area is
related to the gas channel angle and the impacting radial forces of the gas phase, which
lead to a stabilization of the liquid jet. The scheme in Figure 15 (right) depicts the
decrement of the zone size with increasing gas channel angle. Furthermore, the increase
in stabilizing radial force between a = 15° and 30° also led to an increase in necessary
Vgas (I.e. GLR) for KHI formation on the liquid jet surface.

A general overview on the influence of gas channel angle on ID3>m at varying operating
conditions as vgas (GLR), niq and psys is given by Figure 16 (left). In addition, related
images of the primary jet breakup at different vgas (GLR) and psys are shown in Figure 16
(right). For all investigated liquids and system pressures it can be stated, that an increase
in a applying vgas = 60 m's? (GLR = 0.6) resulted in a slight shift towards lower 1D32,m
values. The intensified primary jet breakup for an increased a was also recorded in the
HSC images, especially for increased psys. Here, an increase in a led to a complete
disintegration of the liquid jet, which remained intact for the atomizer with straight exit
even after leaving the field of view in z-direction (see Figure 16 (right, a) and b)). As can
be seen in Figure 16 (left) for increased vgas of 100 m's™ (GLR = 1.0) no further influence
of a was detected, which is comparable to the literature [24]. Here, the effect of a was
negligibly small for both atomized liquids, as an already high Jgas, leads to lower influence

of an additional, angle-dependent increase of aerodynamic forces [17,21,66].
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Figure 16: IDs2m as function of a for varying nig, Vgas (GLR), psys (left), HSC images of the primary jet breakup
at Vgas = 60 m's* (GLR = 0.6) and niq = 1 mPa's for a) a = 0°, psys = 11 bar, b) a = 30°, psys = 11 bar, ¢) a =
0°, psys = 1 bar and d) a = 30°, psys = 1 bar (right). Configuration (i), diq = 2 mm, Miq = 20 kg-hL.
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After the detailed investigation of all relevant gas phase and gas orifice parameters (Vgas,
Psys, Agas (Sgas), @), which affect the primary breakup and resulting droplet size, a deeper
insight into parameters of the liquid phase (diq, Miiq) was carried out in order to perform
liquid mass flow scaling, as described in the following chapter.

4.4 Liquid flow configuration

The results in this chapter are part of the bachelor thesis Goétz [67] and proceeding I:
“Comparison of spray quality for two different flow configurations: Central liquid jet versus
annular liquid sheet” by Wachter et al. [68] as well as paper IlI: "Comparison of Central
Jet and Annular Sheet Atomizer at ldentical Gas Momentum Flows® by Wachter et al.
[69]. Different liquid flow configurations were investigated at comparable operating
conditions as Mig, Mgas, Viig, Vgas, GLR, Jgas and Jig. To achieve this comparison, an
annular liquid sheet atomizer design was applied with equal exiting orifice areas for gas
and liquid phase (dgas = 5.4 mm, Siq = 1.09 mm, sgas = 0.83 mm), respectively. Here, 3
flow configurations can be evaluated, according to Figure 2. For all experiments Miq = 30
kgh* was kept constant, while atomizing water (niq = 1 mPas) and 3 glycerol/water —
mixtures (Niq = 100 / 200 / 400 mPa's) in the test rig ATMO.
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Figure 17: 1D3> m as function of vgas (GLR) at varying atomizer configuration (left), HSC images of the primary
jet and sheet breakup for: a) configuration (i), vgas = 60 m's* (GLR = 0.2), b) configuration (i), vgas = 150
m's! (GLR = 0.5), ¢) configuration (i), vgas = 60 m's'! (GLR = 0.2) and d) configuration (ii), Vgas = 150 m's*
(GLR = 0.5) (right). Miq = 30 kg'h'%, niiq = 1 mPa’s, psys = 1 bar.

As first set of experiments, a comparison of the flow configurations (i) and (ii) was
performed at vgas =60 /90 / 120 / 150 m's™* (GLR = 0.2 / 0.3 / 0.4 / 0.5). Additionally,
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measurements at different outer and inner Gas-to-Liquid mass flow ratios (GLO and GLI),
but constant GLR = 0.3/ 0.5/ 0.7 were conducted.

For comparison between flow configuration (i) and (ii), Figure 17 (left) shows the influence
of resulting 1D32>m for varying vgas (i.e. GLR). Corresponding radial measurements for all
operating conditions are illustrated in the appendix section E. In addition, Figure 17 (right)
depicts HSC images of the primary jet and sheet breakup at vgas = 60 m's™* (GLR = 0.2)
and vgas = 150 m's™? (GLR = 0.5). With increasing vgas (i.e. GLR), for both investigated
flow configurations a decrease in droplet size was detected. As can be seen for both
configurations, the effect of vgas On resulting droplet size decreases with increasing Vgas.
For configuration (i), the measured 1D32,m was higher at low vgas < 120 m's™ (GLR < 0.4),
compared to configuration (i). At higher vgas > 120 m's™ (GLR > 0.4), the decreasing effect
on droplet size resulting from the liquid jet atomizer (i) leveled off. This effect can be
explained via a comparison of the primary breakup of liquid jet and sheet. At low vgas, the
liquid jet disintegrated into large droplets and liquid fragments. Here, droplet size is mainly
dependent on the liquid jet diameter diq. Resulting droplet size of the liquid sheet atomizer
(i) is influenced by the sheet thickness siiq, which is smaller than diq and therefore liquid
breakup at low GLR led to an intensified disintegration into smaller droplets. For increased
Vgas (i.e. GLR) the primary breakup of the liquid jet led to a lower ID32m, as the liquid jet
core is encased by fast shearing gas. As against this, utilizing configuration (ii) led to high
aerodynamic force in the spray center, while large droplets at the spray boundary
remained in size, due to a lack in aerodynamic forces. This breakup morphology was still
observed for higher vgas (i.e. GLR), leading to low sensitivity of 1Dz m towards a further
increase in aerodynamic forces.

In a second set of experiments, nozzle configuration (iii) was utilized at varying GLO / GLI
and constant GLR values in order to detect the influence of the outer and inner gas stream
on resulting droplet size and primary breakup. The detected droplet sizes are plotted over
GLO and Jgas in Figure 18 (left) and (right), respectively. As shown in Figure 18 (left), the
influence of GLO on droplet size is dependent on the absolute GLR value, whereas for
increased GLR > 0.5, the sensitivity of GLO on resulting droplet size is reduced
significantly. First, with increasing GLO, which results in a decrease in GLI, a higher
droplet size was detected. The maximum in droplet size was typically found at GLO =
GLI. Anincrease of GLO beyond this point led to a decrease in droplet size. The observed
maximum can be explained by two effects. At first, for GLO = GLI the total value of Jgas
applied for atomization is minimized. Furthermore, due to the equal orifice areas of the
atomizer gas exits, the operating condition GLO = GLI also implicates vgas,o = Vgas,i, Which
may lead to parallel formation of KHI waves on the liquid sheets’ inner and outer surface
and therefore to a morphological change in primary sheet breakup.
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Figure 18: ID3»>m as function of GLO for varying GLR (left) and Jgas for varying GLR (right). Configuration
(|||), Mliq = 30 kg'h_l, nliq = 1 mPa'S, psys = 1 bar

Here, the typical sheet breakup is changed into a pulsation mode with low frequency (fkni
=~ 100 Hz, calculated from HSC imaging), resulting in large liquid fragments without further
disintegration. With increasing GLR, also vgas,0 and vgas,i increased, which led to smaller
droplet sizes for all GLO settings and especially for GLO = GLI due to a higher pulsation
frequency and increased aerodynamic forces. At GLR = 0.7, no maximum in droplet size
for GLO = GLI was detectable.

For comparison of the applied liquid flow configurations at GLR = 0.5, Figure 19 (left)
represents the resulting IDs2m as a function of niq. Figure 19 (right) illustrates the primary
jet or sheet breakup of configuration (i) at GLR = 0.5 and (iii) at GLO = 0.5 for niq = 1 and
400 mPa's. In accordance with previous measurements and the literature [12,59,70], for
an increase in niq, a rising droplet size was detected for all liquid flow configurations. For
every configuration a distinct dependence between an increase in nig and the
corresponding increment in ID32>m was found. The highest droplet size for all atomized
liquids was observed for flow configuration (iii) at GLO = GLI = 0.25, which was related to
the comparably low total Jgas and the pulsation in primary breakup. For the atomization of
water (niq = 1 mPa's), the difference in resulting droplet size between GLO = 0 and GLO
= GLI was comparably small with A/Dsom =21 pm.
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Figure 19: ID3>m as function of niq at varying configurations and GLO (left). HSC images of the primary
breakup for a) configuration (i) at GLR = 0.5 and niq = 1 mPa's, b) configuration (iii) at GLO = 0.5 and niiq =
1 mPas, c) configuration (i) at GLR = 0.5 and niq = 400 mPa's as well as d) configuration (iii) at GLO = 0.5
and niq = 400 mPa's. Miq = 30 kg'h1, psys = 1 bar, GLR = 0.5.

As against this, for atomization of liquids with increased viscosity (niq = 400 mPas), the
effect on droplet size was distinct with A/Dz2m = 272 ym. The smallest droplet size was
achieved with configuration (i) at GLR = 0.5 and niq = 1 mPa's. For increased viscosity,
the resulting ID32,m was rising significantly towards the second highest value in the
investigation, due to the formation of large ligaments and fibers after primary breakup
(see also Figure 19 (right)). Smallest droplet sizes at high viscosity were found for the
liquid sheet configurations (ii) and (iii) at GLR = 0.5 and GLO = 0.5, respectively.
Comparing these configurations, the observed ID3>,m was even smaller for configuration
(i) at GLO = 0.5. This effect was explained by two reasons, namely the primary breakup
morphology and the available shear surface of the gas phase. The primary breakup for
configuration (ii) at GLR = 0.5 typically produces small droplets in the spray center, while
remaining sheet fragments at the spray boundary receive low aerodynamic forces, due
to their distance to the gas jet core. As against this, for configuration (iii) at GLO = 0.5 the
liquid sheet is surrounded by a fast annular gas stream, which leads to low local gas
pressures and a radial force guiding the liquid fragments radially through the gas jet core
(see Figure 19 (right)). The transition of the liquid ligaments through the high-velocity gas
stream enables for complete disintegration into small droplets. Additionally, comparing
the shear area between gas and liquid phase reveals, that for configuration (iii) at GLO =
0.5, this shear surface is around 40% larger, compared to the shear surface for
configuration (ii) at GLR = 0.5, which also leads to a more intense primary breakup and
results therefore in smaller droplet sizes.
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To sum up, the change in atomizer flow configuration from (i) over (ii) towards (iii) led to
an atomizer concept with nearly equal resulting droplet size between liquid jet and liquid
sheet. Here, the configuration (i) led to smaller droplet size at high vgas (GLR), whereas
for configuration (ii) smaller droplet sizes were measured at low vgas (GLR). Furthermore,
the sensitivity on droplet size is significantly reduced especially for configuration (iii) at
GLO = 0.5 compared to configuration (i) at GLR = 0.5.
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5 Summary

In order to conclude the main results of this work, the research questions according to
chapter 1 are answered.

Question 1: How are spray characteristics affected by an increase in system pressure?
(paper 1 & 11)

Atomization experiments with central liquid jet atomizers (configuration (i)) were
performed in the test rig PAT at varying gas velocity, system pressure and gas gap width
in order to change all variables forming the gas momentum flow. Experimental data
reveal, that for operation of one atomizer at varying system pressure, an increase in
system pressure led to a decrease in droplet size, if also gas mass flow is increased to
keep other influencing parameters as gas velocity constant. Additional experiments were
conducted following the approach to keep atomizer operating conditions constant and
independent of system pressure. This was achieved by an adaption of the gas orifice
area. Here, first a decrease of droplet size due to the aerodynamic forces, followed by an
increase in droplet size was observed for increasing system pressure. The significant
increase was attributed to the decrement in gas orifice area, leading to a faster
deceleration of the gas phase after exiting the atomizer. Knowing about the relevance of
gas orifice area, investigations were performed varying all parameters that form gas
momentum flow.

Based on those data, an empirical model was derived, allowing for system pressure
scaling of central liquid jet atomizers. With the aforementioned empirical model, a tool is
given to calculate atomizer dimensions that are necessary to keep droplet size constant
with increasing system pressure. In order to apply system pressure scaling, droplet size,
system pressure, and GLR need to be specified, while gas velocity and gas gap width
are calculated via gas momentum flow and gas mass flow.

Question 2: How are spray characteristics affected by an increase in liquid mass flow?
(paper V)

Measurements on the influence of liquid mass flow concerning primary jet breakup and
droplet size were conducted in the test rigs ATMO and BTR with configuration (i) applying
water. Here, liquid velocity, aerodynamic Weber number and GLR were kept constant,
which led - for four liquid mass flow steps - to four atomizers, respectively. With increasing
liquid mass flow a significant increase in droplet size and primary ligament length was
detected, even though Weaero wWas kept constant. Both spray characteristics were
influenced by two effects. Due to the atomization at constant aerodynamic Weber number
and liquid velocity, an increase in liquid mass flow led to larger liquid jet diameters and
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therefore to a decrease in gas velocity. This results in a reduction of the aerodynamic
forces relevant for atomization. As a second effect, the higher liquid mass flow leads to
an increase in liquid jet diameter to keep liquid velocity constant. With increasing liquid
jet diameter the impact area of the gas phase for liquid jet disintegration to liquid volume
ratio was shifted towards lower values, which increases the primary ligament length
significantly.

Question 3: How is the disintegration process of a liquid jet influenced by an angle
between gas and liquid phase at the atomizer orifice? (proceeding II)

Investigations on the influence of gas channel angle on liquid jet disintegration were
performed in the test rigs PAT and ATMO applying configuration (i) with water and
glycerol/water-mixtures. The disintegration process of a liquid jet was found to be
influenced by destabilizing and stabilizing effects, applying a gas channel angle at the
atomizer orifice. For a higher gas channel angle an impact of the gas stream on the liquid
jet occurs, which results in a local increment of gas velocity. This increase correlates with
a reduction of the cross-sectional area of the gas flow and leads to higher aerodynamic
forces. In consequence the liquid jet is destabilized more intense, causing higher droplet
velocity and smaller droplet size. Besides this, at the impact zone of the gas phase on
the liquid jet, a stabilized region was observed. The region is formed and maintained by
the equal radial force components of the surrounding gas stream and shifts the formation
of Kelvin-Helmholtz instability towards increased gas velocities. Overall, it can be stated,
that the influence of gas channel angle was especially observed at sufficiently small
aerodynamic forces and in this case low gas velocity. For higher aerodynamic forces, the
effect of gas channel angle was negligibly small.

Question 4: Which atomizer flow configuration (liquid jet or liquid sheet) results in smaller
droplet sizes? (proceeding | & paper IlI)

The comparison of 3 different liquid flow configurations was performed in the test rig
ATMO for (i) a central liquid jet with annular gas stream, (ii) an annular liquid sheet with
central gas jet and (iii) an annular liquid sheet with central and outer gas streams applying
water and glycerol/water-mixtures. The atomizer was designed with equal orifice areas to
guarantee for constant flow conditions at constant mass flows for each operating
configuration. The experimental data reveal, that for low viscosity and high gas velocity
the central liquid jet atomizer achieved the smallest droplet size compared to the liquid
sheet configurations. This result was explained by the shearing gas stream around the
liquid jet, leading to a complete disintegration of the liquid into small droplets when
performed in the lab scale. For atomization of liquids with high viscosity, the spray of
configuration (i) showed large ligaments after primary breakup resulting in large droplets.
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Here, liquid sheet atomizers and especially flow configuration (iii) applying only the outer
gas stream, generated a spray without ligaments and comparably small droplet size. The
formation of small droplets was induced mainly by the primary breakup morphology,
where the liquid sheet is radially accelerated by the high velocity gas stream and the
resulting lower local gas pressure. After passing the gas stream, the sheet is completely
disintegrated into small droplets generating a wide spray angle.

Pays Variation

We,,, = const

Pressure scaling model Mass flow scaling model

Burner development
for

jet atomizers

Figure 20: Context of the discussed research topics and the significance in the field of burner development.

Following the previous research, regarding investigations on increased system pressure
(Weaero = const and vgas = const), the discussed work from this thesis (see Figure 20)
enables the possibility for system pressure scaling of a liquid jet atomizer, while resulting
droplet size and liquid mass flow remain constant. In addition with the introduced model
for mass flow scaling of liquid jet atomizers, an opportunity for burner development in
terms of EFG is given. In order to further optimize the resulting spray characteristics and
expand liquid mass flows, a first step into the research topic of liquid sheet atomizers was
performed by a configuration comparison.

Besides the contribution of this work towards the understanding of atomization
phenomena, spray processes and atomizer design, also a basis for future research topics
is provided. These topics are mainly focused on resulting spray characteristics of
potentially scalable liquid sheet atomizers with inner and outer gas stream. Here,
especially the influence of system pressure, gas orifice and velocity arrangement as well
as liquid sheet thickness and corresponding liquid mass flow should be of major interest
for advanced burner development in terms of entrained flow gasification.
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A Additional measurements for paper |
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Figure A 1: vdrzmean s function of radial position at varying psys, Vgas (GLR) and niq. Configuration (i), diq =
2 mm, Miq = 20 kg'h2.
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Figure A 2: D3, as a function of radial position at varying psys, Vgas (GLR) and niiq. Configuration (i), diq = 2

mm, Miq = 20 kg-h™.
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Figure A 5: HSC images of the primary jet breakup as function of psys and vgas (GLR). Configuration (i), diig

=2 mm, Miq = 20 kg'h%, nig = 1 mPa's.
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GLR = 0.6, vgas =60 m s GLR=0.38, Vgas =80 m s’ GLR=1.0, Vgas = 100 m s
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Figure A 6: HSC images of the primary jet breakup as function of psys and vgas (GLR). Configuration (i), diig
=2 mm, Miq = 20 kg'h%, nig = 100 mPa’s.
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B Additional measurements for paper Il
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Figure B 1: Ds; as function of radial position at varying vgas (GLR) and psys. Configuration (i), dig = 2 mm,

Miq = 20 kg'h, nig = 1 mPa’s, Sgas = 0.6 mm.
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Figure B 2: Ds; as function of radial position at varying vgas (GLR) and psys. Configuration (i), diqg = 2 mm,

Miq = 20 kg'h, niq = 1 mPa’s, Sgas = 1.2 mm.
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Figure B 3: D3, as function of radial position at varying vgas (GLR) and psys. Configuration (i), dig = 2 mm,

Miq = 20 kg'h_l, nliq = 1 mPa'S, Sgas = 20 mm.
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Vgas =80 ms™ Vgas = 100 m s°*

psys = 1 bar

psys = 3 bar

psys = 6 bar
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Psys
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psys = 21 bar

Figure B 5: HSC images of the primary jet breakup as function of psys and vgas (GLR). Configuration (i), diig

= 2 mm, Mliq = 20 kg-h-l, r]liq = 1 mPaS, Sgas = 06 mm.
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Figure B 6: HSC images of the primary jet breakup as function of psys and vgas (GLR). Configuration (i), diig

= 2 mm, Mliq = 20 kg-h-l’ r]liq = 1 mPaS, Sgas = 12 mm.
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Vgas = 100 m s°*

=1 bar

Psys

psys = 3 bar

psys = 6 bar

psys = 11 bar

Figure B 7: HSC images of the primary jet breakup as function of psys and vgas (GLR). Configuration (i), diig

= 2 mm, Mliq = 20 kg'h_l, r]liq = 1 mPa'S, Sgas = 20 mm.
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C Additional measurements for paper IV
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Figure C 1: D3, as function of radial position at varying Miq (diig) and Weaero. Configuration (i), niq = 1 mPa’s,

Psys = 1 bar.
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Wegero = 250 Wegero = 500 Wegero = 750 Wegero = 1000
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Miiq = 20 kg/h
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Figure C 3: HSC images of the primary jet breakup as function of Miq (diiq) and Weaero (GLR). Configuration
(|)1 /7qu = 1 mPa.S, psys = 1 bar.
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D Additional measurements for proceeding Il
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Figure D 1: D3, and var,z,mean @s function of radial position at varying a, vgas (GLR), psys and niiq. Configuration
(i), dliq =2 mm, an =20 kg'h’l.
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Figure D 2: PIV measurements of gas velocity vaps for varying a in the atomizer nearfield. Configuration (i),
dliq = 2 mm, Mliq = 20 kg'h_l, Sgas = 20 mm, Vgas = 60 m'S’l, psys = 1 bal’
a=0° a = 15° a = 30°
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Figure D 3: HSC images of the primary jet breakup as function of a and vgas (GLR). Configuration (i), diq =
2 mm, Miq = 20 kg'hL, niq = 1 mPa’s, Sgas = 2.0 mm, psys = 1 bar.
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Figure D 4: HSC images of the primary jet breakup as function of a and vgas (GLR). Configuration (i), diiq =
2 mm, Miq = 20 kg.h_l, nliq = 100 mPa'S, Sgas = 20 mm, psys = 1 bal‘
a = 0° a = 15° a = 30°

60 ms
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Figure D 5: HSC images of the primary jet breakup as function of a and vgas (GLR). Configuration (i), diq =

2 mm, A}Iliq = 20 kg'h>1, r]liq = 1 mPaS, Sgas = 05 mm, psys = 11 bal’
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E Additional measurements for proceeding | and paper IllI
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Figure E 1: D3» as function of radial position at varying vgas (GLR) for configuration (i) (left) and

configuration (ii) (right). Miq

=30 kg'h, nig =1 mPa’s, psys = 1 bar.
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Figure E 2: D32 as function of radial position at varying GLO and GLR. Configuration (jii), Miq = 30 kg'hZ,
Nig =1 mPa’s, psys = 1 bar.
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Figure E 3: D3, as function of radial position at varying niq, configuration and GLO. Miq = 30 kg-h%, nig = 1
mPa’s, psys = 1 bar, GLR = 0.5.
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F  Freejet theory

In this chapter the behavior of the gas free jet is described once the gas phase is leaving
the atomizer orifice with diameter do. Three regions, namely core region, transition region
and self-similar region can be distinguished for characterization according to Figure F 1.

core transition self=similar
~ region = ™ region T region
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Figure F 1: Scheme of an emerging gas free jet with self-similar velocity profiles and classification of the 3

characteristic regions [71,72].

The core region is characterized by a gas velocity of v(z) = vgas in the jet center (radial
component y = 0 mm), which remains constant until an axial distance of z = 4:do is
reached. Beginning with the self-similar region at z = 6:do — 8-do, turbulent momentum
exchange between the quiescent surrounding gas phase and the gas jet occurs [73-75].
Therefore, surrounding gas phase entrains into the gas jet, which leads to an increase in
moving mass (according to equation (9)) and decrease in gas velocity under the terms of
momentum conservation [76,77]. As shown in Figure F 1, self-similar, Gaussian shaped
gas velocity profiles are formed with further distance from the origin z = zo [74]. Here, zo
represents the virtual jet point source, which is not discussed in further detail here. The
self-similar region is typically characterized by the spread of the emerging gas phase in
18° angle.

Mgas(z) Z—2Z
9B —0.32- 7 (9)

gas

Equation (10) defines the center gas velocity as a function of axial orifice distance z and
the orifice diameter do, disregarding differences between emerging and surrounding gas
density. & represents an empirical constant, which is typically set to 6 = 0.017 in
accordance with [78].

v(iz) V3 d,

vgas_16-5.z—z0

(10)
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As in this work, the gas phase is mostly emerging through annular gaps, the orifice
diameter do is replaced by the equivalent diameter deq, calculated according to equation
(11) [79]. This equivalent diameter represents a circular area, which equals the size of
the prementioned annular gap.

deq = (11)

G Detection of measurement position for mass flow scaled
atomizers

N

Miiq = 20 kg/h  Miig = 50 kg/h  Mijig = 100 kg/h  Mjiq = 500 kg/h

0 mm

Wegero = 250

-~ 72 mm )y

Figure G 1: HSC images of the primary jet breakup for all investigated Miq and in a distance of z = 130/

930 mm downstream the atomizer orifice.

In order to find a comparable measurement position several criteria relevant for PDA
droplet detection must be fulfilled: (i) adequate number density to avoid shading and
Gaussian beam effect errors, (ii) high droplet sphericity and (iii) completed secondary
breakup. In order to find this measurement position, the lowest Weaero Was chosen for all
atomizers at the corresponding Miq as liquid fragments will remain over the longest
distance from the atomizer orifice, until round droplets are formed. Figure G 1 shows HSC
images of the primary jet breakup for varying Miq at z = 0 mm, as well as images at the
axial positions z = 130/ 930 mm.

In order to achieve a comparable and valid data base in droplet size, the measurement
plane was derived in a fixed distance of z'deq* according to the free jet theory [72,78] and
equation (11). For Miq = 20 kg'h'%, a distance of z'deq = 26 (z = 130 mm) was found to
be sufficient for droplet detection via PDA, as all necessary criteria were fulfilled. As
shown in Figure G 1, the transfer of this result to Miq = 500 kg-h'%, led also to a reliable

52



Appendix

measurement plane at z'deq = 26 (z = 930 mm), which was thus chosen for all operating
conditions of this investigation.
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The present work aims for the isolated investigation of the influence of system pressure on spray quality
of twin-fluid atomizers. An approach of pressure adapted nozzles was applied, allowing for constant mass
flows, gas-to-liquid ratio as well as fluid velocities at the nozzle orifice independent of system pressure.
Two Newtonian liquids featuring viscosities of 1 and 100 mPa - s were used, varying the system pres-
sure from 1 to 16 bar for gas velocities of 60, 80 and 100 m-s~!. A phase doppler analyzer was applied
for measurement of resulting drop size and velocity. Primary breakup morphology was detected by a
high-speed camera. Two regions with different dependencies of spray quality on system pressure were
identified. Applying pressure adapted nozzles while increasing system pressure, first results in a decrease
of droplet size followed by an increase. A maximum of the dynamic pressure of the gas phase was deter-
mined at minimum droplet size, which is explained based on the theory of a free jet. The observations
are underlined by images of the high-speed camera. Here, a change in breakup morphology from fiber
type to a mixture of fiber type and non-axisymmetric Rayleigh type breakup at high system pressure was

observed.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Although spraying processes are often used in industrial appli-
cations, the influence of process conditions and liquid properties
is not yet fully understood. Especially knowledge of the twin-fluid
atomization process at high system pressure relevant for energy
conversion systems is scarce. Investigations on the liquid disinte-
gration process in gas turbines (Lefebvre, 1998) and rocket propul-
sion (Haidn and Habiballah, 2003) at high system pressure were
carried out, with varying nozzle geometries and under different
process conditions. Mostly, low viscosity liquids (77;;; < 50 mPa - s)
were used, without consideration of high viscosity fuels. Typically,
high viscosity liquids or suspension fuels featuring viscosities up
to 1000 mPa - s and complex rheological behaviour (e.g., non-
Newtonian flow, viscoelasticity) are applied in entrained flow gasi-
fication systems (EFG), which are operated at elevated system pres-
sure (absolute pressure up to 80 bar) (Fleck et al., 2018). Oxygen is
used as gasification agent and at the same time serves as atom-
ization agent, i.e. stoichiometry and gas-to-liquid mass flow ratio

* Corresponding author.
E-mail address: simon.wachter@kit.edu (S. Wachter).

https://doi.org/10.1016/j.ijmultiphaseflow.2019.103189
0301-9322/© 2020 Elsevier Ltd. All rights reserved.

(GLR) are directly coupled. Based on the required low stoichiome-
try of the gasification reaction, the spray nozzle has to be operated
at GLR < 1. For optimization of the atomization process at condi-
tions relevant for an EFG or for design and scale-up of burner noz-
zles applied in an EFG, it is an essential research objective to gain
fundamental knowledge concerning the atomization behaviour of
high viscosity liquids at high process pressure (Jakobs et al., 2012).

Theoretical and experimental investigations regarding the atom-
ization of low viscosity liquids using twin-fluid atomizers at atmo-
spheric system pressure are common (Marmottant and Villermaux,
2004). An overview comparing different twin-fluid nozzle concepts
is given by Hede et al. (2008). Chigier and Faragd (1992) used a
high-speed camera to investigate the primary breakup of a water
jet applying twin-fluid nozzles. A regime classification for liquid
breakup morphology was proposed for different nozzle geometries,
using Rej; and Wegero, according to Egs. (1) and (2) to describe pro-
cess conditions:

D;;. - Vyin - .
Re”q: lig 7,’il-q pltq (1)
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Table 1

Summary of investigations applying external mixing twin-fluid nozzles with 7, > 50 mPa - s at pgs =

1 bar.

Author (year) Measurement

Lorenzetto and Lefebvre (1977) LDS

Jasuja (1982) LDS
Walzel (1990) LDS
Aliseda et al. (2008) PDA, HSC
Li et al. (2009) SZ, HSC
Sanger (2018) PDA, HSC

GLR Niq in mPa - s (I)Dgy ~ 17,
2-3.67 1.3-76 (I)D3; ~ n,‘iq
2-12 1.3-749 (D33 ~ nﬁ:qs
N/A 1-100 (D33 ~ n,‘iq
7.69 1-77.6 (D33 ~ nﬁ.ﬁ
1-2.5 1-805 N/A

0.4-13.8  100-400 M: (I)D3; ~ nﬂf

F: (DD3; ~ ﬂﬂf

with liquid jet diameter (Dyq), velocity (v), density (o), dynamic
viscosity (7;;4), and surface tension (o) as relevant process param-
eters. The subscripts gas and liq denote gas and liquid phase, re-
spectively. For low Weger, the primary atomization is character-
ized by the so-called Rayleigh type regime, where the liquid jet
disintegrates into large droplets on the centerline of the spray.
With increasing Wegero, the membrane type breakup is reached,
where gas-filled membranes near the nozzle orifice can be de-
tected. These membranes break into tiny droplets at the thinnest
position, whereas the accumulated rim disintegrates according to
Rayleigh-Plateau-instabilities. At high Wegero, the fiber type regime
leads to a complete disintegration of the liquid jet into fibers
near the nozzle orifice. These ligaments typically disintegrate into
small droplets according to the Rayleigh-Plateau-instability. The
fiber type regime is divided into the submodes pulsating and su-
perpulsating; the latter is characterized by a fluctuation of droplet
number density in the spray. Lasheras and Hopfinger (2000) in-
cluded the effect of dynamic pressure ratio of gas and liquid phase
for the characterization of the fiber type breakup.

The effect of liquid viscosity on primary jet breakup of
suspensions applying twin-fluid nozzles was investigated by
Zhao et al. (2012). The authors used the Ohnesorge number,
see Eq. (3), to expand the previous regime classification towards
viscosity-effects of liquid jets. As a comparison of their work with
coal-water slurries, the liquid breakup morphology was described
by Oh and Wegero, classifying the regimes into Rayleigh type, fiber
type, and atomization.

Niig
V/ Piig - 0 - Diig

There is a large number of publications that focus on the drop size
distribution, whereby most investigations were conducted for low
viscosity liquids (77;;4 < 50 mPa - s) and at atmospheric system
pressure. Commonly scarce are investigations on the influence of
liquid viscosity and system pressure on the atomization. A sum-
mary of investigations performed with external mixing twin-fluid
nozzles applying high viscosity liquids (7, > 50 mPa - s) at atmo-
spheric system pressure is given in Table 1.

Lorenzetto and Lefebvre (1977) and Jasuja (1982) investigated
the atomization of heavy crude oil with viscosities up to 74 =
76 mPa - s for gas turbines and combustors. With decreasing gas
velocity as well as increasing dynamic viscosity, an increasing drop
size was detected with a laser diffraction system (LDS). First in-
vestigations on model fuels like mixtures of glycerol/water with
1 < 1y < 100 mPa - s were carried out by Walzel (1990), deducing
a correlation for drop size estimation based on an energy balance,
which shows a linear dependency of the integral Sauter mean di-
ameter on dynamic viscosity. This was in good agreement with the
work of Lorenzetto and Lefebvre (1977) and Jasuja (1982). GLR was
not given by Walzel. Aliseda et al. (2008) first used a high-speed
camera (HSC) visualizing the jet breakup and a phase doppler ana-
lyzer (PDA) system for measurements of drop size and velocity ap-
plying viscous liquids with up to 7, = 78 mPa - s. The comparison

Oh = (3)

of liquids with different viscosities showed damping effects on the
formation of liquid jet instabilities with increased viscosity, result-
ing in larger droplet sizes. Further investigations applying high vis-
cosity liquids were performed by Li et al. (2009). The authors used
liquids with a dynamic viscosity up to 7;,; = 805 mPa - s applying a
shadowsizer (SZ) for local droplet size measurement and a HSC for
visualization of the primary breakup. A negligible effect of dynamic
viscosity between 7, = 147 mPa - s on droplet size was detected,
whereas for a liquid viscosity of 7, =805 mPa - s no jet disinte-
gration occurred anymore. Sdnger (2018) applied different liquids
with viscosities up to 7, =400 mPa - s. A dependency of droplet
size on primary breakup morphologies, like membrane type (M)
and fiber type (F) was reported. Summing up, the previous inves-
tigations showed that increasing dynamic viscosity dampens the
instabilities relevant for jet breakup, resulting in increased primary
jet length and droplet size. Detailed experiments on the external
twin-fluid atomization of high viscosity liquids (7, > 50 mPa - s)
at pressures above ambient are even more scarce. An overview is
given in Table 2.

One of the first studies on the atomization of low viscosity liq-
uids applying a twin-fluid nozzle was carried out by Rizkalla and
Lefebvre (1975), applying a prefilming atomizer. A laser diffrac-
tion system was used for measurement of drop sizes, varying the
system pressure between psys =1 — 8.5 bar. System pressure psys
stands in the following for the ambient pressure in the atomiza-
tion chamber. A pressurized pipe with an internal nozzle enabling
constant liquid mass flow and constant gas velocity vgqs defined
at the nozzle orifice was used. A decrease of drop size with in-
creasing pressure was detected. The atomization of viscous liquids
(niig < 75 mPa - s) at pressure conditions up to psys = 14.2 bar,
using external mixing twin-fluid nozzles with a swirling gas flow,
was performed by Jasuja (1982). For different system pressures, the
GLR and gas velocity at the nozzle orifice were set to be constant,
while the liquid mass flow was adapted. The authors report that
increasing system pressure leads to smaller Sauter mean diame-
ters (Ds3p). With increasing liquid viscosity, this effect decreases.
Elkotb et al. (1982) used a coated glass plate (CGP) and optical
measurement techniques for detection of droplet sizes from the
atomization of low viscosity liquids at elevated pressures psys =
18 bar. Due to simultaneous changes in system pressure and gas
velocity, specific influences on atomization cannot be separated. In-
vestigations on the influence of liquid physical properties and vary-
ing system pressure were carried out by Rizk and Lefebvre (1984).
GLR and relative exit velocities at the nozzle orifice were kept con-
stant by variation of the gas and liquid mass flows. No informa-
tion concerning the distance between measuring plane and nozzle
orifice was given by the authors. With increasing system pressure
from psys = 1.3 — 18.3 bar, a decreasing Sauter mean diameter was
detected, using two external mixing twin-fluid nozzles with dif-
ferent liquid orifice diameters. Risberg and Marklund (2009) con-
ducted experiments using external mixing twin-fluid nozzles to at-
omize high viscosity liquids (7;; =1—500 mPa - s). A HSC was
used for qualitative investigation of large droplets and velocity.
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Table 2

Summary of investigations applying external mixing twin-fluid nozzles with n;; > 1 mPa - s at pgs > 1 bar.

Author (year) Measurement 7 in mPa - s pgys in bar ()Dgp ~ Plys
Rizkalla and Lefebvre (1975) LDS 1-44 1-85 (D33 ~ p;yls
Jasuja (1982) LDS 1.3-43.5 1-14.2 (DD3; ~ pga®
Elkotb et al. (1982) CGP 335 1-8 ()D3z ~ p 2%
Rizk and Lefebvre (1984) LDS 1.3-18.3 1-7.7 (DD3; ~ g2t
Risberg and Marklund (2009) HSC 1-500 1-10 N/A
Gullberg and Marklund (2012) HSC 25 1-5 N/A
Singer (2018) PDA, HSC 100-400 1-21 M: (I)Ds; ~ pgd8
F: (DDs; ~ pys®’
The variation of system pressure was carried out at constant GLR. Table 3
A dependency of system pressure on droplet size was not found. Nozzle data (Nozzle 1 - 5) for each system pressure step.
Continuing experiments were conducted by Gullberg and Mark- Pys inbar  Dygin mm  Dggs in mm  Agg in mm?
lund (2012), applying pyrolysis oil as low viscosity fuel. The lig- Nozzle 1 1 2.00 796 45.94
uid supply was realized via an annular gap of the external twin- Nozzle 2 2 2.00 5.84 22.97
fluid nozzle. For increasing system pressure, gas velocities at the Nozzle3 6 2.00 3.82 7.66
nozzle orifice and GLR were kept constant. To achieve these con- Nozzle 4 11 2.00 3.19 418
Nozzle 5 16 2.00 291 2.87

stant conditions while varying the system pressure, liquid and
gas mass flow were adapted. An increase in primary jet length,
fractions of larger droplets and droplet number density were de-
tected with increasing system pressure by high-speed camera im-
ages. Further investigations on the atomization of high viscosity
liquids at elevated system pressure psys = 21 bar were performed
by Sanger (2018). With increasing system pressure and constant
gas velocity, a decreasing Sauter mean diameter was found. In or-
der to achieve these constant conditions, GLR was increased from
0.4 at psys =1 bar up to 13.8 at psys = 21 bar. Furthermore, it was
reported that increasing the dynamic pressure of the gas phase
Osgas - Uéas by either variation of gas density or gas velocity shows
different results on droplet size.

Summing up the literature review, it must be stated that previ-
ous investigations cannot provide a comprehensive picture on local
data for sprays under high system pressure conditions using high
viscosity liquids. On the one hand, some studies mentioned show
inconsistent results. On the other hand, the investigated parame-
ters influencing the spray quality cannot be separated completely.
Additional, previous investigation applying elevated system pres-
sure were typically performed with one single nozzle, which re-
sults for high system pressures and constant gas velocity in high
GLR values. As an example for water measurements at increased
system pressure, Mayer (1994) gives a good overview. These con-
ditions are not relevant for an application like gasification, where
low GLR is required (Fleck et al., 2018).

To get a better insight in the disintegration process of lig-
uid jets applying twin-fluid nozzles and the initiating instabili-
ties under high pressure conditions, more detailed data such as
qualitative measurements of primary jet breakup and local high-
resolution measurements of drop size and velocity distributions
are required. Due to this deficit of knowledge, the present study
focuses on external mixing twin-fluid atomization of high viscos-
ity liquids at elevated system pressure. As previous investigations
of Jakobs (2015) and Sdnger (2018) show, liquid velocity, gas ve-
locity, and GLR are important parameters influencing the droplet
size distribution of the spray. In order to investigate only the influ-
ence of system pressure on the atomization, these parameters were
kept constant. To maintain constant boundary conditions, pressure
adapted nozzles are used in the present study, i.e. nozzles with
reduced cross section of the gas outlet are applied for every sys-
tem pressure increment (see Table 3). With this approach, increas-
ing system pressure results in constant GLR, momentum flow ratio,
Reyjq, as well as gas velocity, while Wegero and Reggs increase with
system pressure. Applying this set of nozzles is the first investiga-
tion of geometrical scaling to higher system pressure.

2. Experimental setup

As described by Sanger et al. (2015), the experimental setup
consists of the pressurized atomization test rig (PAT), a PDA, a
shadow sizing measurement system, and a high-speed camera. For
the experiments, 5 pressure adapted external mixing twin-fluid at-
omizers with similar geometry were used for the atomization of
water and a glycerol/water - mixture. A scheme of the spray test
rig PAT with exhaust air system and a horizontal cross-sectional
view (A-A) is given in Fig. 1. The pressure chamber has an inter-
nal diameter of 300 mm and a total height of 3000 mm. It is de-
signed for operation at system pressures up to psys = 21 bar. The
external mixing twin-fluid atomizer is mounted on the axially (z-
direction) movable twin-fluid lance, which is fed by one of the
two eccentric screw pumps with liquids featuring viscosities up
to 1y = 1000 mPa - s. Liquid mass flow can be controlled in the
range of P1: My, =10 — 60 kg-h~"' | P2: My = 60 — 200 kg-h~!
using different screw pumps. Liquid mass flow and density are
measured by a Coriolis flow meter with an uncertainty of < 0.5%
and controlled by FIRC (flow indication recording control) systems.
The compressed air volume flow Vgas is detected by a turbine
meter measuring in a range of Vgss = 0.85 —25 m>-h~! with an
uncertainty of < 0.5% and controlled by an FIRC system. A re-
calculation of volume to mass flow is done using the local mea-
sured gas temperature and pressure at the measurement turbine.
System pressure control in the pressure chamber was made by a
PIRC (pressure indication recording control) system and three cor-
responding valves after the gas/liquid separator. The liquid height
in the separator tank was controlled by a LCA (level control alarm)
system. To ensure well-defined nozzle inlet conditions, the liquid
can be stirred and tempered in a range of T = 10 °C - 50 °C. The
test rig is equipped with three glass windows (no inclusions or
cords) that allow for optical access to the spray chamber and avoid
any disturbances of the laser beam. Two optical ports are located
at ®p =0 ° and 70 ° to enable Phase Doppler measurements in
scattering mode with preferably highest intensity (first-order re-
fraction) (Albrecht, 2003). The third optical port is positioned at
dr = 180 ° to allow for spray investigations in backlight mode with
optical measurement systems. To ensure the protection from win-
dow deposits at the &y = 70 ° window location, a wiper was used
between the measurements, using compressed air for movement.
A flow straightener (honeycomb structure) is located below the
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Fig. 1. Scheme of the experimental setup - Pressurized Atomization Test Rig (PAT).
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Fig. 2. Scheme of the external mixing twin-fluid nozzle.

measuring plane to avoid influences on the measurement due to
recirculation of droplets into the region of interest.

All investigations were conducted with 5 pressure adapted ex-
ternal mixing twin-fluid nozzles as shown in Fig. 2. The liquid
(blue) is supplied through a circular central tube (Djq =2 mm)
at the nozzle axis. The liquid jet is surrounded by a coaxial gas
stream (green). The nozzle has parallel flow channels to avoid dis-
turbance of the liquid jet due to gas flow angle. In addition, the
influence of the tube separating gas and liquid at the nozzle ori-
fice was minimized by reduction of the wall thickness b to 0.1 mm.
This configuration results in an undisturbed gas flow at the exit of
the nozzle. For every system pressure, the related area of the an-
nular gas orifice was adapted in order to achieve a constant gas

velocity, GLR and mass flows, resulting in 5 different nozzles 1 - 5,
geometries given in Table 3. Those special nozzle configurations al-
low for solely varying the system pressure while keeping all other
operating conditions (Vggs, GLR, M,,»q) constant. Exemplary follows
for a system pressure of psys = 16 bar, a nozzle area ratio between
nozzle 1 and nozzle 5 of Agys 1/Agqs 5 = 16.

To investigate the influence of dynamic viscosity on the atom-
ization process, water (1, =1 mPa - s) and a glycerol/water -
mixture (77;;; = 100 mPa - s) were used. The physical properties of
these Newtonian fluids were measured at T = 20 °C and p = 1 bar,
see Table 4. Dynamic viscosity was measured using a Searle-type
(GFG, 1912) rheometer. Surface tension was determined using the
du Noily ring method (du Noiiy, 1925) with a tensiometer, and
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Table 4

Physical properties of the investigated fluids at T =20 °C and p =1 bar.

Mg in mPa - s

water 1
glycerol/water (84.3 wt. %) 100

liquid density by the weighing method. The influence of system
pressure on both, dynamic viscosity (Mezger, 2006) and surface
tension (Massoudi and King, 1974) is negligible for the investigated
liquids.

A high-speed camera for qualitative investigation of the primary
breakup process was applied in the nozzle nearfield. The camera
features a frame rate of 3.6 kHz operation at 1024 x 1024 pixel
resolution and frame rates up to 500 kHz at reduced resolution. A
lens with focal length of fyc =105 mm was used to capture pri-
mary breakup morphologies. In this case, images have dimensions
of 40.0 x 30.0 mm?2 or 40.0 x 48.0 mm?2 with a spatial resolution
of 62.5 ,um-pix_l. The frame rate was set to 12 kHz or 7.5 kHz,
respectively. The images were captured by backlight illumination
of the region of interest with a special lighting setup. An array of
9 high-power light-emitting diodes (LED) with total luminous flux
of 9 x 4500 Im was used. The position of each single LED within
the LED array was optimized for best light spread. Due to the high
intensity and the homogeneous distribution of the light, very short
exposure times (tgy, ~ 7 ps) could be applied. This light setup al-
lowed for a sharp representation of the droplets even in case of
fast flow conditions. To guarantee for representative data of the
liquid disintegration process, a set of 4000 high-speed images was
recorded at every operating condition as well as a background ref-
erence image without liquid flow.

For observation of single droplets within the spray, a shadow-
sizer was employed and used (i) to optimize the PDA hardware
settings (receiver mask), (ii) to determine the measuring plane
where reliable measurements with the PDA system can be con-
ducted (spherical droplets), (iii) to qualitatively confirm the ten-
dencies measured by the PDA, and (iv) as a validation tool for the
PDA system to remove deviations arising from the Gaussian beam
effect (Araneo et al,, 2002). The shadow sizing system consists of
a CCD camera operating in backlight mode with a high efficiency
diffuser that is powered by an Nd:YAG laser for illumination. The
far-field microscope mounted on the camera allows for very small
measuring volume of 2.8 x 2.8 x 0.8 mm3. The measuring vol-
ume, in combination with the camera resolution of 4 megapixels,
results in a spatial resolution of ~ 1.4 pm/pixel and allows for the
detection of all relevant droplet sizes. The accuracy of the shadow
sizing system was checked using a calibration target with points of
known size (10 pm). The biggest measurement error was < 10 pm.
Due to the fact that the shadow sizing system was used for qualita-
tive investigations of large droplets only, the accuracy was consid-
ered as adequate. In order to obtain a reliable amount of droplets,
a set of 1000 shadow images at an axial distance of z =200 mm
from the nozzle orifice was recorded and analyzed. Droplets with-
out detectable contour were rejected.

Droplet size and velocity were measured with high spatial and
temporal resolution within the spray cone by a fiber PDA system
by Dantec Dynamics. For data collection, the PDA was operated in
forward scattering arrangement and refraction mode (1% order).
The receiver was set to an off-axis angle of ® =70 °. In order
to (i) get a well-defined detection volume dimension, (ii) to ensure
for high data rates at dense spray conditions and (iii) to enable flux
calculation, a slit with a physical length of Ig = 200 pm was used,
to reduce the length of the measurement volume. To guarantee for
the detection of large droplets as expected by the atomization of
high viscosity liquids and avoid sizing errors due to the Gaussian
beam effect, lenses with a focal length of 1000 mm were used for

oinN-m' pyinkg-m3 Oh
0.0719 998 0.0026
0.0649 1220 0.2513
Table 5
Settings of the fiber PDA evaluated by the sensitivity
analysis.
Parameters Values  Unit
Transmitter focal length fr 1000 mm
Receiver focal length fz 1000 mm
Beam expander ratio E 1 -
Receiver slit width (physical) s 200 pum
Laser wavelength A; 514.5 nm
Laser power (transmitter exit) 25 mw
Off-axis angle &g 70 ©
Frequency shift 40 MHz

both, transmitter fr and receiver fz (Araneo et al,, 2002). In addi-
tion, the asymmetric Mask B was mounted in the receiver to elimi-
nate possible measurement errors due to the Gaussian beam effect
(trajectory effect). With this optical configuration, the PDA system
allowed for detection of droplets with minimum size of 1 pm and
maximum size of 1307 pum for water and 1330 pum for the glyc-
erol/water - mixture, depending on the refractive index of the lig-
uid (Albrecht, 2003). To improve the PDA instrument settings to-
wards small droplets (e.g. data rate and validation rate), the opti-
mum PDA user settings were evaluated in advance by a sensitivity
study (Kapulla and Najera, 2006). The PDA settings are given in
Table 5.

To enable drop size measurements at different positions within
the spray cone, receiver and transmitter were mounted on a 3D
traverse system, which guarantees for spatially operation with a
reproducibility < 0.1 mm. Data were obtained by moving the de-
tection volume relatively to the nozzle position. The measurements
were taken at several radial (traverse along x-axis) positions with a
radial increment of Ax = 2 mm. According to the orientation of the
coordinate system as indicated in Fig. 2 and the alignment of the
fringes of the laser beam couple (A; = 514.5 nm - green), the axial
droplet velocity component v, could be measured. To ensure a re-
liable database for every radial position during PDA measurements,
the sample size was set to 50,000 droplets. Only for the outer-
most radial measuring position, the sample size of 50,000 droplets
was not reached for all operating conditions. Nevertheless, at least
4000 droplets were detected at the boundary of the spray cone.
The raw data from the manufacturer software were used to com-
pute arithmetic means, statistical data, as well as additional infor-
mation (i.e. mass flux and ID3;,, etc.) using the toolbox SprayCAT
(Sanger, 2018). For global characterization of the spray, the compu-
tation of a global characteristic diameter, i.e. mass-weighted inte-
gral Sauter mean diameter D3, ,,, was carried out by a weighted
average, including all measurement positions of a radial profile at
a fixed axial position z. The integral Sauter mean diameter D3,
is calculated according to Eq. (4), based on the local volume mean
diameter D3j; and local surface mean diameter D,y ;. These diam-
eters are weighted by local mass flux m; and the annulus area A;
(see Fig. 2), corresponding to the measurement position i along the
radial axis x; < x; < xy with N measurement positions. The outer-
most point xy for each operating condition is defined by a min-
imum of the ratio of data rate f; divided by maximum data rate
fmax along the radial profile, which was set to 0.1.

N 3 A
Zi:] Dgo‘imiAt

ID3y.m = 5
Zg\lﬂ Dﬁo,imiAi

(4)



6 S. Wachter, T. Jakobs and T. Kolb/ International Journal of Multiphase Flow 125 (2020) 103189

Table 6

Operating conditions of the experiments.
Psys in bar Mgus in kg-h-! Vggs iN M - 51 GLR
1/2/6/11/16 12/16/20 60/80/100 0.6/08/1.0

Further information concerning computation of global size distri-
bution and drop size moments can be obtained from DIN SPEC
91325 as well as from Albrecht (2003). The mass flux m; was calcu-
lated from PDA data according to Albrecht (2003) using the toolbox
SprayCAT. All PDA measurements were conducted at an axial dis-
tance of z=200 mm from the nozzle orifice and repeated at least
3 times. For each operating condition and nozzle, rotational sym-
metry of the spray cone was proven, taking a full radial profile in
a first set of experiments. After rotational symmetry was proven,
the following repetition measurements were performed taking half
profiles from the spray edge to the center at x = 0 mm. The results
of those sets of experiments were afterwards mirrored to get full
profiles. Therefore, all radial Sauter mean diameter distributions
are shown as mirrored profiles at x =0 mm and the plotted and
mirrored data points are shown as open symbols.

3. Results and discussion

In order to investigate the influence of (i) gas velocity vggs, (ii)
system pressure psys and (iii) dynamic viscosity nj, on resulting
droplet size and primary breakup at constant liquid mass flow of
M,iq =20 kg - h~!, pressure adapted nozzles were applied as a scal-
ing approach. This results for every system pressure step in con-
stant operating conditions, named Mgqs, My, GLR, vgas. Additional,
to examine the effect of gas velocity, three different gas mass flow
rates 1\7IgaS were chosen for the five system pressure settings psys.
The operating conditions for all measurements are presented in
Table 6. The atomization agent in all experiments was pressur-
ized air at T =20 °C. The supplied liquids were also tempered at
T =20 °C.

3.1. Influence of gas velocity, system pressure and dynamic viscosity
on droplet velocity

In the following section the investigation on the influence of
gas velocity on local axial droplet velocity are discussed for dif-
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ferent system pressure and dynamic viscosity of the liquid. The
measurements were performed at an axial distance of z= 200 mm
downstream the nozzle exit, applying a PDA system. Exemplarily
results for glycerol/water - mixture (7, = 100 mPa - s) at Vg =
60 m-s~! (Fig. 3a) and a comparison of water (Mig =1 mPa - s)
and glycerol/water - mixture (7;; = 100 mPa - s) for vgss = 100 m -
s~1 (Fig. 3b) are shown.

Fig. 3 shows the number-averaged axial droplet velocity
Vgr, z, mean fOr gas velocities of Vggs = 60 m - s~ (Fig. 3a) and Vggs =
100 m-s~! (Fig. 3b) for system pressure of psgys =1 — 16 bar, z =
200 mm downstream the nozzle orifice. Additionally, Fig. 3b shows
the influence of liquid viscosity on Vg, z, mean (nl,»q =1 mPa - s/ left
and 7, = 100 mPa - s | right). The typical Gaussian shaped radial
profile of external mixing twin-fluid atomizers was detected. All
velocity profiles show rotational symmetry with deviations smaller
than Avg., =1 m-s~! between left and corresponding right side
of the centerline. In addition, the error bars plotted in Fig. 3 in-
dicate the repeatability of the experiments. It was detected that
droplets of a size range between 1 - 5 pym at z=200 mm show
velocity deviations smaller than Avg, =0.8 m-s~! towards the
number-averaged droplet velocity of all droplets shown in Fig. 3,
i.e. slip between droplet and gas phase can be neglected, secondary
breakup of droplets is finished, thus z=200 mm is a reasonable
measuring position to characterize droplet size of the spray.

For increasing gas velocity at the nozzle orifice, higher axial
droplet velocities are detected, see Fig. 3a at Vg = 60 m-s~! com-
pared to Fig. 3b at Vg = 100 m-s~1. Applying pressure adapted
nozzles at increasing system pressure, the axial droplet velocity
over the whole spray width decreases for all gas velocities and lig-
uid viscosities. This can be explained by the free jet theory and
Eq. (5) for calculation of the gas free jet, which is based on the
assuming of conservation of momentum (Schlichting et al., 2006).

(5)

Here, vgqs is the gas velocity at the nozzle orifice, v(z) is the gas ve-
locity at distance z on the spray axis, pg is the gas density at the
nozzle orifice, p is the density of the ambient gas phase and deq is
the equivalent diameter of the gas exit of the nozzle. With increas-
ing system pressure the gas outlet area Aggs of the nozzle is re-
duced due to the pressure adapted scaling approach (see Table 3).

T T T
30 -20 -10 0

T
-40

radial position in mm

Fig. 3. Radial measurements of the number-averaged axial droplet velocity distributions as a function of system pressure a) for glycerol/water - mixture (7, = 100 mPa - s)
at Uges =60 m-s~! and b) a comparison of water (7, =1 mPa - s) and glycerol/water - mixture (7, = 100 mPa - s) at Vgs = 100 m -s~".
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Fig. 4. Calculation of the gas free jet velocity on central axis for vgs = 100 m-s~!
applying pressure adapted nozzles at ps,s = 1 — 16 bar. The core length of constant
gas velocity is marked as arrows for ps,s = 1 bar and pgys = 16 bar.

A decrease in the gas orifice area leads to smaller equivalent di-
ameter of the gas exit deq. The ratio pg over p does not depend
on system pressure, due to the small and therefore negligible dif-
ference between ambient gas and atomizing air density. Smaller
deq values lead, according to Eq. (5), towards lower values of the
gas velocity v(z) at same distance z, while the exiting gas velocity
at the nozzle orifice remains constant. Physically, this deceleration
of gas velocity downstream the nozzle can be explained by the
entrainment of ambient gas into the atomization gas jet emerg-
ing from the nozzle. As system pressure is increased and pressure
adapted nozzles are applied, the entrainment increases, due to the
decreasing equivalent diameter deq. This change in nozzle geome-
try affects the gas jet core length, which is characterized by con-
stant gas velocity, as shown exemplarily for vgs;s = 100 m-s~! in
Fig. 4 (Schlichting et al., 2006).

For increasing system pressure while applying the pressure
adapted scaling approach, a decrease in the gas velocity v(z) for
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every distance z is calculated. This results in a shorter core length,
where the slow liquid phase is exposed to the fast atomization
gas jet. As a consequence, this decreased core length leads to a
decrease in gas-liquid-interaction and therefore to droplets with
lower velocities.

3.2. Influence of gas velocity, system pressure and dynamic viscosity
on Sauter mean diameter

For quantitative investigation, the influence of gas velocity, sys-
tem pressure, and dynamic viscosity on spray quality was detected
by a PDA system using D3, as a characterization criterion. Sauter
mean diameter profiles across the whole spray cone at an axial
distance of z=200 mm downstream the nozzle orifice for water
(Mg = 1 mPa - s) and glycerol/water - mixture (7;; = 100 mPa - s)
were performed. The results for the high viscosity liquid (7, =
100 mPa - s) are presented in Fig. 5 as radial profiles.

3.2.1. Influence of gas velocity on Sauter mean diameter

Fig. 5 shows exemplarily the radial distribution of D3, for sys-
tem pressure of psys = 1 — 16 bar at vVgss = 60 m-s~! (Fig. 5a) and
Vgas = 100 m - s~! (Fig. 5b) for the glycerol/water mixture with vis-
cosity of 7;;; = 100 mPa - s. An increase of gas velocity leads to a
decrease of Sauter mean diameter for each system pressure. The
influence of gas velocity on the resulting D3, is more pronounced
for system pressures psys > 6 bar. The various shapes of the Dj,
profiles are discussed in detail in the following sections.

3.2.2. Influence of system pressure on Sauter mean diameter

For vggs = 60 m-s~! increasing system pressure up to Dsys =
6 bar results in a slight reduction of the Sauter mean diame-
ter, a further increase of the system pressure psys > 6 bar shows
larger droplet sizes, especially near the spray axis. Similar depen-
dencies were found for Vg =100 m - s—1, where the influence of
system pressure for psys < 6 bar is less pronounced compared to
Vgas =60 m-s~1.

3.2.3. Shape of the Sauter mean diameter profiles

Fig. 5 clearly shows a change in shape of the Sauter mean di-
ameter profiles with increasing system pressure and gas veloc-
ity. For vg =60 m-s—! the flat D3, profiles for psgs < 6 bar
turn into a profile with a pronounced peak at the spray axis for
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Fig. 5. Radial distribution of Sauter mean diameter at z =200 mm below the nozzle orifice as a function of system pressure for glycerol/water - mixture (7, = 100 mPa - s)
at a) Vggs = 60 m- s~ and b) vgs = 100 m-s~! (open symbols denote mirrored positions).
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Fig. 6. High-speed camera images of primary jet breakup for glycerol/water - mixture (1, = 100 mPa - s) at a) psys = 1 bar, Vges = 60 m-s~1, b) pgys = 1 bar, vgs =100 m -

s71, C) psys = 11 bar, vges = 60 m-s~' and d) pgys = 16 bar, Vg = 100 m-s~1.

Psys = 11 bar. For vgs = 100 m-s~! the uniform profile is main-
tained up to psys = 11 bar, but a further system pressure increase
to psys = 16 bar leads to a significant increase in drop size with
a pronounced M-shape radial profile. However, a M-shaped pro-
file is observed by the measurement, due to the PDA measurement
limit mentioned in the description above, see also Albrecht (2003).
Without this measurement limit, the radial profile would also be
inverse V-shaped. In order to understand the physical effects re-
sponsible for these findings, additional high-speed camera images
were taken. Fig. 6 shows primary jet break-up for different process
conditions, indicating that the shape of the profiles results from
different breakup morphologies of the primary jet. In Fig. 6 only
the glycerol/water - mixture with 7, = 100 mPa - s is shown in
sense of simplicity, referring to Rej;; = 35 and Oh = 0.2513. Further-
more, breakup morphologies are classified and compared towards
the findings of Lasheras and Hopfinger (2000), noting that the noz-
zle geometry was similar, but with different dimensions and liquid
properties.

Fig. 6a (psys =1 bar, vges = 60 m-s~!, Wegero = 128) shows a
membrane type breakup; small droplets are formed by the dis-
integration of membranes and are partly accelerated in radial di-
rection away from the spray axis, while larger droplets, originated
from membrane rims, stay in the center of the spray. This results
in the W-shaped radial distribution of D3, as shown in Fig. (5)a.
For this atomization conditions (Weger,, Oh) the membrane type
breakup was also proposed by Lasheras and Hopfinger (2000) and
Zhao et al. (2012).

Fig. 6b (psys = 1 bar, vggs = 100 m-s~!, Wegero = 361) shows a
fiber type breakup situation. As a consequence of the higher rela-
tive velocity in the spray center compared to the boundary of the
spray, liquid fragments in the center are disintegrated into smaller
droplets. Liquid fragments at the spray boundary form droplets
without further disintegration due to the low shear rate, leading to
a U-shape distribution according to Fig. 5b. For this operating con-
ditions Zhao et al. (2012) still estimate a membrane type breakup,
whereas Lasheras and Hopfinger (2000) predict a transition region
between membrane and fiber breakup, which is in good accor-
dance to the prevailing breakup.

In Fig. 6¢ (psys = 11 bar, vges =60 m-s~!, Wegero = 1395) the
aerodynamic force of the gas jet is not sufficient to disintegrate
the whole liquid jet. This leads to the peel off of some fibers from
the primary jet close to the nozzle orifice, whereas the center
of the jet is not affected. Finally, the liquid core breaks up into
large droplets by Kelvin-Helmholtz and Rayleigh-Plateau instabil-
ities. This explains the inverse V-shape of the radial D3, profile
with maximum on the spray axis shown in Fig. 5a. For this oper-
ating conditions, Zhao et al. (2012) as well as Lasheras and Hopfin-
ger (2000) predict a fiber type breakup, due to the high aerody-

namic We number calculated with values at the nozzle orifice. Due
to the increased deceleration of the gas velocity with increased
system pressure and the applied pressure scaling of the nozzles,
near the nozzle orifice a fiber type breakup can be detected, while
the liquid core remains constant and disintegrates according to the
non-axisymmetric Rayleigh type breakup. This effect stays for sys-
tem pressures psys > 6 bar in contrast to previous regime classifi-
cations.

The spray shown in Fig. 6d (psys =16 bar, Vg =100 m-
s, Wegero = 5882) corresponds to the M-shaped Ds,-profile in
Fig. 5b. Due to the partly prevailing non-axisymmetric Rayleigh-
type breakup of the primary jet, droplet diameters d > Dy, are
found near the spray center shown in Fig. 6d. From shadowsizer
images the maximum detected droplet diameter on the centerline
of the spray was dmax = 3072 pum. This leads to the conclusion that
the local Sauter mean diameter would actually even be higher than
predicted by the PDA measurements and form a Gaussian shaped
profile. The minimum of Sauter mean diameter in the spray center
is only detected, due to some smaller detectable droplets formed
near the nozzle orifice and the exceeding droplet size over the
measurement limit of the PDA system. Regarding regime classifi-
cation the prediction of breakup morphology from both authors
Lasheras and Hopfinger (2000) and Zhao et al. (2012) show same
deviations as for Fig. 6¢, due to the incomplete breakup detected
at even higher aerodynamic We number.

Concluding the regime classification, for increase of vggs, re-
sults were in good accordance to the literature. Applying the
pressure adapted nozzles at increased system pressure, results at
Psys > 6 bar were not comparable with both authors Lasheras and
Hopfinger (2000) and Zhao et al. (2012). One possible reason could
be the fact that commonly used dimensionless numbers (We, Oh)
do not include all relevant nozzle geometry parameters.

3.2.4. Influence of dynamic viscosity on sauter mean diameter

The influence of dynamic viscosity is discussed in detail on
mass-weighted integral Sauter mean diameter, see in section be-
low. Experimental data on Sauter mean diameter profiles, not given
in this paper, show that increase in dynamic viscosity leads to the
formation of membranes and ligaments due to the damping effect,
as described by Zhao et al. (2012). Those ligaments disintegrate
into large droplets which result in an increase of droplet size for
all operating conditions. This effect is also shown by HSC images
as shown in Fig. 11.

3.3. Influence of gas velocity, system pressure and dynamic viscosity
on mass-weighted integral sauter mean diameter

In order to compare the spray quality at different operat-
ing conditions for both viscosities, local drop sizes measured at
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Fig. 7. Mass-weighted integral Sauter mean diameter as a function of system pressure psys and gas velocity vgs for a) water (1, = 1 mPa - s) and b) glycerol/water - mixture

(11ig = 100 mPa - s).

Fig. 8. High-speed camera images of primary jet breakup for water (14 =
1 mPa - s) at a) psys = 6 bar, Vg =60 m-s~! and b) pys = 6 bar, Vg = 100 m-s~!
and glycerol/water - mixture (7;;; = 100 mPa - s) at ¢) psys = 6 bar, Vg =60 m - 51
and d) psys = 6 bar, Vg = 100 m-s~'.

z =200 mm were used to calculate the ID3,,, according to Eq. (4).
For different gas velocities and system pressures, the values of
ID3y, are plotted as function of system pressure in Fig. 7. Fig. 7a
shows the ID3y;, for water with 7;; =1 mPa - s and Fig. 7b for
glycerol/water - mixture with 1, = 100 mPa - s, respectively.

3.3.1. Influence of gas velocity on mass-weighted integral Sauter
mean diameter

A decrease of ID3,,, with increasing gas velocity can be de-
tected for all system pressures and liquid viscosities, see Fig. 7.
For higher system pressure psys > 6 bar and higher liquid viscos-
ity, the influence of gas velocity is even more pronounced. This ef-
fect is confirmed by the high-speed camera images of primary jet
breakup shown in Fig. 8. Large ligaments are found in the nozzle
nearfield for vges =60 m - s~1, see Fig. 8a and Fig. 8c, whereas only
few small liquid fragments are detected for vgs =100 m-s~! in
Fig. 8b and Fig. 8d. In addition, a reduction of the primary liga-
ment length can be seen with increased gas velocity.

3.3.2. Influence of system pressure on mass-weighted integral Sauter
mean diameter

With increasing system pressure, a minimum in the ID3; , can
be detected for the glycerol/water - mixture at psys = 6 bar for all
gas velocities, for water this effect is less pronounced at pgys =
2 bar (see Fig. 7). The high-speed camera images in Fig. 9, where
primary jet breakup is shown at vges = 100 m - s~! for water at sys-
tem pressure of psys =1 bar (Fig. 9a), 6 bar (Fig. 9b) and 16 bar
(Fig. 9¢) and for glycerol/water at system pressure of psys =1 bar
(Fig. 9d), 6 bar (Fig. 9e) and 16 bar (Fig. 9f) confirm these findings.

One possible explanation of this effect is the difference in the
dynamic pressure of the gas jet ,OgaS'Uéagv which describes the
aerodynamic force on the liquid jet according to Weggs (Lasheras
and Hopfinger, 2000; Sdnger, 2018; Kumar and Sahu, 2018; Xiao
et al., 2014). The gas velocity in the jet is reduced due to the en-
trainment of ambient gas (free jet behaviour, see Eq. (5)). This en-
trainment shows a higher effect on the deceleration of the gas
phase, when increasing system pressure and applying pressure
adapted nozzles, see Fig. 4. In order to quantify this assumption,
the measured velocity of droplets in the size range from 1 - 5 pm
was used to describe the local vggs at z=200 mm (Tropea et al,
2007). The derived radial distribution of the dynamic pressure of
the gas jet is shown in Fig. 10 for glycerol/water - mixture at
Psys =1, 6 and 16 bar and vgs = 100 m - s~1. For constant gas ve-
locity at the nozzle exit, a maximum of the dynamic pressure of
the gas phase can be detected for psys =6 bar on the spray axis.
This maximum could lead to the formation of smaller droplets.
For significantly increasing system pressure at pss > 6 bar, the
dynamic pressure of the gas phase is decreasing, see Fig. 10. The
maximum of the dynamic pressure of the gas phase can be ex-
plained by opposite effects:

o With increasing system pressure, the density of the gas phase
increases. This leads to increased aerodynamic forces between
liquid and gas phase as well as higher dynamic pressure of the
gas jet resulting in smaller droplets. According to this, the cor-
relations listed in Table 2 show a decrease of droplet size with
increasing system pressure.

o Applying the pressure adapted nozzle design at elevated system
pressure an increased deceleration of the atomization jet veloc-
ity is detected which is described by Eq. (5). As described pre-
viously, the increased deceleration of the gas phase is caused
by the reduction of Aggs (deq). As the reduction of the gas phase
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Fig. 9. High-speed camera images of primary jet breakup at vgs = 100 m-s~! for water (1, =1 mPa - s) at a) pys = 1 bar, b) pys = 6 bar and c) pss = 16 bar and for the
glycerol/water - mixture (7;;; = 100 mPa - s) at d) psys = 1 bar, e) psys = 6 bar and f) pss = 16 bar.
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Fig. 10. Influence of system pressure pss on the radial distribution of dynamic
pressure of the gas jet (calculated out of the velocity of droplets with a size of
1 -5 pm at z=200 mm) for glycerol/water - mixture (7, =100 mPa - s) and
Vgas = 100 m - s~1.

I8mmI % (Y?";f;!

Fig. 11. High-speed camera images of primary jet breakup at ps,s = 1 bar and vggs =
60 m-s~! for a) water (mig=1 mPa - s) and b) glycerol/water - mixture (7 =
100 mPa - s).

velocity along the spray axis (see Fig. 4) shows little effect at
Psys < 6 bar, for psys > 6 bar the reduction of gas phase veloc-
ity outside the nozzle affects the dynamic pressure of the gas
jet and therefore the primary breakup, leading to a significant
increase of droplet size.

Due to the fact, that for the calculation of the dynamic pres-
sure of the gas jet the gas velocity is weighted by the power of
2, whereas gas density is weighted by the power of 1, for the
given operating conditions in Fig. 10 the maximum is found at
Psys = 6 bar.

3.3.3. Influence of dynamic viscosity on mass-weighted integral
Sauter mean diameter

For increasing dynamic viscosity, bigger droplets were detected
independent of system pressure and gas velocity, see Fig. 7. This
is also confirmed by high-speed camera images of the primary jet
breakup as exemplarily shown for psys =1 bar and vges =60 m -
s~1 in Fig. 11. For higher system pressure Psys > 6 bar and vggs =
100 m-s~1, the droplet size increases with a steeper gradient at
higher dynamic viscosity, see Fig. 7a and Fig. 7b. This can be ex-
plained by enhancing effects of the damping liquid and the low
dynamic pressure of the gas jet and is in good accordance to the
correlations shown in Table 1.

4. Conclusion

In the present study, the influence of system pressure and lig-
uid viscosity on jet breakup and spray quality (D3, ID3; ) for two
Newtonian liquids (1 and 100 mPa - s) was investigated. Nozzle
geometry was adapted to the system pressure in order to keep all
other operating conditions (vgas, GLR, Mgas) constant, independent
of system pressure. Liquid mass flow was kept constant at 20 kg -
h~1 while the gas velocity was varied between 60 and 100 m - s~ !,
which resulted in a variation of GLR from 0.6 to 1.0. High-speed
camera images were classified according to the breakup regimes
defined by Chigier and Faragé (1992) and discussed with regard to
local measurements of droplet size. The following conclusions can
be drawn:

1. Increasing the gas velocity always leaded to a decrease in
droplet size independent of system pressure and liquid viscos-
ity.

2. Increasing the liquid viscosity always leaded to an increase in
droplet size independent of system pressure and gas velocity.

3. Increasing the system pressure while applying pressure adapted
for constant gas velocity leads to a minimum in droplet size:
(a) For the given nozzle geometry and operating conditions, the

droplet size minimum is detected at 6 bar for 100 mPa - s,
60 — 100 m-s~! and 2 bar for 1 mPa - s, 60 m-s~'. A fur-
ther increase of the system pressure above 6 bar leaded to
an exponential increase of droplet size.
High-speed camera images revealed a change in primary jet
breakup morphology from fiber type towards a mixture of
fiber type and non-axisymmetric Rayleigh type breakup at
high system pressures. This effect was observed for both lig-
uid viscosities (1 and 100 mPa - s) and seems responsible for
the trend observed.

(b

~
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(c) One possible explanation for this effect is the maximum of
the dynamic pressure of the gas jet. With higher system
pressure, gas density increases, while the smaller gas orifice
area due to the pressure adapted nozzles approachindicates
an increased deceleration of the gas phase according to the
free jet theory. Overlapping of both effects results in an in-
crease of dynamic pressure of the gas phase for low sys-
tem pressure towards a maximum, followed by a decrease
for high system pressure.
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The present study investigates the influence of system pressure, gas velocity, and annular gas gap width on the
resulting droplet size. Three external-mixing twin-fluid atomizers are operated at a constant liquid mass flow.
The nozzle geometry is kept similar, except that the annular gas gap width is changed. At every system pressure
level (1 — 21 bar), three different gas velocities were investigated by changing the gas mass flow. High-speed
camera images are used for observation of primary breakup and discussed with regard to local measurements of

droplet size performed by a phase Doppler anemometer. The gas momentum flux as well as the gas momentum
flow were applied to describe the atomization process under varying operating conditions. Finally, an empirical
model is derived, enabling the system pressure scaling of external-mixing twin-fluid atomizers for the range of
gas momentum flow under investigation.

1. Introduction

Spray processes are often utilized in industrial production; however,
the influence of process conditions on atomization is not yet fully un-
derstood. In particular, limited literature is available on twin-fluid atom-
ization at increased system pressure that is commonly applied in high-
pressure entrained flow gasifiers (EFGs). These large-scale energy con-
version systems can play a key role in future resource and energy supply.
In EFGs, highly viscous liquid or suspension fuels with complex flow be-
havior (e.g., non-Newtonian) are typically atomized at elevated system
pressures (in the range of 40-80 bar) [1]. Oxygen and steam serve as
atomization media to guarantee high-quality syngas. Using oxygen as
a gasification agent and at the same time as atomization agent, leads
to a coupling of process stoichiometry and nozzle operating conditions
with respect to the gas-to-liquid mass flow ratio (GLR). Based on the low
stoichiometry required for the gasification reaction, the burner nozzle
must be operated at GLR < 1 [2,3]. For the optimization of the atomiza-
tion process under relevant conditions for EFG and scale-up of burner
nozzles, it is essential to gain fundamental knowledge concerning atom-
ization behavior at high system pressures [4].

In this study, the influence of gas velocity, system pressure, and noz-
zle geometry on spray formation is investigated for varying GLRs, con-
cerning droplet size and jet breakup. The study aims to develop a sys-
tem pressure scaling approach for external-mixing, twin-fluid atomizers
based on gas momentum flow.

Many investigations concerning primary breakup and resulting spray
quality in terms of Sauter mean diameter at atmospheric system pressure
are reported in the literature by Marmottant and Villermaux [5], Hede
etal. [6] and Farago and Chigier [7] applying coaxial gas-assisted atom-
izers. A morphological study on primary jet breakup was performed by
Farago and Chigier [7] for water applying different nozzle geometries.
As a result, the different breakup regimes were classified with regard to
Rej;q and We,,, as per Egs. (1) and (2):

Diiq * Viig * Pii
Rehqzw )
Tiq

2
Voas — Viia)  * Paas * Dii
o _ ( gas llq) gas liq (2)

aero
(9

with liquid jet diameter (Dy;o), velocity (v), density (pp), dynamic viscos-
ity (n), and surface tension (o) as relevant process parameters. The sub-
scripts gas and lig denote the gas and liquid phases, respectively. For in-
creasing We,.,,, the primary breakup regimes of a liquid jet change from
Rayleigh-type breakup to membrane-type breakup and finally fiber-type
breakup. The latter can be devided into the submodes pulsating and su-
perpulsating as described in detail by Farago and Chigier [7]. The effect
of dynamic pressure ratio (in the following called momentum flux ratio)
of the gas and liquid phase, according to Eq. (3), was added in a later
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investigation by Lasheras and Hopfinger [8].
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As the nozzle geometry and gas density were kept constant in the
investigations by Lasheras and Hopfinger [8], the results on the primary
breakup length and spray angle were assigned only on the basis of the
momentum flux ratio, which is therefore only a function of the gas phase
velocity. Moreover, the momentum flow ratio as outlined in Eq. (4), is
often used for spray characterization [9-12].
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Typically, investigations of twin-fluid atomization explain the influ-
ence of gas velocity on the primary breakup and droplet size distribu-
tion by changing the gas mass flow and thereby, the GLR. The increase
in gas velocity generally leads to a decrease in droplet size across the
entire spray cone [13,14] due to an increase in the aerodynamic forces.
The influence of the gas velocity and GLR on the droplet size decreases
at GLR >> 1, as reported by many researchers [15-17].

Several authors have studied the influence of system pressure on the
resulting spray with respect to droplet size [18-23]. Reducing the liter-
ature overview on publications, which aim for the scaling of twin-fluid
atomizers yields the following. Jakobs et al. [24] investigated the in-
fluence of the absolute system pressure on the resulting droplet size of
a water spray between a py,, = 1 — 21 bar for one nozzle at constant
We,.ro- To achieve a constant aerodynamic Weber number with increas-
ing system pressure (i.., pg,s), the gas velocity at the nozzle orifice was
reduced. This led to an increase in the droplet size at higher system
pressures and constant We,.,, and thus to the conclusion that the gas
velocity is an essential parameter in the scaling of twin-fluid atomizers.
Continuing these experiments, Sanger et al. [25] investigated the influ-
ence of system pressures between pg, = 1-21 bar at constant gas veloc-
ity and different liquid viscosities (n;;; = 1-400 mPaes) by applying one
nozzle. Here, with increasing system pressure, the gas mass flow (i.e.,
GLR) was increased to keep the gas velocity constant. This approach led
to a finer spray i.e., decreased droplet size with increase in the system
pressure, owing to the increase in the aerodynamic forces. Additionally,
for increasing jg,,, different dependencies of the resulting droplet size
on system pressure and gas velocity were detected at nj;q = 100 mPas.
Sénger [26] explained this by the influence of different induced liquid
instabilities on the corresponding primary breakup morphology. To in-
vestigate the influence of system pressure at constant GLR, gas mass
flow, and gas velocity, Wachter et al. [27] performed experiments at
DPsys = 1-16 bar using pressure adapted twin-fluid atomizers. To increase
the system pressure, the annular gap width (sg,s = 0.35-2.88 mm) was
reduced to achieve constant operating conditions with respect to gas and
liquid velocities and mass flows at the nozzle orifice, independent of the
system pressure. As a result, for low system pressures (pgy, < 6 bar), a
slight decrease in droplet size was detected owing to the higher aero-
dynamic forces. For higher system pressures, a sharp increase in the
resulting droplet size was detected. The small gas gap width resulted
in a fast deceleration of the gas phase, even close to the nozzle orifice,
due to the entrainment of the gas phase. This investigation revealed the
significant influence of the gas gap width on the resulting droplet size.

Further qualitative investigations of changes in the gas gap width
Sgas Were performed by Zhao et al. [28] at atmospheric system pressure
in the range of sg,g = 1.9-10 mm and j = 0.01-620 using a high-speed
camera. As a result, the authors represented a breakup regime classifica-
tion depending on a modified momentum flux ratio j,, and aerodynamic
Weber number We_,, as shown in Egs. (5) and (6), below.

Jm = Y Aw ®
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Leroux et al. [29,30] published research on the scaling of twin-fluid
atomizers at atmospheric system pressure. These investigations were
categorized into the nozzle nearfield (dense core zone) [29] and noz-
zle farfield (diluted zone) [30]. Applying several twin-fluid atomizers,
the liquid jet diameter was varied between Dy, = 0.4-2 mm and the
gas gap width between sg,; = 0.25-3.5 mm. Investigations of the dense
core zone of the liquid jet were performed with a shadowgraph system
to determine the breakup regimes as per Lasheras et al. [8] and correla-
tions for the liquid core length and spray angle were derived depending
on the momentum flux ratio j. The measurements led to the conclusion
that the liquid core length is not a function of the spray regime and
decreases with increasing momentum flux ratio. In contrast, the spray
angle depends on the spray regime. The angle first increases within the
fiber-type pulsating submode, whereas a further increase in j leads to
a decrease within the superpulsation submode [29]. Measurements of
droplet size distributions in the diluted spray zone were performed with
a Phase Doppler Analyzer (PDA) at different axial positions (z = 14, 42,
and 140 mm) and radially from —20 mm < x < 20 mm. As a result,
two correlations for the pulsating and superpulsating submodes are pre-
sented, leading to the conclusion that the droplet size increases as Dyjq
increases and decreases with higher v,,; [30]. An approach considering
increased mass flows, for twin-fluid atomizer scaling was not outlined.

As the literature review shows, no scaling approach considering in-
creased system pressure for twin-fluid nozzles has been reported by pre-
vious investigations. Furthermore, empirical correlations for the calcu-
lation of the resulting droplet size at increased system pressure for varia-
tions in the parameters forming J,,; have not been derived. In summary
as per past research, the gas velocity at the nozzle orifice and the gas
orifice area (i.e., the gas gap width) have a distinct influence on the
resulting droplet size of twin-fluid atomizers.

Therefore, this work investigates the influence of gas velocity, sys-
tem pressure, and gas gap width on spray formation. A high-speed cam-
era was used to detect the primary breakup and PDA for measuring
the local droplet velocity and size. Three different nozzles with a con-
stant liquid jet diameter but varying gas gap widths were operated at
increased system pressure and constant gas velocity. To achieve a con-
stant gas velocity with increasing system pressure, the gas mass flow was
increased. Experiments were performed with three different gas veloci-
ties at each system pressure level. An empirical model for the calculation
of the resulting droplet size at varying system pressure, depending on
fitting parameters and gas momentum flow J,,; was developed based
on the experimental results. This model allows for the system pressure
scaling of twin-fluid atomizers in the investigated range of Jyy.

2. Experimental setup

As described by Wachter et al. [27], the experimental setup consists
of the pressurized atomization test rig (PAT), a PDA and a high-speed
camera. Three external-mixing twin-fluid atomizers having identical liq-
uid orifice area, but different gas orifice area (varying gas gap width)
were used to atomize water with pressurized air.

A schematic and a horizontal cross-sectional view (A-A) of the PAT
spray test rig with an exhaust air system is shown in Fig. 1. The pres-
sure chamber has an internal diameter of 300 mm and a total height
of 3000 mm. It is designed for operation at system pressures up to
Psys = 21 bar. The external-mixing twin-fluid atomizer is mounted on
the axially (z-direction) movable twin-fluid lance, which is fed by one
of the two eccentric screw pumps with liquids featuring viscosities up
to njq = 1000 mPas. The liquid mass flow can be controlled in the
range of P1: My, = 10-60 kg-h~! / P2: Mj;q = 60-200 kg'h~! using dif-
ferent screw pumps. The liquid mass flow and density were measured
using a Coriolis flow meter with an uncertainty of < 0.5%. The com-
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Fig. 1. Schematic of the experimental setup —
Pressurized Atomization Test Rig (PAT).

Heat exchanger

Circulation pump

pressed air volume flow V., was measured by a turbine meter with a
measuring range of Vg, = 0.85-25 m>-h~! and uncertainty of < 0.5%.
A recalculation of the volume to the mass flow was performed using the
measured local gas temperature and pressure at the turbine. To ensure
well-defined nozzle inlet conditions, the liquid temperature can be ad-
justed in the range of T = 10-50 °C. The test rig is equipped with three
high-quality glass windows that allow for optical access to the spray
chamber. Two optical ports are located at @z = 0° and 70° to enable
Phase Doppler measurements in scattering mode with the highest inten-
sity (first-order refraction) [31]. The third optical port is positioned at
@ =180° to allow for spray investigations in backlight mode with opti-
cal measurement system. A flow straightener (honeycomb structure) is
located below the measuring plane to avoid influences on the measure-
ment owing to the recirculation of droplets into the region of interest.

All investigations were conducted with 3 external-mixing twin-fluid
nozzles, as shown in Fig. 2. The liquid (blue) was supplied through a cir-
cular central tube (Dy;q = 2 mm) at the nozzle axis. Dy;q was kept constant
for all nozzles. The liquid jet was surrounded by a coaxial gas stream
(green), the width of the gas gap was adjusted between s,,; = 0.6
2.0 mm, as listed in Table 1. The nozzle has parallel flow channels in
order to avoid disturbance of the liquid jet owing to the gas flow angle
and turbulence effects. In addition, the influence of the tube separating
the gas and liquid at the nozzle orifice was minimized by reducing the
wall thickness b to 0.1 mm. This configuration results in an undisturbed
gas flow at the exit of the nozzle [32].

Table 1
Nozzle data (Nozzle 1-3) with similar geometry and varying gas
gap widths sg,q.

. . . . 2
Dj;q in mm Sgas IN MM Dy inmm A, in mm

Nozzle 1 2.00 2.00 6.20 26.42
Nozzle 2 2.00 1.20 4.60 13.02
Nozzle 3 2.00 0.60 3.40 5.25

A high-speed camera for the qualitative observation of the primary
breakup of the liquid jet was utilized in the nozzle nearfield. The cam-
era features a frame rate of 3.6 kHz operation at 1024 x 1024-pixel
resolution and frame rates of up to 500 kHz at reduced resolution. A
lens with a focal length of fi;; = 105 mm was used to capture primary
breakup morphologies. In this study, the frame rate was set to 7.5 kHz
at a reduced resolution of 768 x 640 pixel. Thus, the images have di-
mensions of 41.4 x 34.4 mm? with a spatial resolution of 54 ym-pix~1.
The images were captured through backlight illumination of the region
of interest with a special lighting setup. An array of 9 high-power light-
emitting diodes (LEDs) with a total luminous flux of 9 x 4500 Im was
used. The position of each single LED within the LED array was opti-
mized to achieve the best possible light distribution. Owing to the high
intensity and homogeneous distribution of the light, very short expo-
sure times (tzy, ~ 7 ps) were employed. This light setup allowed for a
sharp representation of droplets even at fast flow conditions. To ensure
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X Fig. 2. Scheme of the external-mixing twin-
z=0-42mm fluid nozzle.

(HSC)

Settings of the fiber PDA evaluated by the sensitivity analysis.

Parameters Values Unit  Parameters Values Unit
Transmitter focal length f; 1000 mm  Laser wavelength A 561 nm
Receiver focal length fy 1000 mm  Laser power (transmitter exit) 40 mWwW
Beam expander ratio E 1 - Off-axis angle ®y 70 °
Receiver slit width (physical) Ig 200 pm Frequency shift f, 80 MHz

appropriate recording of representative data of the liquid disintegration
process, a set of at least 2000 high-speed images was recorded at every
operating condition along with a background reference image without
liquid flow.

For the observation of single droplets within the spray at z = 200 mm
from the nozzle orifice, also the high-speed camera was applied. In ad-
dition, the same camera was used: (i) to optimize the PDA hardware
settings (receiver mask); (ii) for sphericity check of the droplets in the
measuring plane to ensure reliable PDA data; (iii) to qualitatively con-
firm the tendencies measured by the PDA; and (iv) as a validation tool
for the PDA data in order to eliminate deviations arising out of the Gaus-
sian beam effect [33]. For the detection of droplets across the entire
spray cone, 10 000 images were recorded over the radial measurement
area x = + 44 mm at z = 200 mm downstream of the nozzle orifice in
the measuring plane. The largest measurement error concerning droplet
size was Ad;, < 30 pm. Because the droplet measurement with the high-
speed camera setup was only used for qualitative investigations of large
droplets, the accuracy was considered to be adequate. Droplets without
detectable contours were rejected from recording.

The droplet size and velocity were measured at a high spatial
and temporal resolution within the spray cone using a fiber PDA and
SprayExplorer system by Dantec Dynamics. For data collection, the PDA
was operated in a forward scattering arrangement and refraction mode
(1%t order). The receiver was set to off-axis angle of @y = 70°. A slit with
a length of Ig = 200 pm was used in order to (i) obtain a well-defined de-
tection volume dimension; (ii) ensure high data rates under dense spray
conditions; and (iii) to enable flux calculation. To guarantee the detec-
tion of large droplets and minimize sizing errors due to the Gaussian
beam effect, lenses with a focal length of 1000 mm were used for both
transmitter f; and receiver f [33]. In addition, the asymmetric Mask
B was chosen for the receiver to eliminate possible measurement errors
due to the Gaussian beam effect (trajectory effect). With this optical
configuration, the PDA system allows for the detection of water droplets
with a minimum size of 1 pm and maximum size of 1357 pm [31]. To
improve the PDA instrument settings with respect to small droplets (e.g.,
data rate and validation rate), the optimum PDA user settings were eval-
uated in advance by a sensitivity study [34]. The final PDA settings are
displayed in Table 2.

To enable drop size measurements at different positions within the
spray cone, a receiver and transmitter were mounted on a 3D traverse
system, which guarantees spatial reproducibility of < 0.1 mm. Data were
obtained by moving the detection volume relative to the nozzle posi-
tion. The measurements were taken at several radial (traverse along the
x-axis) positions with a radial increment of Ax = 2-4 mm, depending
on the position in the spray. The axial droplet velocity component v,
was measured using the orientation of the coordinate system, as indi-
cated in Fig. 2, and the alignment of the fringes of the laser beam couple
(A, =561 nm - yellow). To ensure a reliable database for every radial po-
sition during the PDA measurements, the sample size was set to 50 000
droplets. For the outermost radial measuring position, a sample size of
50 000 droplets was not reached under all operating conditions. Nev-
ertheless, at least 5000 droplets were detected at the boundary of the
spray cone, which is still a statistically reliable number [26]. The raw
data from the manufacturer software were used to compute the arith-
metic mean, statistical data, and additional information (i.e., mass flux
and IDs; ,,) using the toolbox SprayCAT [26]. For the global charac-
terization of the spray, a global characteristic diameter was computed
i.e., a mass-weighted integral Sauter mean diameter (IDg, ;) including
all measurement positions of a radial profile, at a fixed axial position
z. The integral Sauter mean diameter ID3, ;,, was calculated according
to Eq. (7) and based on the local volume mean diameter Dso,i and lo-
cal surface mean diameter D, ;. These diameters were weighted by the
local mass flux m; and the annulus area A; (see Fig. 2), corresponding
to the measurement position i along the radial axis x; < x; < xy with
N measurement positions. The outermost point xy for each operating
condition was set to x = + 44 mm.

N )
Zioi Dgo,imiAi

D3 = (@)

Z?I:] D%()’imiAi

Further information regarding the computation of the global size dis-
tribution and drop size moments can be obtained from DIN SPEC 91,325
[35], and Albrecht [31]. The mass flux m; was calculated from the PDA
data according to Albrecht [31], using the SprayCAT toolbox. All PDA
measurements were conducted at an axial distance of z = 200 mm from
the nozzle orifice and repeated at least 3 times. For each operating condi-
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Fig. 3. Radial distribution of the Sauter mean diameter at z = 200 mm with s, = 1.2 mm as a function of the gas velocity at py,, = 1 bar (open symbols denote

mirrored positions); High-speed camera images of primary jet breakup at pgy,, = 1 bar and vg,, = 60 m- s71 (left) / v

Table 3

Operating conditions of the experiments.

Sgas i MM Sgas i MM Sgas i MM

2.0 1.2 0.6

Vg in mrs™! Vg in mrs! Vgys in mrs™!

60 / 80 / 100 60 / 80 / 100 60 / 80 / 100
Psys in bar Mg, in kg-h~! My, in kg-h! My, in kg-h-1
1 6.9/92/115 34 /4556 -
3 20.7 [ 27.6 | 345 102 /135/168 4.1/56/6.9
6 414 /552 /69.0 204/27.0/336 82/11.1/138
1 75.9 / 101.2 | - 37.4 /495616 151204 /253
16 -/ -- 54.4/72.0 | 89.6 21.9/29.6 | 36.8
21 Y. 714 [ 945 | - 28.8 /389 /483

tion and nozzle, the rotational symmetry of the spray cone was checked,
taking a full radial profile in the first set of experiments. After the ro-
tational symmetry was proven, the following repetition measurements
were performed taking half-profiles from the spray edge to the center at
x = 0 mm. The results of these sets of experiments were then mirrored
to obtain full profiles. Therefore, the following figures show all radial
Sauter mean diameter distributions as mirrored profiles at x = 0 mm,
while the plotted and mirrored data points are shown as open symbols.

3. Results and discussion

In order to investigate the influence of (i) gas velocity Vgass (ii) system
pressure pgys and (iii) gas gap width sg,, on primary breakup and result-
ing droplet size at a constant liquid mass flow of Mliq =20 kg'h™1, the
three nozzles described in Table 1 were subjected to three different gas
velocities and six different system pressures. The operating conditions
for all the measurements are presented in Table 3. In all experiments,
pressurized air at T = 20 °C was used as atomization agent. The sup-
plied water was maintained at T = 20 °C. All PDA measurements were
performed at an axial distance of z = 200 mm downstream of the noz-
zle exit. The dashed operation points in Table 3 indicate a spray beyond
the scope of the PDA measuring system because of the detectable droplet
size being out of range and shading effects.

(i) Influence of gas velocity on Sauter mean diameter at constant
system pressure and gas gap width

In this section, the results regarding the influence of the gas velocity
on the local Sauter mean diameter profiles at constant system pressure
and gas gap width are discussed. The gas velocity was changed by vary-
ing the gas mass flow (i.e., GLR). The results for the nozzle with a slit

=100 m's™! (right).

gas

width of sy, = 1.2 mm at a pgy, = 1 bar are shown in Fig. 3 (left). Fur-
thermore, high-speed camera images of primary jet breakup under these
operating conditions are presented in Fig. 3 (right) for vg,; = 60 ms~!
and vg,s = 100 ms~1.

The PDA data in Fig. 3 show that an increase in the gas velocity
(i.e., GLR) leads to a decrease in the Sauter mean diameter. This is in
accordance with the findings reported in the literature [15,36]. This ten-
dency is identified for each system pressure and all the nozzles under
investigation. This can be explained by an increase in the aerodynamic
force of the gas phase (with increasing gas velocity, i.e., GLR), leading
to improved disintegration of the liquid jet and liquid fragments. For
the maximum gas velocity of vg,s = 100 m's~!, the produced spray is
homogeneous (see high-speed camera image in Fig. 3 (right)), which
corresponds to the measured radial profile with small standard devia-
tions. Larger Sauter mean diameters were detected at the spray bound-
ary due to smaller aerodynamic forces in this area. For a low gas velocity
(vgas = 60 m's1), larger fragments even farther downstream from the
nozzle orifice were detected. This results in a radial Ds,-profile with a
higher standard deviation (see Fig. 3 (left)). The effect of gas velocity
on the Sauter mean diameter decreases with increasing system pressure,
owing to the already significantly high aerodynamic forces at increased
system pressure, as discussed in the following section.

(i) Influence of system pressure on Sauter mean diameter at con-
stant gas velocity and gas gap width

This section focuses on the influence of system pressure (i.e., gas
density) on the local Sauter mean diameter profiles at constant gas ve-
locity and gas gap width. The change in system pressure at constant gas
velocity for constant nozzle geometry leads to an increase in the gas
mass flow (i.e., GLR) owing to the higher gas density. The results of the
nozzle with a slit width of sg,; = 1.2 mm at vg,s = 60 m's~! are shown
in Fig. 4 (left). In addition, high-speed camera images of primary jet
breakup under these operating conditions are presented in Fig. 4 (right)
for pgys = 1 bar and pgy, = 21 bar.

An increase in the system pressure at constant gas velocity results
in an increase in the GLR. For sg;s > 1.2 mm and vg,, = 60-100 ms™1,
the increase in the system pressure results in smaller Sauter mean di-
ameters for all radial positions and a more homogeneous spray without
larger droplet size deviations. The system pressure dependency of the
Sauter mean diameter decreases with increasing system pressure until
Psys = 11 bar (sgq = 1.2 mm), which can be seen in Fig. 4 and is consis-
tent with findings reported in the literature [9,18,26]. This dependency
can also be determined for sg,; = 0.6 mm at vg,s = 80-100 m's~! and
as = 2 TM at Vgpo = 60-100 m's™!.

High-speed camera images confirm these measurements, as shown
in Fig. 4. Both operating conditions are in the fiber-type breakup mode,

Sg
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according to [7]. Here, the disintegration at increased system pressure
leads to the formation of a homogeneous spray with an increased droplet
number density. This is caused, due to the higher aerodynamic forces
and increased gas mass flow (i.e., GLR).

For $g,s = 0.6 mm and vg,s = 60 m's™!, only a negligible influence
of the system pressure on the resulting Sauter mean diameter was ob-
served between the Poys = 3-21 bar (Fig. 5 (left)). To gain a deeper
insight, Fig. 5 (right) shows the corresponding high-speed camera im-
ages at pgys = 3 bar and pgy, = 21 bar, which both reveal a fiber-type
breakup. As illustrated, at increased system pressure the formation of
tiny droplets, at the boundary of the spray cone, out of the fibers im-
proves. After the primary breakup, the gas velocity is decelerated ow-
ing to the entrainment of the surrounding gas phase, inhibiting further
breakup via secondary atomization. Therefore, large droplets are de-
tected by the PDA, leading to an almost constant Sauter mean diameter
and only a slight reduction with increasing system pressure for the noz-
zle with sg,, = 0.6 mm and Vg, = 60 m-s~'.

The influence of system pressure on the droplet size for different gas
gap widths shows that with increasing sg,, the plateau of the Sauter
mean diameters is reached at lower system pressures.

One explanation of this finding can be given by the theory of a gas-
free jet. A free jet can be described as a shear flow into free space, where
the gas jet is in contact with quiescent air. Owing to the velocity gra-
dient, surrounding gas entrains the emerging jet, whereby the moving
mass increases in conjunction with a decrease in velocity, while the over-
all momentum is conserved [37].

=1.2mm and s
and v,,, = 80 m* s71; High-speed camera images of the primary jet breakup applying s,

cas = 0.6 mm as a function of the system pressure for vg,, = 60 ms~!
= 0.6 mm and v,,; = 60 m's~! at py,; = 3 bar (left) and p,y = 21 bar (right).

gas

Here, a decrease in the gas orifice area (i.e., sg;) leads to lower val-
ues of the gas velocity at the same distance to the nozzle orifice. This
deceleration in the gas velocity can be explained by the entrainment of
ambient gas into the atomization gas jet emerging from the nozzle, ac-
cording to the free jet theory. This effect was studied in detail for similar
atomizers at various Sgas values by Wachter et al. [27]. Additionally, the
gas mass flow (i.e., GLR) is increased for wider gas gaps to keep the gas
velocity constant, enhancing the previously discussed effect.

(iii) Influence of gas gap width on Sauter mean diameter at constant
gas velocity and system pressure

In this section, the influence of the gas gap width on the local Sauter
mean diameter profiles at constant gas velocity and system pressure is
discussed. Increasing the gas gap width at constant gas velocity results
in an increase in the gas mass flow (i.e., GLR) owing to the larger gas
orifice area. The results of all three nozzles (sgas =0.6/1.2/2.0mm)
for vg,s = 80 m's~! and Psys = 3 bar are shown in Fig. 6. In addition,
high-speed camera images are also presented in Fig. 6 for sg,; = 0.6 mm
(left) and Sgas = 2.0 mm (right).

As illustrated in Fig. 6 for pg,s = 3 bar and vg,s = 80 mes~!, an in-
crease in the gas gap width (i.e., GLR) at a constant gas velocity and sys-
tem pressure leads to a decrease in the Sauter mean diameter. A similar
dependency was detected under all operating conditions investigated in
this study. This can be explained by two effects: (i) for wider gas gaps,
the gas phase emerging from the nozzle remains at a higher velocity
over a longer distance from the nozzle orifice in accordance with the
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free-jet theory; (ii) a higher gas mass flow leads to a higher aerody-
namic force being available for the disintegration of the liquid jet. The
discussed dependency is qualitatively proven by the high-speed cam-
era images presented in Fig. 6 (right). The high deviations in the local
Sauter mean diameter at sg,s = 0.6 mm can be explained by compara-
bly large droplets across the entire spray cone. In contrast, the small
deviations in the local Sauter mean diameter for sg,; = 2.0 mm can be
explained by the homogeneity of the spray. As seen in the high-speed
camera image for sg,; = 2.0 mm, no large liquid fragments remain in the
spray, leaving the detection area at z = 42 mm. This is consistent with
the results of Zhao et al. [28], where a morphological study of the pri-
mary breakup was presented, showing that an increase in the gas orifice
area Ag,, leads to a fiber-type breakup with small droplets and a more
homogeneous spray.

In the literature, the momentum flux ratio j or the correspond-
ing aerodynamic Weber number We,.,, were used: (i) to scale nozzles
within the investigated limits [29]; (ii) to describe the spray morphol-
ogy [38]; or (iii) to explain the Sauter mean diameter dependencies [39].
The effect of the gas momentum flux on resulting ID3, ,, is discussed in
the next section.

(iv) Dependence of integral Sauter mean diameter on the gas mo-
mentum flux jg,q

In order to compare the influence of gas velocity and system pressure
on the integral, mass-weighted Sauter mean diameter for a distinct gas
gap width, the gas momentum flux (i.e., We,.,) was used. The results
of two different gas gap widths (sg,s = 1.2 mm, left and sg,; = 0.6 mm,
right) at vg,, = 60-100 m's~! and Psys = 1-21 bar are shown in Fig. 7.
Here, each system pressure is represented by a specific colored line,
whereas the same colored symbols represent a specific gas velocity.

With increasing gas momentum flux jg,, the droplet size decreases
for both the constant system pressure and constant gas velocity. This
effect was observed for all gas gap widths, except for sg,; = 0.6 mm at
Vgas = 60 m° s~L. For a gas gap width of Sgas = 1.2 mm in Fig. 7 (left),
the gas velocity at the nozzle orifice exhibits a greater influence on the
droplet size compared to the system pressure. With increasing system
pressure, the dependency of gas velocity decreases significantly, lead-
ing to a plateau in the droplet size for jg, > 5 X 104 N-m~2. In contrast,
for lower gas gap widths (sg,; = 0.6 mm), the influence of gas veloc-
ity on droplet size is even higher at increased system pressure and gas
momentum flux.

Additionally, the influence of the gas velocity or system pressure on
the droplet size can be discussed when changing the gas momentum
flux by a fixed value [26]. As an example, Fig. 8 (left) shows the high-
speed camera images of primary breakup with the gas momentum flux
Jgas =43 kN'm~2 under the conditions, Sgas = 1.2 mm, pgy = 1 bar, and
Vgas = 60 m's~!. When the gas momentum flux is increased by Ajgas »
8 kN-m~2, different results are detected, using the system pressure or gas
velocity for the increment of jg,. The primary breakup of Fig. 8 (middle)
results from changing the momentum flux by a variation in the gas ve-
locity from vy, = 60 m's™! to Vg, = 100 m-s~. In contrast, Fig. 8 (right)
shows the primary breakup for the same gas momentum flux difference
applied by a variation in system pressure from pgys = 1 bar to pyy, = 3 bar.
Comparing the results owing to variation in the gas velocity, and varia-
tion in system pressure, a difference in the spray characteristics can be
seen from the high-speed camera images and is confirmed by the data
plotted in Fig. 7 (left) (see gray colored frames in the diagram and corre-
sponding high-speed camera images). The spray, resulting from the vari-
ation of j,,; through changes in gas velocity, is more homogeneous and
results in smaller droplets. In contrast, the variation through changes
in system pressure led to a slight reduction in droplet size, and several
larger droplets remaining after completion of the primary atomization
process.

(v) Dependence of integral Sauter mean diameter on the gas mo-
mentum flow Jg,; and scaling approach

Applications in Energy and Combustion Science 5 (2021) 100019

Table 4
Resulting parameters A, B and C as a function of the
system pressure for py, = 3, 11 and 21 bar.

Pgys inbar  A(pg)inpm  BinN  C(pgy,) in pm
3 250 0.19 70
11 600 0.19 80
21 1500 0.19 90

Finally, the gas momentum flow J, is applied to interpret the exper-
imental results as this variable includes all the investigated parameters
(Agass Vgas> and pgyq). Fig. 9 (left) shows the results of IDg, , at different
system pressures, pgys = 3, 11, and 21 bar, considering all gas gap widths
under investigation sg,; = 0.6 mm @ / 1.2 mm 4 / 2.0 mm M and gas
velocities at the nozzle orifice vg,; = 60 / 80 / 100 ms1,

With increasing gas momentum flow Jgas At a constant system pres-
sure, a decrease in the droplet size was observed owing to increase in
the gas velocity and/or an increase in the gas gap width. Increments in
system pressure at a constant gas momentum flow lead to an increase in
droplet size because of a shift in either the gas gap width or gas veloc-
ity towards smaller values. For large gas momentum flows, the IDg,
FIT-curves exhibit a plateau at all system pressures, indicating that a
further increase in the gas momentum flow causes only minor changes
in the droplet size. At high GLR values (GLR >> 1), the same effect was
observed by several authors at atmospheric system pressure [15-17].

With the objective of pressure scaling for external-mixing twin-fluid
atomizers and considering the importance of the influence of gas mo-
mentum flow on Sauter mean diameter, an empirical model was derived
to explain the droplet size behavior. The potential fit was chosen consid-
ering the shape of the plot of Sauter mean diameter results plotted as a
function of the gas momentum flow (see Fig. 9 (left)). Eq. (8) shows the
empirical model, which describes IDg, , as a function of system pressure
and gas momentum flow.

ID32,m = A(psys) e B+ C(psys) (8)

For different system pressures, a constant variable B and two
pressure-dependent parameters A and C were applied and correlated
using a least-square method. The parameters for the pressure steps (as
shown in Fig. 9) are listed in Table 4.

Based on the fact, that the parameters A and C are dependent on
system pressure, Egs. (9) and (10) are obtained.

A(pyys) =3.0- p, +220 9

C(pyys) = 1.1 - pyys + 67 (10

In order to demonstrate the accuracy of the model, a parity plot
showing the measured versus calculated ID3;,, values is shown in
Fig. 9 (right). Across all measurement conditions, the parity plot shows
good agreement between the calculated 1D, ,, and the measured val-
ues. The maximum deviation of 12.7% was observed for p, = 3 bar,
Vgas = 100 m's~! and Sgas = 1.2 mm, leading to a difference of
AlDgy , = 11 pm.

To evaluate this model with respect to the calculated integral Sauter
mean diameters against different system pressures, the measurements of
droplet size at py,s = 6 and 16 bar (as shown in Fig. 10 as a function of the
gas momentum flow and plotted as dots) were used as assessment crite-
ria. The curves representing the model approach (see Egs. (8), (9), and
(10)) for the respective system pressures are plotted as lines. For all of
the assessment criteria, the deviation is below 12% except for the point
at pgys = 6 bar and Jz,s = 0.69 N, where the deviation is AIDg, ,, =18 pm,
which equals 22%.

The evaluation of the model for py,; = 6 and 16 bar showed that the
deviation between the calculated and measured IDs; ,, values is small
and generally within the accuracy at low Jg,,. As a result, the applica-
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bility of the model for system pressures between pg,, = 1-21 bar and
Jgas = 0.07-2.5 N is proven for My, = 20 kg-h~.

Extrapolations of the model approach towards higher system pres-
sures, as commonly applied in EFG (i.e., psys = 40 or 80 bar), allow for
an estimation of the expected droplet size.

Conversely, to achieve a specific droplet size, the nozzle gas orifice
area and the required operating conditions can be calculated as follows:
(i) for a requested ID3; ;,, value and a given system pressure, the neces-
sary gas momentum flow is calculated by means of the empirical corre-
lation (see Eq. (8)); (ii) with a required GLR for the demanded process
conditions, the related gas velocity, and thereby, the gas gap width for
the twin-fluid atomizer is obtained.

4. Conclusion
This study investigated the influence of system pressure, gas velocity,

and gas gap width on spray quality (D35, ID3, ,) for twin-fluid atomizers
operated at liquid mass flow of My, = 20 kg'h~L. The nozzle geometry

was kept similar, except that the gas gap width was changed. At every
system pressure level between pg,; = 1-21 bar, three different gas veloc-
ities (vgy, = 60 / 80 / 100 m's~1) were investigated by changing the gas
mass flow (i.e., GLR). High-speed camera images were used to observe
the primary breakup, and to explain local measurements of droplet size
performed by a phase Doppler anemometer. Thereafter, the gas momen-
tum flux as well as the gas momentum flow were applied to describe the
atomization process. Finally, an empirical model was derived, enabling
the system pressure scaling of twin-fluid atomizers for the range of gas
momentum flow under investigation. The results of the experiments can
be summarized as follows:

Increasing the gas velocity leads to a decrease in the droplet size at
a constant system pressure and gas gap width.

Increasing the system pressure leads to a decrease in the droplet size
at constant gas velocity and gas gap width. This effect was observed
under all operating conditions except for the smallest gas gap width
and low gas velocity. The droplet size was nearly constant with in-
crease in the system pressure at smallest gas gap width and low gas
velocity.

Increasing the gas gap width leads to a decrease in the droplet size
at constant gas velocity and system pressure.

A distinct change in the gas momentum flux via either changes in
the gas velocity or system pressure leads to different results in spray
quality (ID3 ). This indicates that the gas momentum flux alone
is not sufficient for describing the spray quality at varying system
pressures.

By using the gas momentum flow for the characterization of atom-
ization behavior, an empirical model was derived, which enables
system pressure scaling across the investigated range of the gas mo-
mentum flow.
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ABSTRACT: This study compares three different nozzle flow S: oo 7
configurations—central liquid jet with surrounding gas phase, ;m s g -l il ol
liquid sheet with central gas phase, and liquid sheet with inner and  § s lotr=0s ‘ 5
outer gas phases. To guarantee constant velocities, as well as EM- 2 Ll )
momentum flows at the nozzle orifice, a nozzle with identical §*
orifice areas (a central tube with inner and outer slits) was utilized § : & o é]
in the experiments. The influence of gas velocity (GLR), dynamic & | a S
viscosity of the liquid, and nozzle configuration on the resulting é’ w
droplet sizes (Ds,, ID3,,) and primary breakup was investigated at §
E

constant liquid mass flow. A high-speed camera (HSC) was used
for the detection of primary breakup, whereas droplet size
measurements were performed with a phase Doppler anemometer. The variation of nozzle configuration exhibited distinct
influence on the resulting breakup morphology and droplet size. Especially, for atomizing high-viscosity liquids, application of sheet
configurations led to smaller droplet sizes compared to liquid jet configuration.

Ny InmPas

1. INTRODUCTION 2. THEORETICAL BACKGROUND

Gas-assisted nozzles are applied to a wide field of applications
in industrial processes. Beneath utilization in spray drying and
gas cleaning, there are also applications in combustion and

The three different nozzle flow configurations under

investigation are shown in Figure 1 as configurations (i—iii).

synthesis processes. This type of atomizer is available in several
flow configurations: (i) central liquid jet and coaxial annular
gas stream, (i) annular liquid sheet with central gas jet, and
(iii) annular liquid sheet with inner and outer gas stream. Each
configuration can be utilized in energy-conversion systems,
such as entrained flow gasifiers (EFGs). Here, biomass or
waste-based feedstock are typically applied and feature high
viscosities of up to 1000 mPa's, as well as a complex
rheological behavior. The feedstock are converted into syngas
(CO + H,), whereas oxygen serves as the gasification and
atomization agent. As a result of the low stoichiometry
required for the gasification reaction (4 < 1), the burner nozzle
is typically operated at gas-to-liquid mass flow ratios of GLR <
1. Despite the large field of applications and the comparably
simple atomizer geometry, there is still no fundamental
understanding of the prevailing phenomena and physics.

For the optimization of the atomization process at
conditions relevant to EFG, it is an essential research objective
to gain deeper insights into the atomization process by
applying various nozzle configurations and liquid properties. In
particular, because of the fact that nozzles featuring central
liquid jets reveal a limitation in disintegrating large liquid jet
diameters, at increased liquid mass flow and low liquid velocity,
the present work aims at investigating and comparing
potentially scalable annular liquid sheet nozzles.

© 2021 The Authors. Published by
American Chemical Society

" 4 ACS Publications

Configuration (i) represents the central liquid jet configuration
with an annular coaxial gas jet; (ii) illustrates an annular liquid

sheet atomizer with a central gas jet; and (iii) is an annular

0 (i (i

Gas | %li:ld¢ . Gt:lq;.ld*

Figure 1. Schemes of the investigated nozzle flow configurations (i—
iii).
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liquid sheet atomizer with central and coaxial surrounding gas
jet.

Farago and Chigier performed detailed investigations of
liquid jet breakup morphology, utilizing configuration (i) for
air/water." A classification for primary breakup was suggested
for different atomizer geometries in terms of the jet diameter
and gas orifice area by applying the liquid Reynolds number
Rey;, and aerodynamic Weber number We,,,, according to eqs
1 and 2, to describe the jet breakup:

Dliq X Vliq X pliq

Re liq =
nliq ( 1)

2
Dliq X (Vgas - Vliq) X Hgas
aero - (2)

with liquid jet diameter Dy, velocity v, density p, dynamic
viscosity 7, and surface tension o. The subscripts gas and liq
denote the gas and liquid phases, respectively. For constant
Rey,, the following representative spray conditions can be
identified: the Rayleigh-type breakup (small We,,,), in which
the liquid jet is fragmented into large droplets close to the
spray center. With increasing We,,,, the membrane-type
breakup is detected, with membranes near the nozzle orifice
being generated and broken into small droplets. The
accumulated rim of the membranes disintegrates into larger
droplets, according to Rayleigh—Plateau instabilities. At high
We,..,y the fiber-type regime is reached, which leads to a
complete disintegration of the liquid jet into fibers near the
nozzle orifice. The produced fibers disintegrate into small
droplets according to the Rayleigh—Plateau instability. The
fiber-type regime is divided into the submodes pulsating and
superpulsating. Lasheras and Hopfinger” used the momentum
flux ratio of gas and liquid phases j, according to eq 3, for
characterizing the fiber-type breakup:

We

. 2
Jgas _ Vgas X pgas

Jiiq Vlziq X Pig (3)

Zhao et al.” investigated the impact of dynamic viscosity on
the primary breakup by applying suspensions in twin-fluid
atomizers with a central liquid jet. In order to expand the
regime classification concerning viscosity effects, the Ohne-
sorge number, which is in accordance with eq 4, was used. The
breakup morphology was described by We,,,, and Oh and was
also classified into Rayleigh-type, fiber-type, and atomization.

nliq

|Djjq X 0 X P (4)

For the liquid-jet annular gas stream configuration, a large
number of studies on the atomization of low-viscosity liquids
(’71iq < 50 mPa-s) can be found in the literature.*”® A summary
of the publications featuring 77;,; > 50 mPa-s was presented by
Wachter et al.” The dynamic viscosity was varied in the range
of 7,y = 1—805 mPa-s. In general, an increase in the droplet
diameter with increasing viscosity was reported.”'*~"* This
effect was explained by the damping effects of the liquid on the
formation of instabilities. Furthermore, the dependency of the
resulting droplet size on the spray morphology was
demonstrated by Singer,'* who subdivided the proposed
droplet size correlation into membrane-type and fiber-type
regimes.

Oh =

The second flow configuration (ii) provides the liquid as the
annular sheet, whereas the gas stream emerges from the central
tube. Investigations of the atomization of water with this
nozzle configuration were performed by Leboucher et al."> and
Zhao et al,'® who presented different diagrams for
morphological classification. Both authors detected the bubble
and Christmas-tree breakup regime. As the bubble regime
occurs for low gas velocities and leads to gas-filled bubbles with
liquid impingement,'” the Christmas-tree breakup at an
increased gas velocity creates a pulsating sheet that breaks
into droplets. This breakup regime was further divided by Choi
et al'® into the aerodynamic force-dominant and hydro-
dynamic force-dominant modes. Leboucher et al.' classified
the regimes with gas and liquid momentum flow J,, and Ji,,
whereas Zhao et al.'® used We erosheey S€€ ©q S, and a
dimensionless geometry ratio of sheet thickness-to-diameter of
the entire liquid orifice.

2
Sliq X (Vgas - Vliq) X pgas

aero,sheet — - (5)

We

Here, s represents the liquid sheet thickness. For increased
liquid sheet thickness, a fiber-type regime was detected, leading
to a sheet disintegration with small fibers in the perpendicular
direction to the sheet. Li et al. performed droplet size
measurements, applying this nozzle configuration at vg,, > 180
m-s~L'"" As a result, a V-shaped radial Sauter mean diameter
D;, profile was detected with a phase Doppler anemometer
(PDA). For a significant increase in gas velocity, only a small
decrease in the droplet size across the entire spray cone was
detected. Leboucher et al.'> presented results for different
system pressures and gas swirl configurations. Radial profiles of
the droplet diameter are only shown for the swirl variation,
exhibiting a nearly constant droplet size for a wide range of
swirl ratios.

Flow configuration (iii) has a liquid annular sheet, with two
gas streams emerging, one from the central tube and one from
the coaxial outer annular gap around the liquid sheet. Carvalho
et al.”® employed a high-speed camera (HSC) to investigate
nozzles with this flow configuration with angled outer gas
atomizing water. In the experiments vyg, Vg Vgasor the liquid
sheet thickness as well as the gas swirl ratio were varied,
whereas the index i and o represent the inner and outer gas
orifices, respectively. The inner gas stream velocity was varied
up to vy = 200 m-s™' and was identified as being more
relevant for the breakup of the liquid sheet. In contrast, the
outer gas stream only led to a slight decrease in the primary
breakup length. Nevertheless, the outer gas velocity was only
increased up to vy, , = 40 m-s~'. The primary breakup length
was also decreased when the swirl was added to the outer gas
stream. For increasing the liquid sheet thickness, an increase in
the primary breakup length was detected. Wahono et al.*' also
used a HSC to investigate the primary breakup of an atomizer
with flow configuration (jii) that featured parallel exiting
channels. The authors observed an amplified Kelvin—
Helmholtz surface wave on the liquid sheet during primary
breakup, which caused the rupture of the sheet into ligaments.
The breakup was mainly dependent on the momentum flow
ratios J; and J, for the respective gas flow (eqs 6 and 7), as well
as the entire gas momentum flow (eq 8). Only for J, a
dependency on the breakup frequency of the liquid sheet was
discovered.

https://doi.org/10.1021/acs.iecr.1c01526
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Figure 2. Schematic of the experimental setup applying nozzle configuration (iii), atmospheric spray test rig (ATMO) (left); schematic of the

nozzle geometry applying the three investigated configurations (right).

2
] _ ]gas,i _ vgas,i X pgas X Agas,i
i - 2
Jiq Viig Plig “Aiq (6)
2
] _ ]gas,o _ Vgas,o X pgas X Agas,o
o - 2
]hq Viig X p]iq X Aliq (7)
]gas = ]gas,i + ]gas,o (8)
Duke et al.”>** performed an instability analysis for a nozzle

with flow configuration (iii) and noted two physical
instabilities: the Kelvin—Helmholtz instability (shear layer)
and a nonlinear rupturing instability. As observed by Duke et
al,** the primary Kelvin—Helmholtz instability is only formed
in the presence of a sufficiently high relative velocity of the
outer gas stream vy, and liquid sheet v, The required
relative velocity was Av = 30 m-s~'. Further theoretical
investigations of the liquid sheet breakup were performed by
Cao et al,”* Ibrahim et al.,>* and Lee et al.*° In these studies,
linear instability analyses were performed, with the researchers
coming to the conclusion that the inner gas jet exhibits higher
efficiency in terms of atomization compared to the outer gas
stream. In addition to the investigation of instabilities, a scaling
analysis was performed. As a result, the liquid sheet thickness
showed a dominant effect on the resulting spray characteristics,
as reported by Duke et al.”’

The first PDA measurements of nozzles with flow
configuration (jii) were performed by Leboucher et al,*®
who applied water/air with different swirl configurations. This
investigation demonstrated that the inner gas jet is more
effective than the outer gas stream in terms of reducing droplet
size. It should be noted that in this investigation, the maximum
velocity of the outer gas stream was vg,,, = 90 m-s™!, whereas
the inner gas stream velocity was increased up to vg,,; = 180 m-
s™!, which could be a reason for the dominating effect of the

inner gas stream compared to the outer one. Zhao et al.*’ used
this flow configuration to perform laser diffraction measure-
ments with water/air. Varying the exiting gas velocities, a
maximum droplet diameter was detected when the outer gas
jet was around vy, , = 30—40 m-s™!, which is independent of
the inner gas velocities. Zhao et al.”” assumed that the outer
gas jet increases the velocity of the liquid phase, without
disintegrating the liquid sheet, leading to a lower relative
velocity between the liquid phase and the central gas stream,
which dominated the atomization.

To summarize the literature overview, especially for
atomizers in configuration (iii), the influence of the inner
versus outer gas jet velocities or momentum flow ratios was not
finally clarified. Nevertheless, the gas orifice area was not kept
constant in previous experiments, leading to different depend-
encies of gas velocity on GLR, which results in varying gas
momentum flows.

In order to overcome this effect, in the experiments
described in this study, a nozzle with identical orifice areas
(central tube/inner slit/outer slit) was used. The atomizer was
operated in the previously outlined configurations (i), (ii), and
(iii), which allows for their comparison at constant momentum
flow ratios. Water and three different liquids with increasing
viscosities were atomized at varying gas momentum flows. The
resulting droplet size measurements and primary jet/sheet
breakup detection were performed by means of a PDA and a
HSC.

3. EXPERIMENTAL SETUP

The experiments were performed at the ATMOspheric spray
test rig (ATMO), which is described by Wachter et al.*® and
depicted in Figure 2. A PDA system and a HSC were applied
for spray investigations. The three-fluid lance was supplied
with liquid using a pump and controlled via a Coriolis mass
flow and density meter. A stirred and tempered liquid tank was

https://doi.org/10.1021/acs.iecr.1c01526
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applied in order to avoid temperature deviations. Two hot wire
anemometers with valves were used to control the atomizing
air mass flow. To avoid recirculation of small droplets, a high-
power suction system was applied to the exhaust air;
additionally, a honeycomb structure was placed at the inlet
of the collection tank in order to serve as a flow straightener.
The fittings at the top of the three-fluid lance were constructed
in an identical manner to enable changes in the gas and liquid
flow configurations between each channel of the lance and the
nozzle-exiting position, respectively. The atomizer has a central
tube with d;,., = 5.4 mm and two surrounding slits of s; = 1.09
mm and s, = 0.83 mm. In order to guarantee for constant
velocities at the nozzle orifice, independent of the chosen flow
configuration, all orifice areas were manufactured equal in size.
The thicknesses of the tubes separating the flow at the nozzle
orifice are reduced to b = 0.1 mm, which results in an
undisturbed gas flow according to Tian et al.*' The nozzle
features parallel flow channels to enable the experimental
results to be compared with other investigation results, such as

those of Farago and Chigier,1 Zhao et al,'® and Wahono et
al?!

For the variation of dynamic viscosity, water and three
different glycerol/water mixtures were used. Surface tension
and density of the four liquids applied were almost constant
(see Table 1). The dynamic viscosity of the liquid phase was

Table 1. Physical Properties of All Applied Liquids at 20 °C
and 1 atm

/i o in Piiq N

mPa's Nm™! kgm™ Oh
water 1 0.0719 998 0.0026
glycerol/water 100 0.0649 1220 0.2513
(84.3 wt %)
glycerol/water 200 0.0642 1233 0.5027
(89.5 wt %)
glycerol/water 400 0.0636 1244 1.0056
(93.8 wt %)

measured using a Physica MCR 101 rheometer from Anton
Paar in Searle-type configuration.®” Surface tension and density
were determined using an EasyDyne tensiometer from Kriiss,
via the Du Noiiy ring™ and weighing methods. Relevant values
of all liquids are presented in Table 1 for 20 °C and 1 atm.

In the following paragraphs, only a short overview of the
applied measurement systems is given. A detailed description is
available in previous studies.””*%*°

A HSC (Photron SA4) was used for the detection of primary
breakup. The setup was operated in backlight illumination with
a 9 X 4500 Im high power light-emitting diode array. Sets of
2000 images were recorded for each operating point to ensure
for a reliable data base.

At a distance of z = 200 mm, 10,000 images were taken, in
order to (i) guarantee for optimal PDA settings; (ii) sphericity
check the droplets in the measuring plane; (iii) qualitatively
confirm tendencies measured by the PDA; and (iv) validation

of PDA data in order to remove deviations according to the
Gaussian beam effect.*®

A fiber PDA with Spray Explorer by Dantec Dynamics was
applied for the local investigation of droplet diameter and
velocity. The system was operated in forward scattering
arrangement (first-order refraction). Details of the settings are
presented in Table 2. The settings of the system were
optimized according to previous studies.”*” In this config-
uration, the maximum detectable droplet diameter is 1357 pim,
as explained in a previous study.’®

To guarantee for a high-quality data, a set of 50,000 droplets
was taken at each measuring point. For some of the outermost
measuring points, the sample size was not reached. However,
minimum 10,000 droplets were measured at the spray
boundary (x = + 44 mm), ensuring statistical reliability, as
reported in a previous study.”” The toolbox SprayCAT*® was
used to compute arithmetic means as the mass-weighted
integral Sauter mean diameter ID3, ,,, according to eq 9.

N 3 .
_ zi=1D3O,imiAi

ID =

o 2,111 DZZO,imiAi 9)

Detailed information concerning the calculation of the
global size distribution and size moments is given by DIN
SPEC 91325" and Albrecht.*® The mass flux mi was
calculated from PDA data according to Albrecht.*® All PDA
measurements were performed at z = 200 mm distance from
the nozzle orifice and repeated 3 times. For each operating
point, the rotational symmetry of the measured profiles was
checked, taking a full radial profile. Afterward, the repetition
measurements were performed, taking half-profiles from the
spray boundary to the center.

4. RESULTS AND DISCUSSION

In order to investigate the effect of the nozzle configuration on
the resulting droplet size and primary breakup, nozzle
configurations (i) and (ii) were compared at varying GLR
(i.e., gas velocity ugaﬁ) and dynamic viscosity 77;;; at constant
liquid mass flow of My, = 30 kgh™". The atomization agent in
all experiments was pressurized air at T = 20 °C. The supplied
liquids were also tempered at T = 20 °C.

4.1. Comparison of Nozzle Configurations (i) and (ii)
on the Droplet Size and Primary Breakup. For a
comparison of nozzle configurations (i) and (ii), the operating
conditions for both investigated parameters GLR and dynamic
viscosity 7y, are presented in Table 3.

4.1.1. Influence of Nozzle Configurations (i) and (ii) on
the Droplet Size and Primary Breakup at Varying GLR (i.e.,
Vged and Constant n;, = 1 mPa-s. For a quantitative
comparison of the two nozzle configurations, as well as for the
description of the influence of GLR (vg,) on the Sauter mean
diameter, radial measurements were performed, as shown in

Figure 3 (right).

Table 2. Settings of the PDA Evaluated by the Sensitivity Analysis

parameters values unit
transmitter focal length f 1000 mm
receiver focal length fx 1000 mm
beam expander ratio E 1
receiver slit width (physical) Ig 200 pm

11505

parameters values unit
laser wavelength Ay, 561 nm
laser power (transmitter exit) 40 mW
off-axis angle @y 70 °
frequency shift fy 80 MHz

https://doi.org/10.1021/acs.iecr.1c01526
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Table 3. Operating Conditions of the Experiments for the
Comparison of Nozzle Configurations (i) and (ii) at a
Constant Liquid Mass Flow of M;;, = 30 kgh™

nozzle configuration GLR in - Vgas I m-s™! Miq in mPa-s
i)/ (i) 0.2 60 1
(1) /(i) 0.3 90 1
(1)/(ii) 0.4 120 1
(1)/(ii) 0.5 150 1/100/200/400

The dependency of the Sauter mean diameter on GLR, for
all measurements of (i) and (ii), the mass-weighted integral
Sauter mean diameter IDs, , is shown in Figure 3 (left). As
expected, with increasing GLR, for both nozzle configurations
(i) and (ii), a decreasing Sauter mean diameter was measured.
This effect results from an increase in the gas velocity (vgas =60
— 150 m's™"), which leads to higher aerodynamic forces that
disintegrate the liquid jet or sheet. With increasing GLR, the
influence on the resulting droplet size levels off. The influence
of GLR on the resulting Sauter mean diameter, applying nozzle
configuration (ii) at GLR > 0.4 (vgas > 120 m-s™'), is smaller
compared to that using nozzle configuration (i).

In order to explain this effect, the radial Sauter mean
diameter, for all measurements of (i) and (ii) is shown in
Figure 3 (right). For GLR < 0.3, the IDs,, is significantly
lower for nozzle configuration (ii). In contrast to this, an
increase above GLR > 0.4 leads to lower IDj,,, values for
configuration (i) (see Figure 3 (left)). For nozzle configuration
(i), a W-shaped radial profile was detected, whereas
configuration (ii) led to a V-shaped radial distribution, which
is in accordance with the results of Li et al.'” Typically, the flat
W-shaped profile is achieved when the liquid jet is
disintegrated by the high-velocity gas phase in the fiber-type
breakup mode. As shown in Figure 4b), this mode leads to a
slight increase in the droplet size at the spray center and a
decrease at the spray boundary because of small, disintegrated
fibers, leading to fine droplets following the gas phase. In this
configuration, the liquid jet is fully disintegrated by the
surrounding gas jet at high gas velocity. In contrast, the liquid
sheet is already disintegrated into droplets for low gas
velocities (see Figure 4c)), as against the liquid jet at the
same gas velocity (see Figure 4a)). Applying configuration (ii)

for increased gas velocity (see Figure 4d)), tiny droplets could
be detected in the center of the spray, comparable to
configuration (i), but larger droplets remained at the spray
boundary without any further disintegration because of the
lack of aerodynamic forces. As this breakup mode did not
change with further increase in gas velocity and the droplet size
at the spray boundary did not decrease, ID;,,, exhibits only
low sensitivity to GLR above GLR > 0.4.

As can be seen in the HSC images, the spray angle differed
significantly between nozzle configurations (i) and (ii). For
configuration (i), the resulting jet fragments and droplets were
accelerated in the axial direction, resulting in narrow spray
angles. In contrast, the disintegration of the liquid sheet by the
central gas stream at configuration (ii) led to a significant
increase in the spray angle.

4.1.2. Influence of Nozzle Configurations (i) and (ii) on
the Droplet Size and Primary Breakup at Varying Liquid
Viscosities and Constant GLR = 0.5. To conduct a
quantitative comparison of the two nozzle configurations (i)
and (ii), as well as for the description of the influence of Miq O
the Sauter mean diameter, additional droplet size measure-
ments were performed at an increased liquid viscosity of up to
400 mPass. The results are shown as ID;, ,, values in Figure 5.

As the measurements indicate, an increase in the droplet size
could be detected for both nozzle configurations with
increasing dynamic viscosity. This result had already been
observed by many researchers, who typically applied flow
configuration (i).*'°""* As damping effects of the liquid phase
cause this effect, the same influence for increasing the liquid
viscosity was expected for flow configuration (ii). However,
configuration (ii) shows a minor influence of viscosity on the
droplet size. As the application of configuration (i) led to a
smaller droplet size of low-viscosity liquids (miq = 1 mPas), the
droplet size results were already turned over for 7, = 100
mPas. The same influence of viscosity and nozzle config-
uration was also apparent in the HSC images of the primary
breakup, which are displayed in Figure 6.

Upon increasing the dynamic viscosity from 77,4 = 1 mPas to
Miq = 400 mPa's while applying nozzle configuration (i), the
primary breakup significantly changed from the superpulsating
fiber type, which resulted in a homogeneous spray with mostly

£ 400

= {nig = 1mPa-s o flow configuration (i)

£ 350 4 ! 0 flow configuration (ii)
E s |
J o [2 =200 mm|

9 3004

=

@ 4

£ 250 {’

yul ]

o

c 200+

(1]

@ |

E 150 4 a

2 ; )

% 100

@ g o

g ] o

o 50 4

B

c 1

0 0 T T T T

g o 0.2 0.3 0.4 05 0.6
E GLRin-

£
2

Sauter mean diameter D, in

600
JO GIR=02 . =1mPas| | O GIR=02
501 m GLR=03 @ GLR=03
s00] O GLR=04  [2=200mm O GLR=04
450 B GLR=05 @ GLR=05
200 10 (ii)
Ll
350 - L soE
{1 Tag % Ty T_j_ﬁq’g— T 11
0 T QgL 589
250 - s
AT
o g g S
150 - CR - niﬁﬂjeg SR ae?
s B ot og
1004 =5 sooat; solgge®
] a - = @
so0] " ®m g gl camenmstt desecililes ¢
0 — T T T T T T — T T 1 T
50 40 30 20 -0 0 10 20 30 40 50

radial position x in mm

Figure 3. Resulting mass-weighted integral Sauter mean diameters (left) and radial measurements of the local Sauter mean diameter (right) using

nozzle configurations (i) and (ii) at varying GLRs (i.e., vy
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) and constant dynamic viscosity 74 = 1 mPa-s at z = 200 mm.
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Figure 4. HSC images of the primary breakup of water (1;;, = 1 mPa-s) applying: (a) nozzle configuration (i) at GLR = 0.2 (vg,, = 60 m-s™"); (b)
nozzle configuration (i) at GLR = 0.5 (v, = 150 m-s™"); (c) nozzle configuration (ii) at GLR = 0.2 (vges = 60 m-s™"); and (d) nozzle configuration

(ii) at GLR = 0.5 (v,

_ -1
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Figure 5. IDy, ,, measurements at constant GLR = 0.5 (vps =150 m-
s7') for nozzle configurations (i) and (ii) at varying dynamic

viscosities.

very small droplets to the membrane-type breakup that
revealed long ligaments and liquid fragments, along with an
increased droplet size. In contrast, for nozzle configuration (ii),
the breakup morphology did not significantly change with an
increased liquid viscosity. Because of the fact that the emerging
fuel sheet for configuration (ii) was thinner in size compared to
the jet of configuration (i), almost no ligaments resulted from
the primary breakup [even for the highest viscosity liquids (1
= 400 mPass) under investigation], leading to a smaller droplet
size throughout the entire spray cone.

4.2. Extension of the Nozzle Geometry with the
Outer Gas Gap to Configuration (jii). Being aware of the
influence of the fast-flowing gas phase on the primary breakup
and the resulting droplet size in terms of twin-fluid nozzles, an
additional outer gas gap was employed in the liquid sheet
configuration to reduce the increasing droplet size at the spray
boundary shown in Figure 3. As fast gas phase emerges via two
orifices, two mass flow ratios GLO and GLI were defined.
GLO represents the mass flow ratio between the outer gas flow
through the gas slit and liquid sheet, whereas GLI stands for
the mass flow ratio between the inner gas flow through the
central tube and liquid sheet. This definition yields the
following equations:

Mgas o gas,i
GLR=GLO + GLI GLO =-—"— GLI=-——
Myq lig

(10)

In an initial set of measurements, GLO (i.e., vg,) and GLI
(ie., vgas’i) were varied for constant GLR values at 77, = 1
mPas. In addition, dynamic viscosity was investigated at GLR
= 0.5 for GLO = 0, 0.25, and 0.5, resulting in vy, = 0, 75, and
150 m's™'. Thereafter, a comparison between nozzle
configurations (i—iii) was performed for GLR = 0.5.

4.2.1. Influence of GLO/GLI on the Droplet Size and
Primary Breakup Applying Nozzle Configuration (iii) at
Constant Liquid Viscosity and Constant GLR = 0.3, 0.5, and
0.7. In order to compare the primary breakup and droplet size,
nozzle configuration (iii) was applied at constant liquid
viscosity 7;; = 1 mPas and GLR = 0.3, 0.5, and 0.7, but
varying GLO and GLI. The measurements listed in Table 4
were performed. For a quantitative comparison of the resulting
droplet sizes, the values for the ID;, ,, were used.

wuw /9

Figure 6. HSC images of the primary breakup at GLR = 0.5 (vg, = 150 m-s™") applying (a) nozzle configuration (i) with 7, = 1 mPa-s; (b) nozzle
configuration (i) with 77, = 400 mPa-s; (c) nozzle configuration (ii) with 77y = 1 mPa-s; and (d) nozzle configuration (ii) with 7;,, = 400 mPa-s.
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Table 4. Operating Conditions of the Experiments for Nozzle Configuration (iii) at a Constant Liquid Mass Flow of Mliq =30
kg'h_l, Liquid Viscosity of 7j;; = 1 mPa's, and GLR = 0.3, 0.5, and 0.7, but Varying GLI/GLO

1 1

GLR in - GLO in - GLI in - Vgaso 10 M'S™ Vgasi I M'S™
0.3/0.5 0/0 0.3/0.5 0/0 90/150
0.3/0.5/0.7 0.06/0.1/0.14 0.24/0.4/0.56 18/30/42 72/120/168
0.3/0.5/0.7 0.12/0.2/0.28 0.18/0.3/0.42 36/60/84 54/90/126
0.3/0.5/0.7 0.15/0.25/0.35 0.15/0.25/0.35 45/75/105 45/75/105
0.3/0.5/0.7 0.18/0.3/0.42 0.12/0.2/0.28 54/90/126 36/60/84
0.3/0.5/0.7 0.24/0.4/0.56 0.06/0.1/0.14 72/120/168 18/30/42
0.3/0.5 0.3/0.5 0/0 90/150 0/0
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g Mg = 1 MPa-s A (ii))GLR=0.3| = g = 1 mPas A (i) GLR =0.3
I3 q A (ii))GLR=05] £ ] A (i) GLR =05
E 250 A (ii))GLR=0.7 ; 250 A (ji)GLR=0.7
a a
= A = A
2 200 < 200
£ A £ =
E A 8
= o
= 150 c 150
E A A A ° 2 A
& 100 N © 100 2 "
5 X A =
& A A A %A @ & 4 n
T 50 A T 50
g g
E £
g 0 T T T T w 0 T T T T T
2 0.0 01 0.2 0.3 04 0.5 0.6 0.7 § 00 01 02 03 04 05 06 07 08 09 1.0
. = .
E GLOin- Jgas INN

Figure 7. ID;, ,, measurements applying nozzle configuration (iii) at constant 7, = 1 mPa-s and GLR = 0.3, 0.5, and 0.7, with varying GLO (left);
the same measurements plotted over the entire gas momentum flow J,, (see eq 8) (right).
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Figure 8. Primary breakup of the liquid sheet while pulsating at GLO = GLI applying nozzle configuration (iii), GLR = 0.3, and constant #;, = 1

mPa-s. The time difference shown is respective to ;.

Starting with a constant GLR = 0.3 shown in Figure 7 (left),
for an increase in GLO (ie, g,,), which also leads to a
decrease in GLI (i.e., vgas,i), first between GLO = 0—0.06, the
ID;, ,, remains near 130 um. For further increase in GLO =
0.12—0.18, a steep increase in the ID;, , values can be noted,
resulting in a maximum for GLO = 0.18. A further increase in
GLO, up to GLO = 0.3, leads to a decrease in ID;, ,, even
below the size at GLI = 0.3. These results are in accordance
with those of Zhao et al,,”” namely, the resulting droplet size
primarily depends on the gas flow featuring higher velocity

11508

applying configuration (iii). For GLR = 0.5, the values for
IDj, ,, remain lower compared to those for GLR = 0.3 through
all the investigated GLOs. Increasing GLR from 0.5 to 0.7 only
leads to a slight decrease in the droplet size. When GLR is
increased from 0.5 to 0.7, the maximum in ID3, ,, around GLO
~ GLI no longer exists. Both the mentioned effects can be
explained by the aerodynamic force of the gas phase. The
decreasing influence of GLR on the droplet size for increasing
GLR was already shown and explained in Figure 3 (right). In
order to understand the development of a maximum in the

https://doi.org/10.1021/acs.iecr.1c01526
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resulting droplet size, Figure 7 (right) presents the IDs,,,
values plotted as a function of the total emerging gas
momentum flow. Here, a significant decrease in the latter
was identified around the operating conditions of GLO ~ GLI,
which was caused by the comparably low velocity of both the
emerging gas streams.

In addition, the HSC images taken at GLO &~ GLI show a
pulsation of the liquid sheet for all the investigated GLR values.
As the frequency of the pulsation increases with increasing
GLR, a time lapse of the pulsation with the HSC images could
be detected best at GLR = 0.3, as shown in Figure 8. In Figure
8a, the liquid sheet was formed, as typical for nozzles in
configurations (ii) or (iii). After At = 0.0011 s, the liquid sheet
swelled, as shown in Figure 8c. At 5 = 0.0022 s, the interaction
of the swelled sheet with the high-velocity outer gas flow
resulted in a detachment from the nozzle. As the swelled sheet
was moved in the axial direction, large membranes were
formed with a thick horizontal rim. After the rupture of the
sheet at t; = 0.0053 s, the pulsation process began again with a
new liquid sheet formed at the nozzle orifice. Because of the
fact that the membrane rim falls apart into large droplets at low
gas momentum flow, the droplet size at GLO =~ GLI was
increased for GLR < 0.7 compared to the operational
conditions where GLO # GLIL

The description of the disintegration process of the liquid
sheet at GLO = GLI for nozzle configuration (iii) can be given
in accordance with the study by Zhao et al.*® Here, it was
assumed that the liquid sheet was disintegrated by Kelvin—
Helmbholtz instabilities, which formed a horizontal wave on the
outer and inner sides of the sheet. This instability is caused by
changes in the local static pressure, which is induced by
differences in gas- and liquid-phase velocities.""** The
frequency fyy and velocity u. of these instabilities were
defined by Villermaux et al.” and Dimotakis et al,,"* according
to eqs 11 and 12:

0.5
u pas
x | -2

C

fan ™
5gas P li ( 1 1)

\/Wiq X Viq . \/@ X Vo
u =
N (12)

Here, &, stands for the gas boundary layer thickness. As the
frequency, the gas boundary layer thickness, and the velocity of
the instability were mainly the functions of gas velocity, these
values were nearly equal for GLO & GLI (vgqo R vg,s;). In the
event that the Kelvin—Helmholtz waves from both shear layers
(inside and outside) emerged at the same time, the pulsation
of the primary breakup was achieved and remains stable
because of the comparable wave frequency and velocity.
Furthermore, the increase in the instability frequency for
increasing GLR values also corresponds to eq 12.

4.2.2. Influence of GLO/GLI on the Droplet Size and
Primary Breakup Applying Nozzle Configuration (iii) at
Varying Liquid Viscosities and Constant GLR = 0.5. In order
to compare the primary breakup and droplet size applying
nozzle configuration (iii) at constant GLR = 0.5, but varying
GLO and GLI, as well as dynamic viscosity, the measurements
specified in Table 4 were also performed for 77,y = 100 mPass.
For 7734 = 200 and 400 mPas, a reduced measurement matrix at
GLR = 0.5 with GLO = 0, 0.25, and 0.5 was conducted, the
results of which are shown in Figure 9.
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Figure 9. ID, ,, measurements applying nozzle configuration (iii) at
constant GLR = 0.5 with varying GLO and varying 7, = 1 — 400
mPa:-s.

As the dynamic viscosity of the liquid was increased from 77,
=1 to 100 mPas, an increase in the droplet size was detected
over the entire range of GLO. At GLO = 0, an increment in
dynamic viscosity was observed, with AID;, ,, = 36 yim and the
smallest effect on the IDs, ,, value. An even more pronounced
maximum in the ID;,,, value was also found at an increased
viscosity, again in the region of GLO & GLI (Vg0 R Vgs;)- A
further increase in dynamic viscosity to 77, = 200—400 mPa's
led to higher IDs,,, values for all GLO values. The smallest
gradient in the droplet size for a further increase in viscosity
was found at GLO = 0.5. The maximum of ID;, ,, at GLO =
GLI (Vgago N Vg) showed a significant enlargement at
viscosities of 77, = 200—400 mPas. In order to explain these
results, HSC images from the primary sheet breakup at GLO =
0, 0.25, and 0.5 are shown for 7, = 400 mPass in Figure 10.

As already noted in the description of Figure 6d, upon
applying configuration (ii) at GLR = 0.5 and Miq = 400 mPass,
almost no ligaments occur after the primary breakup because
of the direct disintegration of the liquid sheet into droplets.
When GLO is changed from GLO = 0 to GLO = 0.25, the
pulsation described in Figure 8 can be detected, and it is even
more pronounced for increased viscosity (see Figure 10b).
Based on the significant damping effects of the liquid at ;4 =
400 mPa's compared to 77, = 1 mPass, the pulsation frequency
of the liquid sheet is reduced with increased viscosity. The
detachment of the liquid sheet, also shown in Figure 8 c for 74
= 1 mPas, at higher viscosity, results in a large quantity of
blown-up membranes. After the pulsation process with the
membrane disintegration, large parts of the membrane rim
slowly move in the axial direction. As the number density of
the droplets at GLO & GLI (vg,,, X Vg,;) is low and contains
large liquid rim fragments because of the lower aerodynamic
forces of the gas jets, the IDs, ,, values shown in Figure 9 are
significantly increased. A further increase to GLO = 0.5 results
in a maximum of the spray angle, as depicted in Figure 10c.
This increased spray angle can be seen for all viscosities >100
mPa-s at GLO = 0.5. The increment in the spray angle can be
explained by Kelvin—Helmholtz instabilities, which develop on
the liquid sheet as a result of shear forces between the fast gas
and slower liquid stream. As the liquid accumulation
disintegrates, the local pressure difference generates a radial
velocity compound and results in this spray angle. The trend,
that for GLO = 0.5 the smallest IDs, ,,, value at 77, = 400 mPa-s

https://doi.org/10.1021/acs.iecr.1c01526
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Figure 10. Primary breakup of the liquid sheet applying nozzle configuration (iii), GLR = 0.5, and constant 7;;, = 400 mPa-s at (a) GLO = 0; (b)

GLO = 0.25; and (c) GLO = 0.5.
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Figure 11. ID;, ,, measurements at constant GLR = 0.5 and varying 7;;, = 1—400 mPa-s for nozzle configurations (i), (ii), and (iii) at GLO = 0.25
and (iii) GLO = 0.5 (left); primary breakup applying GLR = 0.5 for (a) configuration (i) and ;i = 1 mPa-s; (b) configuration (jii) at GLO = 0.5
and 774 = 1 mPass; () configuration (i) and 77,4 = 400 mPa-s; and (d) configuration (iii) at GLO = 0.5 and #;;q = 400 mPa-s (right).

was detected compared to GLO = 0 and 0.25, is also apparent
in the high-speed images.

4.3. Comparison of Nozzle Configurations (i), (ii), and
(iii) at Constant GLR = 0.5. For the comparison of the
applied nozzle configurations at constant GLR = 0.5 and
varying liquid viscosity, four different setups were chosen:
central liquid jet configuration (i), central gas jet configuration
(i) (the same as configuration (iii) at GLO = 0), nozzle
configuration (iii) at GLO = 0.2, and configuration (iii) at
GLO = 0.5. The resulting IDs, ,, values of the measurements
are shown in Figure 11 (left). Figure 11 (right) presents the
primary breakup at GLR = 0.5, applying two nozzle
configurations (i) and (iii) at GLO = 0.5 with two viscosities
NMiq = 1 and 400 mPas.

As already discussed in the previous section, for all of the
nozzle configurations with increasing liquid viscosity, an
increase in the droplet size was detected. The resulting droplet
size exhibits a distinct dependence on the nozzle configuration
used. As the variation in the resulting droplet size is AIDs,,, =
45 pm at 1y = 1 mPas, the difference at 77, = 400 mPass is
calculated as AIDj;, , = 315 ym. For nozzle configuration (iii)
at GLO = 0.25, the highest droplet size was detected at each
applied dynamic viscosity. This was in accordance with the
comparably low gas momentum flow and the trend toward the
pulsation of the liquid sheet, as discussed in the previous
chapters. Although the central liquid jet configuration (i)
showed the smallest values in ID;,,, at 73 = 1 mPas, a
significant increase in the droplet size was detected at higher

viscosities. The increment in the droplet size at high viscosities
results from the relation between the thickness of the primary
ligament (dyp.; = 5S4 mm) and the damping effects of the
viscosity. Following primary atomization, ligaments and
fragments are formed out of the jet, which leads to large
droplets. Nozzle configurations (ii) at GLR = 0.5 and (iii) at
GLO = 0.5 indicated the smallest gradient in the droplet size
for increasing the dynamic viscosity, which could be explained
by the high gas momentum flow in conjunction with the
disintegration of a thin liquid sheet of s; = 1.09 mm. The
lowest IDs,,, value at increased viscosity was achieved by
configuration (jii) at GLO = 0.5.

As configuration (iii) at GLO = 0.5 and configuration (i) at
GLR = 0.5 are both designs with inner liquid discharge and a
fast surrounding gas jet [(i) is the central liquid jet with the
surrounding gas jet and (iii) at GLO = 0.5 is a liquid sheet with
the surrounding gas jet], the difference in the resulting droplet
size was also related to the difference in the liquid jet/sheet
thickness. This significant difference is also shown in Figure 11
(right). The comparison of the flow configurations (i)—(iii)
revealed, especially for increased liquid viscosities (’711q > 100
mPa s), a more efficient atomization for the sheet
configurations (ii) and (iii) in relation to the jet configuration
(@).

With reference to the literature review and the predominat-
ing gas stream applying configuration (iii), previous studies
showed, depending on atomization conditions, that either the
inner or the outer gas stream can be more relevant for

https://doi.org/10.1021/acs.iecr.1c01526
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atomization and sheet disintegration. In the present case of
constant momentum flow ratios at GLO = 0.5 (GLI = 0)
compared to GLI = 0.5 (GLO = 0), the outer high-velocity gas
stream led to smaller droplets and thus was more relevant for
atomization.

5. CONCLUSIONS

This study compares three different nozzle flow configurations:
a central liquid jet with the surrounding gas phase, a liquid
sheet with the central gas phase, and a liquid sheet with inner
and outer gas phases. To guarantee constant velocities, as well
as momentum flows at the nozzle orifice, one nozzle with
identical orifice areas (a central tube with inner and outer slits)
was utilized in the experiments. The influence of gas velocity
(GLR), dynamic viscosity of the liquid, and nozzle
configuration on the resulting droplet sizes (Ds,, IDs,,,) and
primary breakup was investigated at a constant liquid mass
flow of th = 30 kgh™". On the basis of these findings, the

following conclusions can be drawn:

® An increase in the gas momentum flow always resulted
in a decrease in the droplet size for all flow
configurations.

® An increase in dynamic viscosity always led to an
increase in the resulting droplet size for all flow
configurations and gas momentum flows.

e Comparing the flow configurations, the liquid sheet (ii
and iii) revealed smaller droplet sizes against the liquid
jet configuration (i).

e Operating the sheet nozzle in configuration (iii) with
identical gas velocity for the inner and outer gas streams,
pulsation of the liquid sheet was detected. Increasing the
gas velocity (inner and outer) resulted in an increase in
the pulsation frequency, leading to a reduced number of
ligaments. Higher liquid viscosity resulted in the
formation of large ligaments.

e In contrast to the literature, no dominant effect of the
central gas jet compared to the outer gas stream was
identified. Instead, the outer gas momentum flow seems
to be more effective in terms of droplet size, especially
when atomizing high-viscosity liquids.
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Abstract: This study aims to derive basic principles for liquid mass flow scaling of gas-assisted
coaxial nozzles. Four liquid mass flow steps were investigated in the range of M;,-q =20-500kg - h~1,
applying four atomizers with similar geometry designed at Wege;o = const. High-speed camera
and phase Doppler anemometer were utilized to detect the local droplet size distribution. To estimate
a reliable measurement plane, a detection method and determination according to the free jet theory
was used. The resulting droplet size was analyzed, applying the aerodynamic Weber number, as well
as the gas momentum flow. An empirical model was derived out of the measured data, which allows
for liquid mass flow scaling when process parameters such as GLR, liquid mass flow, and required
Sauter mean diameter are specified. The model was developed as a first step towards liquid mass
flow scaling of gas-assisted coaxial atomizers within the investigated range of operating conditions.

Keywords: mass flow scaling; gas-assisted nozzles; Weber number; empirical model

1. Introduction

Gas-assisted coaxial atomizers with central liquid jets are commonly utilized in indus-
trial applications such as spray drying and coating [1], food-processing [2], combustion [3],
and gasification processes [4]. Despite the noted variety of possible applications, physical
as well as atomization phenomena forming a droplet collective from a liquid jet through
a high-velocity gas stream are not yet fully understood. As this topic is of fundamental
interest in the field of two-phase flows, extensive research was already performed on the
morphological classification of liquid jet breakup [5], the secondary breakup of liquid
fragments [6,7], or spray characterization [8,9]. Research in the field of gas-assisted atom-
ization was mostly performed at the laboratory scale. Here, the utilized atomizers were
mainly operated at low liquid and gas mass flows to identify subsequent effects more
clearly [10,11]. After adjustment of the lab-scale atomizer to produce an adequate spray
for the later process, the upscaling step of mass flows toward industrial conditions was
performed empirically in most cases, as discussions on scaling rules in literature are scarce.

Against this background, the present work aims to derive key principles of scaling
regulations from experimental data. The experimental work is focused on the scale-up of the
liquid mass flow of coaxial gas-assisted atomizers with central liquid jets without changes
in droplet size. Typically, dimensionless numbers are used for scale-up [12]. In atomization
literature, several dimensionless numbers, such as gas-to-liquid ratio, momentum flow
and flux ratio, aerodynamic Weber number, Reynolds numbers for gas and liquid phase,
Ohnesorge number as well as nozzle dimension ratios, are used for description of spray
processes. As the increase in liquid mass flow affects dimensionless numbers to a different
extent, an approach that keeps the most common dimensionless numbers constant (Wegero,
GLR) while increasing liquid mass flow and adapting nozzle geometry (dj, Sgas) Was
selected for this study.
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2. Theoretical Background

As previously noted, various studies investigated the effects of liquid properties,
nozzle geometries, and operating conditions on the primary jet breakup of coaxial gas-
assisted atomizers (see Figure 1) at lab-scale. In the following, several relevant studies
addressing the atomization of liquid jets with high-velocity gas streams, which describe jet
breakup and parameters influencing spray characteristics, are summarized. A classification
of different primary breakup regimes was performed by Farago and Chigier for different
nozzle geometries at dj;; = 1-1.5 mm [13].

M
|
1
gﬂ
ik
1

%
‘1

Figure 1. Schematic of a gas-assisted coaxial atomizer with central liquid jet (blue) and annular gas
stream (green).

The jet breakup morphologies were classified using the dimensionless numbers Rej;,
and Wegero, in accordance with Equations (1) and (2), in which the liquid jet diameter
djig, velocity v, density p, dynamic viscosity #, and surface tension o were used for the
calculations. The subscripts gas and liq represent the gas and liquid phase, respectively:

dri U1 - O
Rey, — lig * Pliq " Plig )
i Mig
( e
Ugas — Uliq) *Pgas * Alig
Wegero = 2)

o

The Rayleigh-type breakup leads to the disintegration of a liquid jet into large droplets
close to the center line of the spray, and it occurs at Wegero < 25. For 25 < Weyero < 70,
the membrane-type breakup is detected. In this regime, gas-filled membranes near the
nozzle orifice are formed, which disintegrate into small droplets and an accumulated liquid
rim. For Weger, > 100, the fiber-type breakup is divided into two submodes; namely,
pulsating and superpulsating. In the pulsating submode, small fibers are peeled off the
liquid jet near the nozzle orifice, and the liquid jet is atomized into small liquid fragments.
Superpulsating results in droplet number density fluctuations in the resulting spray, while
the liquid jet is atomized immediately after the nozzle discharge [13]. In subsequent
investigations, Lasheras and Hopfinger [14] used the momentum flux ratio j, presented in
Equation (3), to distinguish between the fiber-type breakup submodes:

. jgas U(%us * Pgas
] =T = 5 ®3)
Jiiq Uliq " Pli
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As the dynamic viscosity 7;;; significantly affects the primary jet breakup, due to
the damping effects of the liquid, investigations on primary jet breakup of high-viscosity
liquids were performed inter alia by Zhao et al. [15] and Sénger et al. [16].

The resulting spray after the primary and secondary breakup is characterized in the
literature concerning influencing parameters such as liquid properties, nozzle geometry,
and operating conditions. Most investigations of liquid properties regarding spray forma-
tion have focused on changes in liquid viscosity by either the application of Newtonian
liquids [17] or shear-thinning fuels [18-21] at increased viscosities. A common result when
utilizing high-viscosity liquids is an increased droplet size, primary ligament length, and
spray angle. Wachter et al. [22] performed investigations intended to specify the influence
of particles on the resulting droplet size by comparing pure liquids and suspensions at
constant viscosity. An increase in droplet size was reported in the presence of particles,
which could be explained by the tensile strength approach reported by Mulhem et al. and
Capes [23,24].

The effect of nozzle geometry on the resulting droplet size can be structured in studies
of liquid jet diameter, gas gap width, gas/liquid wall thickness, and gas channel an-
gle. Liquid jet diameter between dj;; = 2-17 mm at Ag,s = 248 mm? was investigated by
Liu et al. [25], which revealed a nonmonotonic trend on the resulting droplet size with a
minimum that moves for small GLR ~ 0.27, from d};; =2 mm to dj;; = 10 mm at GLR = 5.48.
Kumar et al. [26] performed atomization experiments with dliq =4/6/8 mm and constant
dges = 15 mm. The investigations focused on the instability frequencies, primary breakup
morphology, and ligament length. By comparing the results at constant j = 2.8 and
decreasing ] (see Equation (4)), a significant increase in the primary breakup length was
identified [26]:

] = Jgas _ M )
Jiiq Vi, " Plig * Alig

The effect of an increase in the gas gap width from sg¢gs = 0.6-2 mm was investigated
by Wachter et al. [27], which led to a decrease in the droplet size, and was explained by the
free jet theory and Equation (5), with equivalent diameters of the gas orifice d.; and axial
distance z [28]:

o2) _ ga7. % [P0 ®)
Ugas z 0
According to this theory, for increased gas gap width, the velocity of the gas phase
exiting the nozzle orifice remains high over a longer distance, due to the decreased gas
mass flow entrainment of the surrounding gas phase [28]. This effect results in a longer and
more intense interaction between gas and liquid phase, which results in smaller droplet
size. Tian et al. [29] conducted investigations concerning the gas/liquid wall thickness.
For increasing wall thickness, the interaction point between the emerging phases was
shifted to a higher distance from the nozzle orifice, which results in a recirculation zone [29]
and enhances the formation of flapping instabilities [30]. The effect of an increase in the gas
channel angle was analyzed by several authors, leading to the conclusion that aerodynamic
forces are enhanced and droplet size is reduced for low gas velocities [31-33].
Variations in operating conditions and exiting velocities (mostly Mg, and correspond-
ing vg,s) were extensively addressed in the literature by GLR variations (see (6)):

(6)

For increasing gas velocity or gas mass flow, a decrease in the resulting droplet size
was detected by many authors for a variety of different liquid properties and nozzle
geometries [34-37]. At high gas velocities, the effect of further gas velocity increments on
droplet size decreases. According to Lefebvre [8], an increase in the liquid jet velocity or
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liquid mass flow-applying one nozzle-leads to an increase in the resulting droplet size,
mostly due to a decrease in the relative velocity between the two emerging phases.

Even though there are many studies that deal with the effects of single parameters on
the atomization process and spray characteristics, literature focusing on nozzle scaling is
scarce. Leroux et al. [10] considered the effects of nozzle scaling for three primary jet thick-
nesses dj;; = 0.4/1/2 mm and gas gap widths dgss = 3.5/6/8 mm. The authors choose the
approach of comparing nozzles of different primary jet thickness with a constant Re;;; and
momentum flow ratio | (see Equation (4)) with respect to the primary breakup morphology.
For constant dimensionless parameters, different breakup morphology was detected, as the
application of a small dj;; led to prompt atomization, whereas a large d);; resulted in long
primary ligaments and large droplets [10]. In a second study, Leroux et al. [11] performed
droplet size measurements, and concluded, that droplet size is most affected by the primary
breakup morphology. A scaling rule, concerning nozzle geometry or process parameters,
for increased liquid mass flows, leading to constant droplet sizes for variable liquid mass
flows, was not specified.

The literature review reveals that many investigations were performed at lab-scale,
concerning the influence of specific parameters as liquid properties, nozzle geometry, and
operating conditions on primary jet breakup or resulting droplet size. In contrast, for nozzle
scaling towards increased liquid mass flows, only a few studies were published, but no
scaling rules were established. To reduce this knowledge gap in the domain of nozzle
scaling, the present study focuses on liquid mass flow scaling. The first set of experiments
was performed with one nozzle that was applied at high gas velocity while increasing the
liquid mass flow. Thereafter, experiments keeping We,.;, constant were conducted, as this
dimensionless number is most relevant in the field of atomization and was also used for
morphology characterization [13]. Therefore, the following three steps were applied:

e  The liquid velocity v);; was kept constant for increasing Mliqr which requires an
increase in dj;,;

*  GLR was kept constant, which requires in an increase in Mg, for increasing Miig;

*  Wegero was kept constant, which requires a decrease in vg,s for increasing d lig

The experiments were conducted at Mliq =20/50/100/500 kg - h~1 and Wer, = 250/500
/750/1000.

3. Experimental Setup

As the experiments were carried out over a wide range of liquid mass flows (Mliq =20-
500 kg - h~1), two different spray test rigs were employed. The ATMOspheric spray test
rig (ATMO), which is described in detail in Wachter et al. [38], was utilized for liquid mass
flows at the lab-scale between Mliq =20-100 kg - h-1.

The burner test rig (BTR), which is shown in Figure 2, was applied for the investigation
of the nozzles featuring liquid mass flows on the industrial scale of M,iq =500kg-h~1.

The nozzle was mounted on a twin-fluid lance, that was supplied with liquids from
a storage tank. The liquid mass flow was adjusted by a Coriolis mass flow and density
meter and pumped through an eccentric screw pump with a mass flow range of Mll-q =400~
1300 kg - h~!. Pressurized gas was provided by a screw compressor with a 5 m3 pressure
vessel at psys = 11 bar. The measurement and regulation of the gas mass flow (Mgas =
50-400 kg - h~!) was performed by a hot wire anemometer with a coupled valve.
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Figure 2. Schematic of experimental setup—Burner Test Rig (BTR).

The nozzle dimensions are given in Table 1. As the central tube thickness between
liquid and gas phase b has a significant influence on the resulting spray [26], b was reduced
to a minimum size of b = 0.1 mm. According to Tian et al. [29], b has to be minimized to
avoid disturbances at the exit of the nozzle. To enable a comparison with earlier studies, all
applied nozzles feature parallel flow channels of the gas and liquid phase.

Table 1. Dimensions of applied atomizers at nozzle orifice for vj;; =1.7m - s7L

Nozzle Number Mliq inkg-h™1 dijginmm binmm dgss in mm

N1 20 2.0 0.1 53
N2 50 3.2 0.1 9.2
N3 100 4.5 0.1 14.1
N4 500 10.0 0.1 37.3

Water was used at T =20 °C and psys = 1 bar, with 7, =1 mPa - s, = 0.0719 N - m~1
and Plig = 998 kg -m~3,

For the detection of primary jet breakup and for validation of the droplet size results,
a high-speed camera was used in all experiments. An appropriate illumination of the
images was achieved by a 9 x 4500 Im light-emitting diodes (LED) array in a backlight
configuration. For every operating condition, a set of 2000 images was recorded near the
nozzle orifice, as well as in the measuring plane of the phase Doppler anemometer to
guarantee a high-quality data base. The camera enabled images with 1 megapixel at a
3600 Hz frame rate. A more detailed description of the setup is given in [22].

At the industrial scale, the high-speed camera was also used to investigate the droplet
size distribution. For each operating condition, 2000 images in the measurement plane
were recorded, whereas every 20th image was applied for the droplet size calculation to
avoid the double determination of droplets. The calculation was performed by means of
an algorithm with a global threshold method by Otsu [39]. Out of 100 images, at least
29,000 droplets were analyzed per operating condition, achieving a reliable data base [40].
The lowest detectable droplet size was dy,,, = 225 pm, which equaled three pixels in
the high-speed camera sensor. As the droplet size at the industrial scale was expected to
be significantly above the measurement limitation, the resolution was considered to be
sufficient.

For spray characterization at the lab-scale, a fiber phase Doppler anemometer (PDA)
with a SprayExplorer was utilized in a forward scattering arrangement (first-order refrac-
tion) to investigate the droplet diameter locally. The settings of the setup were optimized in
accordance with [41], which led to a measuring range of droplet diameter from 2-1357 pm
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for water, respectively [42]. The settings, evaluated by means of a sensitivity analysis
adapted from Kapulla et al. [43], are presented in Table 2.

Table 2. Evaluated settings of fiber PDA for application in labscale experiments.

Parameters Values Unit
Transmitter focal length fr 1000 mm
Receiver focal length fr 1000 mm
Beam expander ratio E 1 -
Receiver slit width (physical) Ig 200 um
Laser wavelength Ay 561 nm
Laser power (transmitter exit) 40 mW
Off-axis angle ®r 70 °
Frequency shift 80 MHz

For each operating condition, radial measurements of droplet size and velocity were
performed between —30 mm < x < 30 mm with Ax = 2—4 mm. To ensure high-quality data
sets, radial measurements were conducted three times (with one full profile for a symmetry
check and two mirrored profiles from the spray boundary to the spray center after symmetry
was proved). At each radial position, a measurement of 50,000 droplets or for the duration
of 60 seconds was applied. The toolbox SprayCAT utilized the calculation of arithmetic
means as the mass-weighted integral Sauter mean diameter ID3; ,,, in Equation (7):

ZI\L D3 i A
i=1"-"30,i ! ! (7)

N 2
Yit1 Dy, -1ty - Ay

ID3 =

Further information on the computation of the mass flux 11;, global size distribution,
and size moments are summarized in DIN SPEC 91325 [44] and in Albrecht [42].

4. Results and Discussion

For an illustration of the necessity of liquid mass flow scaling rules, in an initial set
of experiments, nozzle N1 (see Table 1) was operated at varying liquid mass flows of
Mliq = 20/35/50 kg - h~! (ie., vig=17/31/44m - s~ 1). The gas mass flow was kept
constant at Mgas = l4kg- h~! (i.e., Wegero = 1000 and gas velocity vgqs ~ 178 m - s~ 1.

In a second set of experiments, the four mass flow steps at four different Wegeyo
values were investigated. The operating conditions and relevant calculated dimensionless
numbers for the respective nozzle are listed in Table 3.
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Table 3. Operating conditions and calculated dimensionless numbers.

Nozzle Number Mliq inkg - h—1 GLR Wegero  Ugas inm - s—1 i ]
N1 20 0.36 250 88 2.99 29.80
N2 50 0.36 250 70 1.98 24.27
N3 100 0.36 250 59 1.38 20.23
N4 500 0.36 250 40 0.62 13.54
N1 20 0.50 500 124 5.93 41.99
N2 50 0.50 500 98 3.89 33.98
N3 100 0.50 500 83 2.73 28.46
N4 500 0.50 500 56 1.21 18.96
N1 20 0.61 750 151 8.80 51.13
N2 50 0.61 750 120 5.83 41.61
N3 100 0.61 750 101 4.04 34.63
N4 500 0.61 750 68 1.78 23.03
N1 20 0.70 1000 174 11.68 58.92
N2 50 0.70 1000 138 7.71 47.85
N3 100 0.70 1000 117 5.42 40.11
N4 500 0.70 1000 79 2.41 26.75

4.1. Significance of Liquid Mass Flow Scaling Rules

Figure 3 depicts the effect of an increase in the liquid mass flow on the resulting droplet
size as a radial distribution (left) and high-speed camera images (right) while operating

nozzle N1.
300 . L . P
djq =2 mm We,., = 1000 | = M, =20kgh"
Vgas * 178 M| m NI, = 35kgh'!
2504 & Mg =50kgh'[

200 o

150

D, in um

100

50

radial position in mm

Figure 3. Radial distribution of Sauter mean diameter (left) and high-speed camera images at
z = 130 mm (right) utilizing nozzle N1 at Mg,zs = 14 kg - h=1, Wegero = 1000 applying
My, = 20/35/50 kg - h™'.

As expected, for an increment in the liquid mass flow Mliq, the Sauter mean diam-
eter is increased significantly over the entire measured radial distribution. In particular,
an increasing droplet size was detected near the centerline of the spray. The high-speed
camera images shown in Figure 3 (right) underpin the results of the quantitative measure-
ment technique, as the centerline of the spray reveals a huge quantity of large droplets at
high liquid mass flows, even though a high gas velocity of vg;s ~ 178 m - s™1 is applied.
The remaining large liquid droplets originate from the incomplete primary breakup of the
liquid jet near the nozzle orifice, due to the insufficiently high aerodynamic forces of the gas
phase [17]. To reduce the droplet size for high liquid mass flow, two different approaches
can be selected: (i) increasing the gas velocity up to sonic speed for a constant nozzle
geometry; or (ii) adaptation of the nozzle geometry without significant further increase in
gas velocity. The first approach is limited by sonic speed. Additionally, relevant process
conditions, e.g., reaction zone position, residence time, and flow field should not be affected
by nozzle scaling to guarantee reliable process operation. Beyond that, the effect of gas
velocity on resulting droplet size levels off with increasing gas velocity [9,45].
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Those drawbacks can be avoided over a large range of liquid mass flow rates by
adapting the nozzle geometry, as described in Section 2.

4.2. Evaluation of the Relevant Measurement Position for Coaxial Nozzles

To estimate the ideal measurement position for droplet size detection, primary breakup
was investigated using high-speed camera images. When performing droplet size measure-
ments, the measurement plane must fulfill various criteria: (i) the secondary breakup of
liquid droplets and fragments must be completed; (ii) droplets must be spherical, which
enables the application of quantitative measurement techniques such as PDA; and (iii)
droplet number density must be adequate to minimize measurement errors via shading
and the Gaussian beam effect from consideration [42]. As shown in Figure 4, these crite-
ria were fulfilled for Mliq = 20kg - h~! and also for the lowest investigated Weg,r, at
z =130 mm. For increasing We,,r, the atomization process was even finished at lower z
values. In contrast to this, the primary breakup of the nozzle N4 at Mliq = 500kg -h!
and Wegero = 250 reveals that at z = 130 mm, none of the mentioned criteria is achieved,
as the primary breakup length in particular significantly increases with increasing liquid
mass flow. To guarantee the best possible comparability of the data, the measurement plane
was chosen based on the theory of similarity at constant dimensionless ratio z/d.,; based
on the equivalent diameter d,, of free jet theory [46]. This method is commonly applied
for gas flame length calculation and is based on momentum conservation, as described
in further detail in Hotz et al. [47]. Here, this concept was utilized for two phase free jets
emerging from coaxial atomizers, where the equivalent diameter d.; was calculated using

Equation (8) for each nozzle:
/ 4- Agus
deq = T (8)

For nozzle N1 operated at Mliq = 20 kg - h™!, the measurement plane was set to
z = 130 mm, which represents z/de; = 26. The application of nozzles N2-N4, which
have higher deq values, leads to a constant z/ dgq = 26 in measurement positions of

z = 220/340/930 mm. The verification of this concept was performed with high-speed
camera images, which revealed that all of the mentioned criteria for measurement positions
were fulfilled for the respective measurement plane. As an example, the measurement plane
of nozzle N4 is shown in Figure 4, when applying Ml,»q = 500 kg - h™! at Weger, = 250.

N

- 0 mm

Miig = 20 ka/h  Miig = 50 kg/h  Miig = 100 kg/h  Mjiq = 500 kg/h

250

Weaero

o ——
72 mm

Figure 4. High-speed camera images of primary breakup at Wezer, = 250 at varying liquid mass
flows and different axial positions z = 0, 130, 930 mm.

Following the evaluation of the concrete measurement positions for each nozzle,
measurement techniques were applied to detect the resulting droplet sizes as described in
Section 4.3.
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Finally, for all liquid mass flows Mliq = 20-500 kg - h~! and Wegero = 250 primary
breakup is always in fiber type mode (see Figure 4), which is characterized by small liquid
fibers that are peeled off the liquid jet, according to [13]. As for further experimental
investigation, Weg,r, was further increased up to 1000, and primary breakup was in fiber
type for the whole set of experiments.

4.3. Mass Flow Scaling

In the following, all integral results of the experiments listed in Table 3 are presented in
Figure 5 as a function of the liquid mass flow (left) and Weey, (right). The quadratic symbols
represent calculations of the integral mass-weighted Sauter mean diameter according
to Equation (7) derived from radial measurements with PDA. The triangular symbols
represent droplet size based on measurements from high-speed camera analyzed with the
detection routine for droplets described in Section 3.

liquid tube diameter dy, in mm GLRin -
0.0 45 6.4 7.8 9.0 10.0 0.0 0.36 0.50 0.61 0.70
2000 ! 1 1 ! | 350 L ! L !
B We,., =250 (GLR = 0.36) _ B B M =20kgs" (N1)
1800 Vgas 80 mS o
4 @ We,,, =500 (GLR = 0.50) L sl s E M,=50kgs" (N2) ||
E1 1600 J B We,,=750(GLR=0.61) L ] th =100 kg-s' (N3)
2 B We,,, = 1000 (GLR = 0.70) E
= 4 L 250 Nig=1mPas |
g 1 =1mPas £ ;
% Niig = '_1 5 70 ms™ Vg =1.7ms”
g 12004y, =1.7ms [ S 200 " 84.m»s'1 |
K £
S 1000 4 A+ &
S S 150 102 ms
] - L § 1 89 ms™ .51 B
g 800 I S !m S’ 99Dm>5_1 117-m £
5 £ -1
o 600 = | 121ms? 139 ms” L
3 4 2 100 124 ms" ]
& 400 - I 3 " 152ms" 475 mst
L 0 50 I L
200+ - . E o
g B
0 T T T 0 T T T
0 100 200 300 400 500 0 250 500 750 1000 1250
liquid mass flow My, in kg-h™ We,,, in -

Figure 5. Integral Sauter mean diameter for varying liquid mass flow (or liquid tube diameter)
(left) and aerodynamic Weber number (or GLR) (right); symbols: I stands for data from PDA, A
represents data from high-speed camera.

For an increase in liquid mass flow and constant GLR, an increase in the resulting
droplet size can be detected. This effect can be explained by a decrease in gas velocity,
which leads to lower aerodynamic forces for the atomization of higher liquid mass flows.
In contrast to this, an increase in the Weg,r, led to a decrease in the droplet size due to the
higher aerodynamic forces available for atomization and increased GLR. As presented in
Figure 5 (right), with increasing Weg,r,, the effect of We,,y, on droplet size is significantly
decreased. Solely keeping We,er, and GLR constant for liquid mass flow scaling is not
sufficient to achieve a constant resulting droplet size. However, to obtain constant droplet
size of ID3p,, = 140 pm, such as between Mliq = 20kg - h~!and Mliq = 100 kg - h-1,
Wegero must be increased by a factor of four, whereas gas velocity needs an increase of about
30%. As previous studies of the authors focused on the gas momentum flow to achieve a
scaling principle for system pressure [27], in the following section, the measurements are
plotted over this parameter.

4.4. Empirical Model for Liquid Mass Flow Scaling

To derive a liquid mass flow scaling principle for gas-assisted coaxial nozzles, the droplet
size results were plotted over the gas momentum flow J¢,s as presented in Figure 6 (left).



Appl. Sci. 2022,12,2123

10 0f 13

2000 1 1 1 1 1 1 1 1 2000 L 1 1
B M, =20kgh" (N1) Njq = 1 mPa-s
1800 1 B M =50kgh'(N2) [ '897y,=17ms"
V' . . /
€ 1600 - B M,=100kgh' (N3) |l 1600 +15% 7 7
= -1 R S/
£ 1400 1 A W= B00 kgt (N4) [ 4 00] ,
8 —— Model My, =20kgh™ [ §
g 1200 Model M, = 50 kgh' [ £ 1200 e
] ) ° A
S 1000 A —— Model M, = 100 kg-h" L £ 1000 e
C g _ 1 ; / .
8 a0 Model My, = 500 kg-h £ 800
€ 2 O% 1529
g 807 T r 6001 AT B Mg =20 kg (N1 [
& 400 L 400 - = an =50 kg-h' (N2) |}
200 - n\.\“‘ Nig=1mPas|[ 200 W M, = 100 kgh' (N3)||
Zna Vig= 1.7 ms” . A Ny, =500 kght (N4)
0 T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 0 200 400 600 800 100012001400160018002000
gas momentum flow Jgas inN D3 measured iN UM

Figure 6. Integral Sauter mean diameter for varying gas momentum flow as symbols for measure-
ments and lines as calculation of proposed scaling model (left); parity plot for deviation observation
between measured and calculated droplet sizes via proposed model (right). Symbols: I stands for
data from PDA; A represents data from high-speed camera.

The diagram shows that for an increase in the liquid mass flow, an offset in droplet
size to higher values occurs. This implies that achieving a constant droplet size with an
increased liquid mass flow requires increased gas momentum flows. The gas momentum
flow is defined by the factors of gas velocity, gas density, and the gas orifice area of the
nozzle. As gas density is a typical process condition, a potential nozzle scaling approach
must enable the calculation of the gas velocity and gas orifice area. With this objective for a
liquid mass flow scaling approach, a potential fit with the dependence of Mliq and Jgqs was
selected, according to Equation (9), due to the shape of the Sauter mean diameter plots.

Jgas

Dy = A(M,iq) ce B(Mig) +C(Mliq) )

For varying liquid mass flows Mliq, three mass flow dependent parameters A, B,
and C were applied and correlated via the least-square method. The dependence on
liquid mass flows was kept linear to maintain the model’s simplicity, as is reflected in
Equations (10)—(12):

A(M,iq) = 4.6 My +91 (10)
B(Mliq) = 0.006 - Mj;, +0.03 11)
C(Mliq) = 0.67- My +45 (12)

The parity plot in Figure 6 (right) depicts the accuracy of the model, as the mea-
sured and calculated droplet sizes are compared. For all measurement conditions, good
agreement between the measured and calculated values was achieved. The maximum
percentage deviation with 13.2 % (AD3; = 17.6 um) was observed at Mll-q = 100 kg - h~!
and Wegero = 250. In contrast, the maximum deviation in absolute droplet size was
AD3; = 55.5 um (3.3 %) at Mjj; = 500 kg - h™! and Weger, = 250.

Thus, the model approach presented in Equation (9) is considered adequate for the
mass flow scaling of gas-assisted nozzles with central liquid jets in the range of Mliq =20-
500 kg - h~! for Ujig=17m- s L.

The principle must be applied as follows: (i) using Equation (9), the applied liquid
mass flow, requested droplet size, and necessary gas momentum flow can all be calculated;
(if) GLR must be specified as process condition and gas mass flow calculation; (iii) as the
liquid velocity remained constant in the investigation, the liquid tube diameter can be
determined; and (iv) with the definition of the gas mass and momentum flows, the gas
velocity and gas gap width are provided.
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5. Conclusions

This study aims to lay the groundwork for liquid mass flow scaling of gas-assisted
coaxial atomizers. An approach that keeps the most relevant dimensionless parameters
constant (Wegero, GLR) was chosen. Four liquid mass flow steps (20/50/100/500 kg - h=1),
each operated at We,er, = 250/500/750/1000, were investigated in terms of spray quality
(D32, ID3p,;) and primary breakup. For each liquid mass flow, a specific nozzle was
designed. A high-speed camera as well as a phase Doppler anemometer were utilized for
spray investigation. The following conclusions can be drawn:

1.  Comparable measurement planes for varying liquid mass flows based on the free jet
theory were determined;

2. Anincrease in liquid mass flow led to an increase in droplet size while keeping Weero
and GLR constant;

3. Anincrease in Weger, led to a reduction in droplet size at constant liquid mass flow;

4. An empirical model for liquid mass flow scale-up of gas-assisted coaxial nozzles was
derived, based on gas momentum flow Jggs.
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Abstract

The research work of the present study is focused on the detailed comparison of two external mixing twin fluid
nozzle concepts: (i) a central liquid jet with annular gas stream, (ii) an annular liquid sheet with central gas jet. Both
nozzle types are applied in high pressure entrained flow gasifiers (EFG), where atomization is characterized by low
Gas-to-liquid ratio (GLR) and high fuel viscosity. In order to compare spray formation as well as atomization
efficiency in terms of Sauter mean diameter, a nozzle with equal orifice area of the gas and liquid exit is investigated.
The nozzle enables equal atomization conditions concerning GLR, liquid mass flow, velocity of liquid and gas, as
well as momentum flow ratio for both nozzle configurations. 4 Newtonian liquids: water and three glycerol/water
mixtures with viscosity of 1mPas, 50mPas, 100mPas and 200mPas are used for the experiments in both nozzle
configurations at various GLR. For spray analysis, a high speed camera, a shadowgraphy system as well as a
phase-doppler analyzer are applied. The use of three different measuring techniques allows for characterization of
primary breakup as well as local drop size distribution. With the high speed camera the breakup regime morphology
is detected and classified for both operating configurations. Radial measurements of the local Sauter mean diameter
are conducted with the phase-doppler analyzer. Furthermore, the spray angle is detected and the integral Sauter
mean diameters for all operating conditions is compared for both nozzle configurations to evaluate atomization
efficiency.

Keywords
External mixing twin-fluid atomization; comparison jet vs sheet nozzle; breakup morphology; drop size distribution

Introduction

High pressure entrained flow gasification (EFG) is a key technology to enable a future carbon neutral circular
economy, by closing the carbon cycle through conversion of biomass and waste based feedstocks to syngas (CO
+ H2). EFG typically uses oxygen as gasification agent, which also serves as atomization agent, in consequence
Gas-to-Liquid ratios (GLR) < 1 are applied [1]. Commonly external mixing twin-fluid atomizers are used, due to their
advantages concerning abrasion and clogging. Experimental and theoretical investigations regarding external
mixing twin-fluid atomization, can be divided into two different configurations. The first configuration provides the
liquid via a central tube surrounded by a concentric high-velocity annular gas sheet. Detailed investigations on liquid
jet breakup morphology of this configuration using water were performed by Farag0, Chigier [2] and expanded by
Lasheras and Hopfinger [3]. The breakup was classified into spray regimes showing with increasing Weber number
at constant liquid Reynolds number a transition from the Rayleigh type to Membrane and fiber type breakup with
the submodes pulsating and superpulsating. Studies on drop size resulting from this configuration applying
Newtonian viscous liquids in a viscosity range of niq = 1 — 100mPas and GLR =1 - 12 were conducted by Lorenzetto
[4], Jasuja [5], Rizk [6] and Walzel [7]. For GLR < 1 and various liquid viscosities, Sanger [8] reported integral drop
sizes and detected moreover two different new primary instability modes influencing the resulting drop size. The
second nozzle configuration provides the liquid through an annular gap forming a liquid sheet with a high-speed
gas jet emerging from a central tube. Applying this configuration, Leboucher et al. [9] and Zhao et al. [10] reported
morphological studies on liquid sheet disintegration for water, using different diagrams for interpretation of their
results. The authors classified the breakup regimes bubble type, Christmas tree and fibre-type breakup with
increasing Weber number depending additionally on the geometry of the nozzle orifice. Experimental work including
drop size measurements of water were conducted by Li et al. [11], applying gas velocities vgas > 180ms™ and
Leboucher et al. [9], using different system pressures and swirl configurations.

Summing up, for atomization using external mixing twin-fluid atomizers with liquid supplied through an annular gap
most experimental investigations were performed using low viscous liquids and GLR > 1, which is not relevant for
EFG operation. Additionally, previous studies do not allow for a comparison of primary breakup and drop size
between the two nozzle configurations, due to different measurement and operating conditions or nozzle designs.
In this context, the present research applies both nozzle configurations, with equal orifice areas leading to constant
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operating conditions in terms of GLR, miig, Vgas and momentum flux ratio in both operating modes. Measurements
were conducted for liquids with different dynamic viscosities and GLRs relevant for EFG, using a high-speed camera
for visualization of primary jet breakup, a shadowsizer for validation purpose and a phase doppler analyzer for local
drop size measurements with high radial resolution.

Experimental setup
The experimental setup used in the present work consists of an atmospheric spray test rig (ATMO), a phase doppler
analyzer (PDA), a shadowgraphy system and a high-speed camera. For spray generation an external mixing twin-
fluid atomizer was applied for atomization of water and several glycerol/water-mixtures.
The spray test rig ATMO is schematically shown in Figure 1. The atomizer is mounted on the twin-fluid lance with
liquid supply from a tempered tank. The liquid is delivered by an eccentric screw pump (mass flow range 5 — 40kgh-
1) and controlled by a Coriolis mass flow meter. Liquid viscosity niq can be applied in a range of 1 to 1000mPas.
Compressed air in the range of 1-20kgh is fed to the top of the lance, the air mass flow rgas is controlled by a
mass flow controller. A honeycomb structure at the inlet of the collection tank serves as flow conditioner, a suction
of exhaust air prevents recirculation of small droplets. Fully optical access to the spray enables the use of different
laser based measurement systems as well as a high-speed camera.
Experiments were carried out using the external mixing twin-fluid atomizer shown in Figure 1, which can be operated
in both configurations discussed above, due to the equal area of the inner and outer orifice. For the discussion of
the results, the following nomenclature is used:

(1): Liquid in central tube, gas flow through concentric annular gap.

(ii): Gas in central tube, liquid flow through concentric annular gap.
The central tube has a diameter of Dinner = 5.4mm and is surrounded by an annular gap with a width of 1.09mm,
which leads to identical orifice areas. For minimization of the area between inner and outer orifice, the wall thickness
b was set to 0.1mm. In addition, to reduce the influence of flow induced disturbances, as well as to enable
comparability towards experimental results of Farago, Chigier [12] and Zhao et al [10], the nozzle has parallel flow
channels.
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Figure 1. Schematic of the experimental setup applying nozzle configuration (i) — atmospheric spray test rig (ATMO) (left);
Schematic of the nozzle geometry and orifice view applying nozzle configuration (i) (right)

Table 1. Physical properties of all used liquids at 20°C and latm

Niiq [mPas] o [kgs?] Piig [kgm-3]
water 1 0.0728 998
glycerol/water (78.5 wt.%) 50 0.0656 1204
glycerol/water (84.5 wt.%) 100 0.0649 1220
glycerol/water (89.5 wt.%) 200 0.0642 1233

For the investigation of liquid viscosity niq on the primary spray breakup and drop size, water and three different
glycerol/water — mixtures were used. Surface tension and density of the four liquids applied are almost constant
(see Table 1). Liquid viscosity was quantified applying a Physica MCR 101 rheometer from Anton Paar with Searle
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type measuring system [13]. Surface tension and density were measured with an EasyDyne tensiometer from Kriiss
using the Du NoUy ring method [14] and the weighing method, respectively. Mass ratio, viscosity, surface tension
and density for all liquids are shown for 20°C and latm in Table 1.

A Photron SA4 high speed camera for qualitative investigation of the primary breakup process was employed close
to the nozzle orifice. The camera features a frame rate of 3.6kHz at a resolution of 1024 x 1024 pixel and frame
rates up to 500kHz at reduced resolution. The images were captured by backlight illumination with a special lighting
setup, including an array of 9 high-power light-emitting diodes (LED) with total luminous flux of 9 x 4500lm. To
guarantee for a qualitative investigation of the liquid disintegration process a set of 1000 high-speed images was
recorded at every operating condition as well as a background reference image without liquid flow.

To measure droplet size with high spatial and temporal resolution within the spray cone a Fiber PDA by Dantec
Dynamics was used. For data collection the PDA was operated in forward scattering arrangement, refraction mode
(1st — order) using the asymmetric Mask B. To guarantee for the detection of large droplets as expected by the
atomization of high viscous liquids and avoid sizing errors due to the Gaussian beam effect according to Araneo
[15] the PDA was set as shown in Table 2. With this optical configuration, the PDA system allows for detection of
droplets with minimum size of 1um and maximum size of 1307um in case of water and 1330um in case of the
glycerol/water mixtures, related to the refractive index of the liquid [16]. To improve the PDA settings a sensitivity
study as described in [17] was performed. For validation purpose towards sphericity of the droplets a shadowsizer
was employed, recording 1000 images for each operational condition.

Table 2. Settings of the Fiber PDA evaluated by the sensitivity analysis

Parameters Values Unit Parameters Values Unit
Transmitter focal length 1000 mm Laser wavelength 514.5 nm
Receiver focal length 1000 mm Laser power (Transmitter exit) 25 mw
Beam expander ratio 1 - Off-axis angle 70 °
Receiver slit width (physical) 200 pum Frequency shift 40 MHz

To enable drop size measurements at several horizontal positions within the spray cone, receiver and transmitter
were mounted on a traverse, which guarantees for spatially reproducible operation < 0.1mm. Data were obtained
by moving the detection volume relatively to the nozzle position. The measurements were taken at several radial
(traverse along x — axis) positions with a radial increment of Ax = 2 - 4mm depending on the operating conditions.
According to the orientation of the coordinate system as indicated in Figure 1 and the alignment of the fringes of
the laser beam couple (AL = 514.5nm - green), axial- vz droplet velocity component could be measured. To ensure
a reliable database for every radial position during PDA measurements as termination criterion sample size and
measurement time were set to 50000 droplets or 60 seconds, respectively. For every radial position, at least 15000
droplets were detected. The raw data from the manufacturer software were used to compute arithmetic means,
statistical data as well as additional information using the toolbox SprayCAT, according to Sénger [8]. Further
Information concerning computation of global size distribution and drop size moments can be obtained from DIN
SPEC 91325 as well as from Albrecht [16]. All PDA measurements were conducted at an axial distance of z =
200mm from the nozzle orifice and repeated at least 3 times. For each operating condition and nozzle configuration,
rotational symmetry of the spray cone was proven, taking a full radial profile in a first set of experiments. After
rotational symmetry was proven, the following repetition measurements were performed taking half profiles from
the spray edge to the centre at x = Omm. The results of those set of experiments were afterwards mirrored to get
full profiles. Therefore all radial Sauter diameter distributions are shown as mirrored profiles at x = Omm.

Results and discussion

In order to investigate the influence of the nozzle configuration on spray quality for the external mixing twin-fluid
atomizer described above, experiments were conducted at operating conditions presented in Table 3. For all
experiments, pressurized air at 20°C was used as atomization agent.

Table 3. Operating conditions of the experiments for both nozzle configurations

Niig [mPas] mgas [kgh] miiq [kgh] Vgas [ms] GLR []
1/50/100/200 3/6/9/12/15 30 30/60/90/120/150 0.1/0.2/0.3/0.4/0.5
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Influence of the nozzle configuration on spray quality

For quantitative comparison of the two nozzle configurations as well as for the description of the influence of liquid
viscosity and GLR on Sauter mean diameter, radial measurements were performed (see Figure 2). For reasons of
improved clarity, only data for GLR = 0.3 and 0.5 are shown as radial profiles. It has to be mentioned, that Figure 2
shows local values for nig = 1mPas (x < 0mm) and nig = 50mPas (x = 0mm).
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Figure 2. Radial measurements (z = 200mm) of resulting Sauter Diameter using both nozzle configurations (i) at GLR = 0.3 and
0.5 — liquid viscosity n;q = 1mPas (left), liquid viscosity ni, = 50mPas (right)

Comparing the radial shape of droplet size distributions, nozzle configuration (i) shows an almost constant Sauter
mean diameter over the radial profile for low liquid viscosity, whereas at higher liquid viscosity a v-shaped profile is
detected, with higher droplet size at the outer boundary. For nozzle configuration (ii) a v-shaped profile was detected
for both viscosities and GLR with a minimum Sauter mean diameter on the spray axis.

As expected, with increasing GLR, for both nozzle configurations and both viscosities, a decreasing Sauter mean
diameter was measured. With increasing liquid viscosity, Sauter mean diameters for all operating conditions are
increased. For low liquid viscosity applying nozzle configuration (i) the decrease of droplet size is significantly
higher, compared to nozzle configuration (ii), i.e. nozzle configuration (ii) is less sensitive to GLR. Comparing the
nozzle configurations applying higher liquid viscosity, an increasing GLR leads to significant lower Sauter mean
diameters for both nozzle configurations.

In order to compare all experiments with the two different nozzle configurations (i) and (ii) regarding spray quality,
the mass weighted integral Sauter diameter (ID32) was calculated as proposed by Sanger [8]; data are plotted in
Figure 3. For all experiments a decrease in ID32 with increasing GLR is observed. With increasing liquid viscosity,
the IDs2 value increases significantly for both nozzle configurations for GLR < 0.4. For GLR = 0.4 and different
viscosities the deviation in the ID32 value is marginal. Comparing both nozzle configurations, the IDs2 value is
decreasing with a larger gradient using nozzle configuration (i). In contrast to this, the IDs2 value for nozzle
configuration (i) is remarkably lower at GLR < 0.4 compared to configuration (i). At GLR = 0.5, it is worth mentioning,
that nozzle configuration (i) has already a lower D32 than configuration (ii). This is caused by slow droplets at the
edge of the spray cone, resulting from the disintegrated sheet of nozzle configuration (ii), moving in a region with
small aerodynamic forces.

For additional comparison, spray angle was estimated based on 1000 high speed camera images at each operating
condition was done, applying the method for spray angle determination according to Sanger [8]. Exemplarily and
for improved clarity only two viscosities at different GLR are shown in Figure 4.

Applying low viscosity for nozzle configuration (i) a strictly monotonic decrease of spray angle with increasing GLR

is observed, whereas configuration (ii) shows nearly constant spray angle values for all GLR. With increased
viscosity applying nozzle configuration (i), same dependence on GLR is detected for larger spray angles. For nozzle
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configuration (ii) and increased viscosity, lower spray angle values are detected, showing also constant values for
GLR variation, except for GLR = 0.5.
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Figure 3. Influence of liquid viscosity and GLR on mass weighted integral Sauter diameter comparing nozzle configurations at z
=200mm
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Figure 4. Influence of liquid viscosity and GLR on spray angle, measured by high speed camera images, comparing nozzle
configurations

Observed primary breakup for different nozzle configurations, liquid viscosity and GLR

For visualization of the spray, high speed camera images of primary jet breakup applying nozzle configuration (i) at
different GLR and liquid viscosity are shown in Figure 5. The images are framed in different colours indicating
various spray quality.

Increasing viscosity at low GLR (blue) leads to the formation of membranes at the spray centre, which result in large
elongated ligaments after disintegration of the membrane; this is caused by the damping effects of increased liquid
viscosity. For viscosities up to 100mPas and increasing GLR = 0.3 (green) the jet disintegration occurs close to the
nozzle orifice due to the fast surrounding gas flow, producing a homogeneous spray according to Figure 2(left) with
a decreasing spray angle as shown in Figure 4. Applying liquid viscosities up to 200mPas and GLR = 0.3 (red) the
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primary jet is disintegrated into partly radial elongated ligaments, which move out of the spray centre, leading to
larger droplets at the spray outer boundary and an increased spray angle as also shown in Figure 4.

According to the regime classification of Lasheras et al. [3] and Zhao et al. [10], for low gas velocities at the nozzle
orifice (GLR = 0.1), the liquid jet is slightly elongated and reduced in diameter due to aerodynamic forces, which
leads to Rayleigh type breakup. For increasing gas velocity (GLR = 0.2), and with increasing liquid viscosity even
more visible, the membrane type breakup disintegrates the liquid jet, producing long ligaments and large
membranes. Between GLR = 0.3 and GLR = 0.4 the fiber type pulsating mode occurs, which atomizes the liquid jet
directly at the nozzle orifice into small fibres and droplets. Changes in local droplet density mark the transition region
between the submodes pulsating and superpulsating at higher gas velocities (GLR = 0.5).
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Figure 5. High-speed camera images of the primary liquid disintegration process using nozzle configuration (i), different liquid
viscosities and GLR (i.e. Vgas)

The corresponding high-speed camera images for nozzle configuration (ii) are shown in Figure 6. For increasing
viscosity and low GLR (blue), a compact sheet exits the nozzle orifice and is disintegrated into large droplets or
ligaments, due to the low gas velocity. With increasing GLR and for all viscosities (red), the liquid sheet disintegrates
closer to the nozzle orifice into droplets. Due to the faster gas jet in the spray centre, the resulting droplets are
smaller, whereas ligaments moving out of the spray centre are not further disintegrated, due to the slow gas flow in
this region. For further increasing GLR and all viscosities (green), the drop size in the spray centre is decreasing,
which leads to regions with varying droplet number density. The further decrease in drop size at the edge of the
spray cone is marginal, due to the low gas velocity in this area. A nearly constant spray angle is detected, which is
independent of gas velocity, due to the steady disintegration of the liquid sheet at the nozzle orifice (see Figure 4).

For GLR > 0.2, the classification diagram of Zhao et al. [10] predicts the Christmas tree breakup with characteristic
horizontal compact liquid fragments for nozzle configuration (ii); this effect cannot be seen in the high speed images
of Figure 6. However changes of the morphology of jet disintegration for higher gas velocities (GLR = 0.3), like small
fibres near the nozzle orifice and droplet density variations in the spray centre similar to a fibre type breakup in
pulsating or superpulsating submode according to Lasheras et al. [2,3] can be observed.
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Figure 6. High-speed camera images of the primary liquid disintegration process using nozzle configuration (i), different liquid
viscosities and GLR (i.e. Vgas)

Conclusions

In the present study two different external mixing twin-fluid nozzle configurations (central liquid jet (i) and liquid
sheet (ii)) with equal orifice areas for liquid and gas are compared. This nozzle geometry allows for constant
operating conditions (GLR, rhiig, Vgas and momentum flux ratio) for both configurations. Liquid viscosity and GLR
(i.e. gas velocity) were varied and local Sauter mean diameter, mass weighted integral Sauter diameter, as well as
spray angle and primary breakup morphology were detected.

In general, nozzle configuration (i) achieves better spray quality (i.e. lower integral Sauter mean diameter) for
increased GLR and low liquid viscosity. Applying nozzle configuration (ii) improved spray quality for low GLR and
higher liquid viscosities is observed. As a drawback larger droplets at the boundary of the spray occur. Furthermore
nozzle configuration (ii) leads to increased and constant spray angles, compared to configuration (i). Comparing
quantitative and qualitative findings, the following detailed conclusions can be drawn:

(1) For nozzle configuration (i), a nearly constant radial Sauter mean diameter profile is observed for low liquid
viscosity and both GLRs. For all operating conditions applying configuration (ii) larger droplets at the
boundary of the spray cone are detected.

(2) With higher liquid viscosity for both nozzle configurations, Sauter mean diameters are increased, caused
by the damping effects of the liquid. The sensitivity of Sauter mean diameter on GLR is higher applying
nozzle configuration (i) than for nozzle configuration (ii).

(3) The measured spray angle stays nearly constant for nozzle configuration (ii) over the range of investigated
GLR. With increasing liquid viscosity, the spray angle is slightly decreased. Applying configuration (i), the
spray angle decreases with increasing GLR for both viscosities. With higher liquid viscosity, the spray
angle is increased, due to the radially elongated ligaments produced.
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Nomenclature

b wall thickness [mm] GLR Gas-to-liquid ratio [-] Vgas orifice gas velocity [ms]

Dinner inner diameter [mm] ID32 integral Sauter diam. [um] x,y,z coordinate axis [mm]

Douter ~ outer diameter [mm] Mgas gas mass flow [kgh] Niig dy. liquid viscosity [mPas]

Ds2 Sauter diameter [um] Miiq liguid mass flow [kgh] Piig liquid density [kgm™]

f data rate [s™] r length [mm] o surface tension [Nm]
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Abstract

This study investigates the influence of gas jet angle on primary jet breakup and the resulting
droplet size distribution for coaxial gas-assisted atomizers. In industrial applications, the gas
jet of these atomizers are typically angled towards the liquid jet, whereas in most spray
investigations in literature, parallel flow configurations are used. To enable a detailed analysis
of the influence of the gas jet angle, three atomizers with angles of 0°, 15° and 30° were
examined. Other geometric parameters, such as liquid jet diameter, gas gap width and wall
thickness were kept constant. For each atomizer, two gas velocities at constant liquid mass
flow were investigated i.e., two gas-to-liquid ratios (GLRs). An additional set of experiments
was performed at increased system pressure using three atomizers with identical gas jet
angles, but with an adapted gas orifice area in order to keep gas velocity, GLR and momentum
flow ratio constant for all pressure levels. Water and a glycerol/water-mixture were applied in
order to investigate the influence of liquid viscosity. The primary breakup process was
monitored by a high-speed camera, whereas the resulting droplet size was detected using a
phase-Doppler anemometer. For all system pressures and liquid viscosities under
investigation, a distinct influence of gas jet angle on primary breakup as well as on resulting
droplet size distribution was observed for low gas velocity.

Keywords
Gas-assisted atomizer, angled gas jet, atomizer geometry, viscosity, system pressure

Introduction

High-pressure entrained flow gasification (EFG) is a key technology in the realization of a
future, carbon-neutral circular economy, as it is an enabling technology to close the carbon
cycle through the conversion of biomass and waste-based feedstocks into syngas (CO + Hy).
EFG typically uses oxygen as gasification agent, which also serves as atomization agent; as
a result gas-to-liquid ratios (GLRs) < 1 are applied [1]. Coaxial gas-assisted atomizers are
typically used, due to their advantages with respect to abrasion and clogging. Faragd and
Chigier [2] performed detailed investigations concerning breakup morphology, where liquid
was provided from a central tube with a concentric gas stream. The breakup of water was
classified into spray regimes, showing a transition from the Rayleigh-type to the membrane
and fiber type breakup with increasing Weber number at constant liquid Reynolds number.
Lasheras and Hopfinger [3] expanded the regime classification for different momentum flux
ratios. Studies on the droplet size that resulted from this configuration applied Newtonian
viscous liquids in a viscosity range of nig = 1 — 100 mPa's and GLR = 1 - 12, and were
conducted by Lorenzetto [4], Jasuja [5], Rizk [6] and Walzel [7]. For GLR < 1 and 4 liquid
viscosities, Sanger et al. [8] detected 2 different primary instability modes (flapping and
pulsating) that influenced the resulting drop size.

In the aforementioned studies, high-velocity annular gas streams with a straight exit channel
were typically utilized. Nonetheless, industrial applications typically use a converging exit
(straight inner, angled outer wall) or an angled gas exit (inner and outer wall angled) [9-13].



ICLASS 2021, 15" Triennial International Conference on Liquid Atomization and Spray Systems, Edinburgh, UK, 29 Aug. - 2 Sept. 2021

The change from straight to converging gas-exiting channels and its effect on the resulting
droplet size was first reported by Hardalupas et al. [14]. In their experiments, the straight exit
was changed to a converging angle of a = 28°. As a result, a decrease in droplet size over the
entire spray cone, depending on the gas-to-liquid velocity ratio vgas/Viq, Was identified. An
increase in the gas-to-liquid velocity ratio above 50 revealed no further changes in droplet size
[14]. Additionally, Varga et al. [15] compared a nozzle with a straight gas channel with a
converging gas channel for varying vgas = 50 — 165 m-s™ and constant viqg = 1.7 m's™. In
contrast to the previously-mentioned study, a constant reduction of droplet size of Alds, = 18
pm was detected (variance in droplet size of 19 — 33 %) for all operating conditions when
changing from the straight nozzle exit to a converging exit channel. Varga et al. [15] denoted
that the reduction in droplet size could be attributed to a reduction in the boundary layer
thickness when utilizing the converging gas channel. In the studies mentioned, straight gas
channels were compared to converging gas channels, which feature an inner straight wall and
outer wall with a distinct angle. Investigations of angled gas channels (inner and outer walls),
as well as a variation and comparison of the angle with a straight gas channel have not been
reported jet.

In this context, this study is focused on the influence of the gas channel angle on resulting
droplet size distribution and primary jet breakup at operating conditions relevant for EFG. A
high-speed camera was used to detect the primary breakup and a phase Doppler analyzer
(PDA) for measuring the local droplet velocity and size. 3 different gas channel angles were
investigated at 2 gas velocities, 2 dynamic viscosities and 2 system pressure levels while
applying pressure-adapted atomizers [16]. Additional measurements using particle image
velocimetry were also performed in order to obtain a deeper insight into the gas flow field in
the near-nozzle region.

Experimental setup

The experimental setup consists of the pressurized atomization test rig (PAT), a phase
Doppler analyzer, a high-speed camera and 6 different atomizers. A schema of the PAT spray
test rig with exhaust air system and a horizontal cross-sectional view (A-A) is presented in
Wachter et al. [17].

The pressure chamber has an internal diameter of 300 mm and a total height of 3000 mm. It
is designed for operation at system pressures of up to psys = 21 bar. The external-mixing twin-
fluid atomizer is mounted on the axially (z-direction) movable twin-fluid lance, which is fed by
one of the two eccentric screw pumps with liquids that featured viscosities of up to nig = 1000
mPas. The liquid mass flow can be controlled in the range of P1: Miq = 10 — 60 kg'h* / P2:
Miq = 60 — 200 kg'h'* using different screw pumps. The liquid mass flow and density are
measured using a Coriolis flow meter with an uncertainty of < 0.5 %. The compressed air
volume flow Vgas is detected by a turbine meter with a measuring range of Vgas = 0.85 — 25
m3h ! and an uncertainty of < 0.5 %. A recalculation of volume to mass flow is done using the
locally-measured gas temperature and pressure at the measurement turbine. To ensure well-
defined nozzle inlet conditions, the liquid can be stirred and tempered in the range of T = 10
°C — 50 °C. The test rig is equipped with three glass windows (no inclusions or cords) that
allow for optical access to the spray chamber and avoid any disturbances to the laser beam.
Two optical ports are located at @z =0 ° and 70 ° to enable Phase Doppler measurements in
scattering mode with — preferably — the highest intensity (first-order refraction) [18]. The third
optical port is positioned at ®r = 180 ° to allow for spray investigations in backlight mode using
optical measurement systems. In order to ensure protection from window deposits at the ®r
= 70° window location, a wiper is used between each measurement section, which employs
compressed air for movement. A flow-straightener (honeycomb structure) is located below the
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measuring plane to avoid recirculation of droplets. For all experiments, pressurized air at 20
°C was utilized as atomization agent.

The experiments were conducted with 3 coaxial gas-assisted atomizers — for each pressure
range investigated, as shown in Figure 1, exemplarily, for psys = 1 bar. In all cases, the central
tube had a diameter of Djq = 2.0 mm. To minimize flow induced turbulence, the wall thickness
b between the inner and outer orifice was set to b = 0.1 mm. The nozzles designed for psys =
1 bar had a gas orifice diameter of Dgas = 7.96 mm, whereas the diameter was reduced to Dgas
= 3.18 mm for the nozzles designed for psys = 11 bar. This concept allows for solely varying
the system pressure, keeping all other operating conditions constant (Vig, Vgas, GLR, Miq, Mgas),
as according to Wachter et al. [16].

Dges 0° 15° 30°

D\iq

Figure 1. Scheme of the external-mixing atomizers for psys = 1 bar and 3 different gas channel angles a = 0, 15

and 30°.
Table 1. Physical properties of applied liquids at 20 °C and atmospheric pressure.
Niq in mPa-s o in kg-s? Piig in kg-m3
Water 1 0.0728 998
Glycerol/water (89.5 wt.%) 200 0.0642 1233

For the investigation of liquid viscosity niq on the primary jet breakup and droplet size, water
and a glycerol/water — mixture were used. The surface tension and density of the two liquids
applied are almost constant (see Table 1). The liquid viscosity was quantified by applying a
Physica MCR 101 rheometer from Anton Paar with a Searle-type measuring system [19]. The
surface tension and density were measured by means of an EasyDyne tensiometer from Kriiss
that employed the Du Nouy ring [20] and weighing methods, respectively. Table 1 displays the
mass ratio, viscosity, surface tension and density for both liquids at 20 °C and atmospheric
pressure.

A high-speed camera was placed in the nozzle nearfield for the qualitative observation of the
primary breakup of the liquid jet. The camera featured a frame rate of 3.6 kHz at a resolution
of 1024 x 1024 pixel and frame rates of up to 500 kHz at reduced resolution. A lens with a
focal length of fie = 105 mm was used to capture the primary breakup morphologies. In this
study, the frame rate was set to at least 7.5 kHz with the respective resolutions given in the
images. The images were captured via backlight illumination of the region of interest by means
of a special lighting setup of 9 x 4500 Im. Owing to the high intensity and homogeneous
distribution of the light, very short exposure times (texp ~ 7 us) were employed. A set of at least
2000 high-speed images was recorded at every operating condition, along with a background
reference image without the liquid flow.

In addition, the same camera was used at z = 200 mm in order to: (i) optimize the PDA
hardware settings (receiver mask); (ii) for the sphericity check of the droplets in the measuring
plane to ensure the reliability of the PDA data; (iii) qualitatively confirm the tendencies
measured by the PDA; and (iv) as a validation tool for the PDA data in order to eliminate the
deviations arising from the Gaussian beam effect [21].
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Table 2. Settings of the Fiber PDA evaluated by the sensitivity analysis.

Parameters Values Unit Parameters Values Unit
Transmitter focal length | 1000 mm Laser wavelength 561 Nm
Receiver focal length 1000 mm Laser power 40 mwW
Beam expander ratio 1 - Off-axis angle 70 °
Receiver slit width 200 pum Frequency shift 80 MHz

The measurement of droplet size within the spray cone at a high spatial and temporal
resolution was performed with a Fiber PDA by Dantec Dynamics at z = 200 mm. For data
collection the PDA was operated in a forward scattering arrangement, with the refraction mode
(1st — order) using the asymmetrical Mask B. To guarantee for the detection of large droplets,
as expected by the atomization of highly viscous liquids and avoid sizing errors due to the
Gaussian beam effect according to Araneo [21], the PDA was set as displayed in Table 2.
With this optical configuration, the PDA system enabled the detection of droplets with a
minimum size of 1 ym and maximum size of 1357 ym in the case of water, and 1380 um in
that of the glycerol/water mixtures, related to the refractive index of the liquid [18]. To improve
the PDA settings, a sensitivity study, as described in [22], was performed.

The receiver and transmitter were mounted on a traverse, which guarantees for spatially-
reproducible operation < 0.1 mm and enabled droplet size measurements at distinct positions
within the spray cone. The measurements were recorded at several radial positions (traverse
along the x — axis) with a radial increment of Ax = 2 — 4 mm depending on the measurement
position. In order to ensure a reliable database for every radial position during PDA
measurements as a termination criterion, the sample size and measurement time were set to
50,000 droplets or 60 seconds, respectively. At least 5000 droplets were detected at every
radial position. The raw data from the manufacturer software were used to compute arithmetic
means and statistical data, as well as additional information using the toolbox SprayCAT; see
Wachter [17]. For the global characterization of the spray, the computation of a global
characteristic diameter, i.e., mass-weighted integral Sauter mean diameter Ids>m, was carried
out by means of a weighted average, including all measurement positions of a radial profile at
a fixed axial position z. The integral Sauter mean diameter Ids,,m was calculated according to
Equation (1), below, based on the local volume mean diameter D3 and local surface mean
diameter D2o;. These diameters were weighted by local mass flux m; and the annulus area A,
corresponding to the measurement position i along the radial axis X1 < xi < xn with N
measurement positions.

L1 D3g, 1A,

=SV D7 A 1)

ds2m L1 D30 iiA;

Further information concerning the computation of global size distribution and droplet size
moments can be obtained from DIN SPEC 91325, as well as from Albrecht [18]. Each
measurement series was repeated at least 3 times. For each operating condition and nozzle
configuration, the rotational symmetry of the spray cone was proven, taking a full radial profile
in a first set of experiments. After the rotational symmetry was proven, the following repetition
measurements were performed, taking half profiles from the spray edge to the centre at x =0
mm.

Particle image velocimetry (PIV) measurements were performed with a PIV system from
Dantec Dynamics that consisted of a CCD camera and a Nd:YAG double-pulse laser for
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illumination. The camera was equipped with a f = 105 mm lens and spacer rings, resulting in
a field of view of 28 x 28 mm? at a resolution of 4 megapixels. The gas phase was seeded with
di-ethyl-hexyl-sebacat (DEHS) droplets in the size range of dpoens = 1 — 5 um in order to follow
the gas phase undisturbed [23], using a seeding generator from LaVision. As liquid flow, while
PIV measurements, would lead to a strong reflection that overexposes the camera sensor;
when hit by the laser sheet, a black-coloured pin with an identical diameter and 10 mm in
length was used to replace the liquid jet for the measurements. Each resulting image was
averaged out of 50 double images.

Results and Discussion

In order to investigate the influence of the gas channel angle on resulting droplet size and
primary breakup for the coaxial gas-assisted atomizers described above, the experiments
were conducted using the operating conditions presented in Table 3. As the liquid mass flow
was set constant at Mjq = 20 kg-h™. Liquid velocity changed from viq = 1.77 m-s™ for water to
Vig = 1.45 m-s™* for the glycerol/water mixture with niq = 200 mPa-s. The system pressure was
varied between psys = 1 and 11 bar, applying pressure-adapted nozzles.

Table 3. Operating conditions of the experiments for all of the investigated gas channel angles.
Migq in kg-h? | Mgas in kg-h™ | Vgas in m-s™ GLR
20 12/20 60 /100 0.6/1.0

(i) Influence of the gas channel angle on the droplet size and primary breakup

For the quantitative comparison of the resulting droplet size while utilizing different gas
channel angles, radial PDA measurements were first performed for the higher liquid viscosity
Nig = 200 mPa-s and angles a = 0 — 30°. Applying liquids with higher viscosity facilitates a
better insight into the jet breakup phenomena, due to the damping effects of the viscosity. For
the experiments in chapter (i), Agas, Psys and pgas Were not changed. The measured values for
ds2 at Vgas = 60 m-s* and psys = 1 bar are shown in Figure 2 (left).

An increase in gas channel angle leads to a decrease in droplet size, especially at the spray
center. This result corresponds to the results of Hardalupas et al. [14] for converging gas
channels, as the gas velocity ratio was Vgas/Viq = 41.4 < 50. Typically, a decrease in droplet
size is attributed to an increase in the aerodynamic forces, mostly as described by the gas
momentum flow (Jgas = Pgas'Vgas®*Agas). IN order to understand this effect, the radial mean
velocity profiles of the droplets are also displayed in Figure 2. For an increasing gas channel
angle from a = 0 to 30°, a significant increase in the droplet mean velocity of Av, = 3 m-s?
could be detected at the spray center. As the gas velocity at the nozzle orifice remained
constant at vgas = 60 m-s™ for every gas channel angle, a double-pulse PIV was used to detect
differences in the flow field of the exiting gas phase, which may be correlated to a change in
the gas channel angle. In order to get a better impression of the flow field close to the nozzle
orifice, in a first set of PIV measurements 50 double-pulse images for each operating condition
were taken. Figure 2 (right) shows the resulting absolute gas phase velocity vaps for the
different gas channel angles at vgas = 60 m's™® and psys = 1 bar. As can be seen from the
absolute gas phase velocities, the high-velocity gas phase that emerged from the nozzle with
Vgas = 60 m's™* was calculated. For a = 0°, the gas stream sheared the pin without a distinct
impact and velocity slightly decreased with further distance from the nozzle orifice. In contrast
to this, for a = 30°, the gas phase hits the pin, whereby the cross-sectional area of the gas
flow was reduced, resulting in an increase in velocity in the range of Avgss = 20 m-s™. The
decrease in the shear layer thickness corresponds to the findings of Varga et al. [15], who
proposed this effect when utilizing converging nozzle geometries.
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Figure 2. Radial measurement of ds2 and v; for a = 0, 15 and 30° at vgas = 60 m-s* (GLR = 0.6), niiq = 200 mPa-s
and psys = 1 bar (left); PIV measurements of the seeded gas phase at the nozzle orifice for different gas channel

angles (a = 0, 30°) at vgas = 60 m-s™* and psys = 1 bar (right).
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The gas velocity remains high even after the impact and the alignment over the entire
measurement length in z-direction. The noted impact on the liquid jet, as well as the reduced
shear layer thickness, leads to an increase in the aerodynamic forces, which increases droplet
velocities and decreases droplet size.

The effect of gas channel angle on primary breakup is depicted by high-speed camera images
in Figure 3 (left) at the investigated a = 0 — 30°, Vgas = 60 m's™, nig = 200 mPas and psys = 1
bar.

Figure 3. High-speed camera images of the primary breakup at varying gas channel angles a = 0, 15 and 30°, with
the atomizers applied at vgas = 60 m-s™, psys = 1 bar, with niq = 200 mPa-s (left); scheme of the gas emerging from
the nozzles with a = 15 and 30° in the respective gas channel angle and with the respective impact region (right).

As shown in Figure 3 (left, a—c), there was no significant change in the primary breakup
morphology of the liquid jet from a = 0° to 30°. However, the only detectable difference can be
seen on the liquid jet near the nozzle orifice. Comparing the high-speed camera images at this
position from Figure 3 (a) to (b), a straight emerging jet without disturbances or formation of
instabilities near the nozzle orifice is detectable (red mark). A further increase up to a = 30°,
results in a shorter stable liquid jet (see Figure 3 (c)).

This effect may be explained by the gas channel angle, leading to a velocity component in
radial direction and thus to radial forces stabilizing the jet. For a = 15°, the radial component
is comparably low in value, but has a significant high impact area (see Figure 3 (right, 15°)).
For increasing a to 30°, the radial force increases, but the stabilizing impact area is reduced,
as presented in Figure 3 (right, 30°).

The stabilization inhibits the formation of the Kelvin-Helmholtz instabilities (KHIs) that normally
develops near the nozzle orifice. In an additional set of experiments, the necessary gas mass
flow to form a KHI within the region of the red mark was investigated.
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Figure 4. High-speed camera images of primary jet breakup at psys = 1 bar with niq = 200 mPa-s for: a) a = 0° and
Vgasktl = 70 m-s%; b) a = 0° and vgasxni = 72.5 m-s1; ¢) a = 15° and vgaskr = 87.5 m-s; as well as d) a = 30° and
Vgas,kHl = 140 m-s™2,

The data in Figure 4 show, that with increasing gas channel angle, a higher velocity
component stabilizes the liquid jet. As a result, a higher gas mass flow is needed to form the
KHI for increasing gas channel angle.

(i) Influence of dynamic viscosity and system pressure on droplet size for different gas
channel angles

For a quantitative comparison of the resulting integral Sauter mean diameter utilizing 3
different gas channel angles, radial PDA measurements were performed for varying dynamic
viscosities, gas velocities and system pressures. In order to indicate the resulting influences
more clearly, the calculated Ids2m values are displayed in Figure 5 (left).
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Figure 5. Calculated Ids2,m values for varying gas channel angles a = 0, 15 and 30° as a function of the dynamic
viscosity, gas velocity and system pressure (left); high-speed camera images of the primary jet breakup for niq = 1
mPa-s, vgas = 60 m-s? at: a) psys = 1 bar, a = 0° (flapping instability?); b) psys = 1 bar, a = 30°; c) psys = 11 bar, a =
0°; and d) psys = 11 bar, a = 30° (right).

As presented in Figure 5 (left), for all gas channel angles it can be stated: For increasing liquid
viscosity, an increase in droplet size was detected for both gas velocities under investigation.
The damping effects of the liquid at higher viscosity explain this effect.

An increase in gas velocity from vgas = 60 to 100 m-s? leads to a reduction in Idszm for both
viscosities. This effect can be explained by the higher aerodynamic forces, enhancing the jet
breakup and droplet formation.

For increasing system pressure psys, When applying the pressure-adapted nozzles approach,
an increase in the droplet size was detected (see Figure 5 (right, c)). This result corresponds

1 As the results of Niq = 1 mPa-s and vgs = 60 m's™ show lower values at a = 0° compared to a = 15°, it has to be mentioned,

that for a = 0°, a flapping primary instability was developed (see Figure 5 (right, a)), leading to a different breakup morphology
and to smaller droplets as for a = 15°, which was in accordance with Sanger et al. [8].
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to previous investigations concerning atomizers with straight gas channels [16]. The effect
may be explained by the stronger deceleration of the gas phase by entrainment of surrounding
gas with increased system pressure with the given nozzle configuration.

In general, an increase of gas channel angle shifts the Ids,m towards smaller values for low
gas velocity vgas = 60 m-s™. This effect was observed for all liquid viscosities and system
pressures investigated. As the gas momentum flow Jgas Was constant for all a, the decrease
in the droplet size with increasing gas channel angle may also be explained by the increase
in the local gas velocity near the liquid jet.

For gas velocity vgas = 100 m-s™, the effect of the gas channel angle was found to be negligible
for both dynamic viscosities investigated. As reported in literature, the effect of Jgas On the
resulting droplet size weakens with increasing Jgas [24—26]. For high Jgas, the acceleration of
axial velocity, due to an increase in gas channel angle, cannot induce a relevant effect on the
liquid jet break up and resulting droplet size.

Conclusions

This study investigated the influence of the gas channel angle at different gas velocity (i.e.
GLR), dynamic viscosity and system pressure (applying pressure-adapted nozzles) on the
spray quality (ds2, Ids2m) of coaxial gas-assisted atomizers operated at a liquid mass flow of
Miq = 20 kg-h. The atomizer geometry was kept similar, except that the gas channel angle
was changed in steps of a = 0°, 15° and 30°. Two different gas velocities (vgas = 60 / 100 m's’
1) were investigated by changing the gas mass flow (i.e., GLR). The dynamic viscosity was
varied by applying water and a glycerol/water mixture with nig; = 200 mPa-s. The
measurements were performed at two system pressure levels (psys = 1 / 11 bar) utilizing
pressure-adapted nozzles in order to keep Vgas, Mgas and GLR constant. High-speed camera
images were used to observe the primary breakup and to explain local measurements of
droplet size performed by a phase Doppler anemometer. The results of the experiments can
be summarized as follows:

o For all investigated gas channel angles, an increase in gas velocity, as well as a
reduction of liquid viscosity resulted in smaller droplet size. The increase of system
pressure, applying pressure adapted nozzles, led to larger droplets.

e Forincreasing the gas channel angle, a decrease in the droplet size was detected for
a gas velocity of vgas = 60 m's™™. This is caused by the gas jet impact on the liquid jet,
leading to increased local gas velocities and thus aerodynamic forces.

¢ For all investigated gas channel angles, a stabilized region on the liquid jet near the
nozzle orifice was detected, inhibiting the formation of Kelvin-Helmholtz instabilities.
With increasing gas channel angle, the stabilized area decreased, but the necessary
gas mass flow to form the KHI increased significantly due to an increase in the radial
stabilizing forces.

e For increased gas velocity of vgas = 100 m's?, the influence of the gas channel angle
was negligibly small and independent of the investigated viscosity.
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Nomenclature

Agas  orifice area [mm?] Ai area i [mmz] b tube thickness [mm?]

doens diameter [um] Dgas  diameter [mm] Diiq diameter [mm]

GLR Gas-to-Liquid ratio [-] Idsz;  diameter [um] Ids2m diameter [um]

Jgas  momentum flow [N]  m mass flux [kg:'s*m? Mgs mass flow [kg-s™]

Miq mass flow [kg-s?] Psys  pressure [bar] T temperature [°C]

Vaps  Vvelocity [m-s™] Vgas  Velocity [m-s™?] VgaskHi Velocity [m-s?]

Viig velocity [m-s™] vz velocity [m-s™] Vgas  volume flow [m3-h?]

X,¥,Z position [mm] a channel angle [°] Niiq viscosity [mPa-s]

Pgas  density [kg:m=] Piig density [kg-m™] o surface tension [kg-s?]
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