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In this study, a two-fluid nozzle, as, e.g., used in fluidized-bed or spray drying applications, is comprehensively character-

ized regarding the spray pattern and droplet size. To analyze the spray cone, the spray cone angle and the radial mass dis-

tribution of the nozzle were measured at varied liquid flow rate, spray air pressure, liquid insert bore diameter, and air cap

position. Additionally, droplet size distributions were recorded at different spray settings. In general, the overall spray cone

and single droplets are significantly influenced by the spray parameters, especially the spray air pressure, as well as the

nozzle geometry.
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1 Introduction

1.1 Spraying of Liquids

The atomization and spraying of liquids are an essential
operation in various industrial processes as well as in every-
day life. The applications are wide-ranging and include, e.g.,
evaporative cooling, agriculture, firefighting, spray drying,
and fluidized-bed processes [1, 2]. Liquid atomization is
used to generate an increased surface area by comminuting
the droplet diameter to obtain enhanced heat and mass
transfer or chemical reactions [2, 3]. The droplet size distri-
bution is thereby highly dependent on the nozzle type and
design [1, 4–7]. In fluidized-bed operations, the nozzle con-
figuration is one of the critical process parameters since de-
pending on the selected settings, product quality can deteri-
orate and material may be lost [2]. To control the fluidized-
bed granulation process, knowledge of the droplet size dis-
tribution, spray pattern, spray angle, and radial mass distri-
bution of the spray is necessary as these markedly influence
the particle-droplet interaction and thus the final particle
size and morphology. Fluidized-bed processes with liquid
injection for particle formulation applications often use
two-fluid nozzles because a very fine droplet size spectrum
is provided and a relatively large bore diameter of the liquid
insert reduces the clogging potential of the nozzle. The
design of the two-fluid nozzle consists of a centrally posi-

tioned liquid tube and a surrounding annular channel sup-
plied with pressurized gas. For two-fluid nozzles, usually,
high gas velocities are applied to enable the formation of a
spray by atomization of low liquid volume flows [8].
Depending on the contact area of gas and liquid, a distinc-
tion is made between nozzles of internal or external mixing
[9]. The internal mixing nozzle injects the liquid jet into the
gas volume flow, while in the external mixing nozzle, the
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contact between both phases happens at the nozzle outlet.
For atomization of coating liquids or binders in the fluid-
ized bed, two-fluid nozzles with external mixing are prefera-
bly used since clogging of the nozzle is less frequent due to
the extended liquid input and the droplet diameter can be
varied independently of the liquid volume flow. However, if
the atomizer is used in the bottom-spray process, granule
abrasion may occur near the nozzle orifice due to the high
gas velocities [2].

The mechanism of droplet formation from a liquid jet is
based on shear stresses due to high gas velocities. The tur-
bulent fluctuations induce dynamic pressure forces that,
upon overcoming the surface tension forces, lead to the
breakup of the liquid into droplets [3]. In most cases, the
liquid flow has low velocities compared to the gas, thus, flu-
id momentum is not considered. During the first phase, the
liquid to be sprayed is broken up into filaments as well as
larger droplets by the applied forces. In the second atomiza-
tion phase, the diameter of those droplets is reduced [2].
Atomization effectiveness depends besides the nozzle geom-
etry on the properties and the mass flows of both phases as
well as the gas-to-liquid ratio. In case of air as atomizing
gas, the latter is referred to as the air-to-liquid ratio (ALR)
[3]. For low mass flow ratios between the gas and the liquid,
the liquid jet is captured by the pressurized gas at a defined
distance from the nozzle outlet and droplets are formed.
With increasing mass flow ratios, a backflow of the liquid
droplets and the gas phase is generated, leading to the for-
mation of a fine droplet size spectrum [8].

1.2 Previous Works

The influence of the specific nozzle geometry and settings
on the droplet size distribution and the relation to the spray
angle has been investigated in several previous works. Mul-
helm et al. [3] cite the gas velocity in relation to liquid flow
rate being the largest influencing parameter on the mean
droplet diameter. The atomization effectiveness can be
increased by higher velocity differences between liquid and
gas [2, 6]. Nyuttens et al. [10] describe a correlation between
droplet size and velocity spectra as well as the relation of
decreased droplet size distribution with increasing spray
pressure. A narrower distribution function with increased
air pressure is also postulated by Rizk et al. [11]. Juslin et al.
[12] showed in studies using the pneumatic nozzle Model
940–943 of the company Schlick (Düsen-Schlick GmbH,
Germany) that an increase in liquid flow rate did not have a
significant effect on the droplet distribution pattern as well
as the spray angle. But the liquid flow rate had an effect on
the width of the droplet size distribution. A higher liquid
volume flow resulted in an increase in the mean droplet
diameter [1, 13]. The liquid velocity depends on the nozzle
characteristics as well as spray liquid properties and feed
pressure [9]. The gas pressure was identified as the primary
factor influencing the spray angle since the dynamic force

increases to a certain extent with increasing pressure [12].
Schick cites an inverse relationship between droplet size
and spray angle, meaning that an increase of spray angle
results in smaller droplet diameters [1]. Depending on the
nozzle, a large spray angle can reduce the spray efficiency of
the atomizer [9].

Vesvey et al. [13] determined the highest droplet velocity
for the Schlick 970 two-fluid nozzle in the center of the
spray, and the lowest velocities were measured at the edge
of the spray area. Increased liquid viscosity and surface ten-
sion negatively affect the breakup mechanism, resulting in
larger mean droplet diameters and a lower spray angle
[3, 5, 13]. In contrast, Juslin et al. [12] reported that with
increasing viscosity no clear influence on the droplet size
distribution could be detected. High liquid density at con-
stant nozzle parameters results in a more compact spray
that is less affected by the atomization gas [2]. In literature,
different droplet size correlations for nozzles with external
mixing are present based on various fluid properties as well
as methods of droplet size measurement [3, 11, 14–17].
However, the influence of the parameters on the resulting
droplet size as well as spray angle is strongly dependent on
the design and size of the nozzle [10]. Thus, in fluidized-
bed processes, it is particularly necessary to know the influ-
encing factors for a specific nozzle more precisely and to
characterize them in advance to achieve defined spray and
product properties. Therefore, a novel well reproducible,
step-wise measurement and data analysis procedure for
spray characterization is proposed.

2 Applied Methods

As influencing spray parameters, the liquid spray rate, the
spray air pressure, the bore diameter of the liquid insert,
and the air cap position were varied to analyze their effect
on the spray. For all experiments, water was used as spray-
ing liquid and the liquid was atomized with compressed air.

2.1 Radial Mass Distribution of the Nozzle Spray

The nozzle spray was characterized according to the radial
mass distribution using a setup of ten cylindrical shells with
a diameter between 2 and 20 cm. The diameter of the indi-
vidual shells was varied by 2 cm in ascending order with a
wall thickness of 1 mm. The shells were made of polylactide
and produced in a 3D printer (Ultimaker, Netherlands). For
the measurement, the individual shells were inserted into
each other. To prevent slipping, additional rings were
printed that allow a flush plugging together. The two-fluid
nozzle 970 S4 (Düsen-Schlick GmbH, Germany) was placed
at a varied distance d from the shells of 10 cm, 15 cm, or
20 cm as shown in Fig. 1.

The influence of different parameters on the radial mass
distribution of the nozzle was investigated by varying the
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liquid spray rate between 5 g min–1 and 30 g min–1 at air
pressures of 0.5 bar, 1.5 bar, and 2.5 bar. These settings
would, e.g., be suitable for fluidized-bed or spray drying
experiments on a laboratory scale. The air cap position of
the nozzle was adjusted with one as well as two full turns
which resulted in a varied distance between the air and
liquid outlet (see Fig. 2). Additionally, the experiments were
conducted using liquid inserts with bore diameter of
1.0 mm and 1.2 mm. The water was conveyed to the nozzle
with a peristaltic pump (Medorex TB, Germany). For each
run, the spraying process was carried out until one cylinder
was completely filled with water or for a maximum of
11 min at lower spraying rates. The previously balanced
shells were weighed individually and the percentage by
mass of the water contained was calculated.

2.2 Spray Cone Angle

As shown in Fig. 2, the experimental setup for spray cone
angle measurement consisted of a light source, a high-speed
camera NX-S2 (Imaging Solutions GmbH, Germany), and
the two-fluid nozzle of type 970 S4. For the spray rate, air
pressure, and diameter of the liquid insert, the same values
as in Sect. 2.1 were applied. The air cap position of the noz-
zle was also changed between positions 0 and 6, where posi-
tion 0 indicates a full cap turn and the remaining positions
were set according to the number of the air cap.

The images of the nozzle spray generated with the experi-
mental setup were analyzed using the software MATLAB

(the MathWorks, Inc., USA). Only images in which the
spray jet is clearly visible were selected. First, the original
image was cut in such a way that only the spray cone in
front of a dark background is visible. This image was then
converted into a grayscale image from which a histogram
over the different gray levels was generated ranging from
0 (white) to 255 (black). A threshold was chosen based
on the peak in this histogram and applied consistently to
all images of the spray jet to obtain a binary image con-
sisting of a white spray cone area and a black back-
ground. By performing image opening on the binary im-
age, black pixels that might be present within the spray
cone area were changed to white, so a continuous white
area without black holes was guaranteed. Afterwards, the
borders of the spray area were detected in each column
of the image. From this data, the outlines of the spray

Chem. Ing. Tech. 2023, 95, No. 1–2, 151–159 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 1. Scheme of the spray patternator setup for the spray mass distribution measurements.

Figure 2. Scheme of the spray cone analysis setup [18].
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cone were approximated by a linear function from which
the spray cone angle was calculated.

2.3 Droplet Size Distribution

The nozzle spray droplet size distribution was measured by
means of laser diffraction with the Malvern Panalytical
Spraytec system (Malvern Panalytical GmbH, Germany).
Therefore, the Malvern Panalytical Spraytec system was
integrated in a spray measurement booth as displayed in
Fig. 3. The droplet size distribution data was obtained by
measuring the intensity of light scattered as a laser beam
passes through a spray at a distance of 100 mm from the
nozzle tip. This data was then analyzed to calculate the vol-
ume-based size distribution of the droplets that created the
scattering pattern. The measurement range of the system
was 0.1–2000 mm with a measurement rate of up to
10 000 measurements per second.

Analogously to Sects. 2.1 and 2.2, the influencing parame-
ters were examined by varying the liquid spray rate, air
pressure, and bore diameter of the liquid insert. The air cap
position of the nozzle was considered to be the standard
cap position 4. For each measurement, the following proce-
dure was applied: the spray liquid (water, 20 �C) was pre-
pared in sufficient amount and the liquid spray rate was cal-
ibrated by gauging the correctly configured liquid spray
pump. After proper connection of all feedlines to the noz-
zle, the measuring booth was darkened and booth aeration
was started. After completion of the background zero mea-
surement, spray was started and measured for at least 60 s.

3 Results and Discussion

3.1 Radial Mass Distribution

The radial mass distribution of the nozzle was investigated
to deduce, e.g., in which area of the spray zone the most
particles are wetted in a fluidized bed. Parameter variations

are also used to examine the impact on the distribution. In
Fig. 4a, the influence of different atomization pressures for
the liquid insert of 1.2 mm, distance between the nozzle and
boxes of 10 cm, and liquid spray rate of 20 g min–1 is shown.
For the highest spray air pressure, the largest percentage of
water is in the boxes with the diameter of 6 cm and 8 cm.
The higher air pressure of the nozzle results in a higher
maximum water amount in the inner shells, the lowest pres-
sure of 0.5 bar is characterized by higher mass fractions of
the spray liquid in the area of large shell diameters. Fig. 4b
(liquid insert of 1.0 mm) illustrates that an increase in the
atomization pressure causes decreasing spray angles and,
thus, more water is collected in the inner shells. The largest
amount of water was found in the second and third shells
from the center. In particular, the percentage water fraction
increases with increasing air pressure. The dependence on
the measurement distance is summarized for one parameter
setting in Fig. 5. As the distance between the nozzle orifice
and the shells increases, a broader radial mass distribution
is obtained which gets narrower with increasing atomiza-
tion pressure and is concentrated on the centrally placed
shells. Furthermore, the radial mass distribution measured
at different nozzle-to-shell distances characterizes the over-
all shape of the spray cone and serves as an indicator for the
spray angle. The broader distribution at higher distance
shows the increasing spray radius upon progressing further
from the nozzle tip and, thus, the cone-like shape of the
spray. By defining a percentage of water mass that is repre-
sentative of the overall spray cone and evaluating the
diameter at which that mass is included, the edge of the
spray could be determined. From that, the spray angle could
be calculated. However, since only three points along that
edge are known at each parameter combination, the radial
mass was not used for quantification of the spray angle.
Instead, the image-based measurement as described in
Sect. 2.2 was chosen to obtain more refined data.

In Fig. 6a, two different air cap positions have been used
with the liquid inserts of 1.0 mm and 1.2 mm at 10 cm
distance. For both fluid inserts, cap position 6 results in a
larger radial mass distribution compared to cap position 0.

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 151–159

Figure 3. Measurement setup for the determination of droplet size distribution using laser diffraction from Malvern Pa-
nalytical Spraytec system.

154 Research Article
Chemie
Ingenieur
Technik

 15222640, 2023, 1-2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202200152 by T

echnische U
niversität H

am
burg B

ibliothek - E
lektronische M

edien, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



For cap position 0, the velocity of compressed air in the
two-fluid nozzle at the contact point with the liquid is
assumed to be higher. This consequently leads to a more
centric distribution. Since the use of the 1.2 mm wide liquid
tube reduces the annular gap to the air cap, the gas velocity
is higher compared to the 1.0 mm liquid insert. This is man-
ifested in the generated data by a significantly higher maxi-
mum value for the shell diameter of 6 cm, whereas the
remaining shells show lower percentage liquid amounts.
For the trials with the distances of 15 cm and 20 cm (not
shown here), the shell diameters of 4 cm to 10 cm contained
larger percent water amounts at air cap position 6 compared
to position 0. The different trend between the distances can
probably be attributed to non-collected water in the boxes
since at higher distances the risk of the spray cone width
exceeding the largest box diameter is increased.

Fig. 6b illustrates an example of the radial mass distribu-
tion for the liquid insert of 1.0 mm, atomization pressure of
1.5 bar at a distance of 10 cm between the shells and the
nozzle orifice for different liquid spray rates. Further dia-
grams can be found in the Supporting Information. The
graph indicates that the spray rate has an influence on mass
distribution. An increase in liquid spray rate is expressed in
the centric distribution, where the peak of the distribution
is shifted from the box with diameter 4 cm toward the 6 cm
box. The change in the distance between the nozzle orifice
and the trays is also reflected here with an accumulation of
water in the outer shells as the liquid flow rate changes. The
alteration in the liquid insert is evident in the radial mass
distribution of the nozzle spray. The usage of the 1.2 mm
fluid insert provides higher percentages of water mass for
the inner shells.

3.2 Spray Cone Angle

Fig. 7 shows the spray angle in dependence on the ALR for
varied spray air pressures and liquid inserts. In the follow-
ing section, the influence of these different parameters in
the spray angle is discussed in detail.

3.2.1 Air-to-Liquid Ratio

In general, the spray cone angle decreases with increasing
ALR, as shown in Fig. 7. These observations confirm the
findings of Lefebvre [19]. Higher values of ALR indicate
either a lower liquid spray rate or higher spray air flow
while keeping the other parameters constant, respectively.
The highest spray angles were observed at the lowest ALR
of 1.3 meaning that at this value, the spray was spread the
widest in radial direction at a given distance from the nozzle
tip. By increasing the liquid spray rate, the velocity of the

Chem. Ing. Tech. 2023, 95, No. 1–2, 151–159 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 4. a) Percentage of total water mass as a function of shell diameter at a distance of 10 cm, liquid insert of
1.2 mm, cap position 0, liquid spray rate of 20 g min–1 for atomization pressures of 0.5 bar, 1.5 bar, and 2.5 bar; b) graphi-
cal representation of the spray pattern in the shells at different spray air pressures with otherwise constant parameters
for the liquid insert of 1.2 mm.

Figure 5. Percentage of total water mass as a function of shell
diameter for the distances 10 cm, 15 cm, and 20 cm at constant
parameters of 1.0 mm liquid insert, air cap position 0, 20 g min–1

liquid spray rate, and 1.5 bar spray air pressure.
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liquid is also increased which reduces the ALR as well as the
relative velocity between air and water and, thus, the fric-
tional force on the liquid surface. Furthermore, Lefebvre
[19] describes that the relative velocities between the spray
air and liquid have an additional effect beyond the velocities
of the two fluids. As described by Hede et al. [2], the air
cannot penetrate the liquid jet at higher liquid velocities
resulting in higher spray angles. Low velocity liquid jets,
however, can easily be penetrated by the high velocity air,
thus, a spray cone with narrow angle is formed due to the
high turbulences and energy transfer. This increased turbu-
lence can quantitatively be seen in the Reynolds number of
the air. While at all investigated air pressures the air flow is
turbulent, the Reynolds number at 2.5 bar is more than
three times higher than at 0.5 bar, which translates to signif-
icantly higher inertia forces. This influences both primary
and secondary droplet breakage creating different spray pat-

terns and droplet sizes. For two-fluid nozzles with external
mixing, as the one used in this study, the increase of ALR
additionally leads to a backflow of air and droplets [8].

If the spray air pressure and, thus, the air velocity is
increased, more energy is introduced into the system shap-
ing the liquid jet in such a way that a narrow spray cone
with a smaller angle is formed. Liu et al. [6] also measured a
contraction of the spray cone at increased spray pressure
due to the pronounced momentum exchange. In contrast,
at lower spray air pressures and therefore lower ALR, the
relative velocity between air and liquid is smaller resulting
in a wider spray pattern with higher cone angle. These find-
ings are in accordance with the radial mass distributions
discussed in Sect. 3.1, where at low spray air pressure and
lower ALR, more water was detected in the outer shells than
for higher pressure.

Comparing the curves at different pressures, a different
degree of impact of the ALR on the spray angle becomes
apparent. At the lowest spray air pressure of 0.5 bar, a
decrease from 66.0 ± 5.3� to 58.0 ± 4.4� was observed when
increasing the ALR from 1.3 to 4.0 with the 1.0 mm liquid
insert. However, at 2.5 bar, an increase in ALR by 8.7 only
resulted in a spray angle decrease of from 40.9 ± 2.4� to
38.0 ± 1.7�. This reduced influence of the ALR at higher
pressures is related to the changed flow behavior of the air
at different velocities. When increasing the spray air pres-
sure form 0.5 bar to 2.5 bar, the pressure regime changes
which induces a varied structure of gas flow in addition to
the effect of the ALR.

3.2.2 Nozzle Setup

In addition to the water and air flow, the setup of the nozzle
has been varied to investigate the influence on the spray
cone angle. Therefore, the bore diameter of the liquid
inserts as well as the air cap position were changed for the
spray experiments respectively. Comparing both diagrams

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 151–159

Figure 6. Percentage of total water as a function of shell diameter at a distance of 10 cm and spray air pressure
of 1.5 bar. a) Liquid spray rate of 20 g min–1 with liquid inserts of 1.0 mm and 1.2 mm with varying cap position,
b) with liquid insert of 1.0 mm at cap position 0 and varying liquid spray rates.

Figure 7. Spray cone angle as a function of air-to-liquid ratio
(ALR) at different spray air pressures of 0.5 bar, 1.5 bar, and
2.5 bar for the liquid inserts 1.0 mm and 1.2 mm.
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in Fig. 7, slightly lower spray angles can be observed for the
larger opening of 1.2 mm and otherwise the same parame-
ters. Due to the increased area for the water and at the same
time smaller area for the air, the relative velocity between
both phases increases since the liquid velocity decreases
while the gas velocity increases. Thus, a narrower spray
cone results from a larger liquid insert bore diameter.

Fig. 8 shows the spray angle in dependence on the air cap
position at a liquid flow rate of 20 g min–1 and spray air
pressure of 1.5 bar. For the liquid insert with a bore diame-
ter of 1.2 mm and air cap positions from 1 to 5, larger spray
angles were measured at increased distances between the
liquid and air outlet. Varying the air cap position results in
a changed velocity when the liquid encounters the gas and
thus influences the breakup mechanism. At higher cap posi-
tions and therefore larger distance between gas and liquid
outlet, a reduced relative velocity between air and the spray-
ing liquid water at the contact point of both phases is
expected. If the liquid outlet is the furthest away from the
air outlet (position 6), the air velocity is the lowest when
coming into contact with the liquid, thus creating a wide
spray cone. However, no clear trend is visible in the data
recorded for the 1.0 mm liquid insert, where the highest
spray angle was measured at cap position 1 and the lowest
angle at position 5. Overall, the effect of the cap position on
the cone angle seems to be less pronounced compared to
the other influences discussed in this paper.

The spray angle at cap position 0 in particular is charac-
terized by high variance for both bore diameters. At this
position, the liquid outlet and the gas outlet are aligned
which results in the air flow directly colliding with the water
jet at the end of the conically shaped air cap. At the other
positions in contrast, the air first collides with the tip of the
liquid insert which directs the air stream in a parallel direc-
tion to the water jet creating a more structured flow pattern.
The high air velocity in a co-current flow with the liquid
then causes a narrower spray cone compared to cap posi-
tion 0, where the deflection of the gas by the liquid insert
does not occur.

3.3 Droplet Size

Exemplarily, two droplet size distributions are shown in
Fig. 9 at different liquid spray rates and variation of the
spray air pressure for a liquid insert with 1.2 mm bore
diameter. As is sufficiently known, the droplet sizes created
by the nozzle decrease with increasing spray air pressure
due to dynamic pressure forces and shear stresses during
atomization resulting in a more effective droplet comminu-
tion [3]. This can be seen from the droplet size distribution
shifted to the left for exemplarily shown spray rates.

Rizk and Lefebvre [11] also found a lower number of larg-
er droplets in the spray with increasing gas velocity. Richter
[8] explains the finding with the mass flow ratio between
gas and liquid. An increase in the differential velocity
between the two fluids results in finer spray due to an
increase in the axial and tangential velocity of the particles
and backflow of the droplets and gas [6, 8].

Chem. Ing. Tech. 2023, 95, No. 1–2, 151–159 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 8. Spray cone angle as a function of air cap position for
the liquid inserts of 1.0 mm and 1.2 mm at a liquid spray rate of
20 g min–1 and spray air pressure of 1.5 bar.

Figure 9. Density distribution of the droplet diameter for the liquid insert of 1.2 mm and at varying spray air
pressures of 0.5 bar, 1.5 bar, and 3.0 bar at a liquid spray rate of a) 10 g min–1 and b) 20 g min–1.

Research Article 157
Chemie
Ingenieur
Technik

 15222640, 2023, 1-2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202200152 by T

echnische U
niversität H

am
burg B

ibliothek - E
lektronische M

edien, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



For the diagrams in Fig. 9, characteristic values of the vol-
ume-based droplet size distribution are shown in Tab. 1. As
can be seen from the table, an increase of spray rate and
spray air pressure also increases the SPAN values of the
droplet size distributions compared to lower spray rates and
spray air pressures. The SPAN value indicates the distribu-
tion width of the droplet size measurement, which describes
a large distribution width with increasing value. The SPAN
value is calculated from the difference between x90,3 and
x10,3 to the quotient of x50,3. Furthermore, droplet sizes
increase slightly for higher spray rates at otherwise constant
spray parameters. Similar to the spray angle, the most sig-
nificant change in droplet size is observed when comparing
the values at 0.5 bar and 1.5 bar due to the different gas flow
regimes. The biggest increase can be observed for the x90,3

values at higher spray rates at constant spray air pressure.
The investigations are consistent with the findings in litera-
ture [3, 6, 11, 13].

4 Conclusions

An extensive characterization of the spray generated by the
two-fluid nozzle Schlick 970 S4 was conducted to obtain a
better understanding of how spray parameters and nozzle
setup influence the single droplets as well as the overall
spray cone. Therefore, the radial spray mass distribution,
the spray cone angle, and the droplet size distribution were
measured at varied nozzle settings. Among the investigated
parameters, the spray air pressure was identified as primary
influence on the spray angle and the mass distribution as
well as the droplet size distribution. In general, narrow
spray cones consisting of small liquid droplets were formed
at high relative velocities between the gas and liquid phase
due to the high shear forces acting on the liquid. These high
velocities occurred at high spray air pressures, low liquid
spray rates, large liquid insert bore diameters, and a short
distance between the air and water outlet which all contrib-
ute to either a high gas or low liquid velocity at the contact
point of both phases.

Future studies will be concerned with the investigation of
material properties like dynamic viscosity and surface ten-
sion of the liquid phase on the atomization as well as the

transfer of the findings to fluidized-bed applications like
coating and agglomeration experiments. With a deeper
understanding of the liquid injection, the spray in these
applications can then be adjusted to create optimal process
conditions to achieve desired product properties. If, e.g., a
coating with a smooth surface should be formed, small
liquid droplets should be sprayed onto the particles, which
then can form a uniform coating layer without any signifi-
cant surface defects [20]. For a process, where strong
agglomeration is desired, lower spray air pressures and
higher liquid flow rates should be chosen to achieve a high
droplet size that enables the formation of stable liquid
bridges. Depending on the size of the fluidized bed, the
spray angle can be set to minimize wall spraying while still
forming a large spray zone to wet the fluidized particles.
Furthermore, knowledge about the spray is valuable for
scale-up of the process since the droplet size distribution
should be comparable to the laboratory-scale to achieve the
same product properties while the mass flow of the liquid is
significantly increased. For these considerations, especially
the spray air pressure and air-to-liquid ratio are of impor-
tance. Besides the use in experiments, information about
spray pattern and droplet size is also of great value for the
simulations of fluidized-bed processes with computational
fluid dynamics and the discrete element method, where
these data are needed to initialize the nozzles as, e.g., done
by Kieckhefen et al. [21].

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/cite.202200152.
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Table 1. Characteristic droplet size parameters for different spray air pressure and liquid spray rates at the liquid input of 1.2 mm.

Spray air pressure [bar] Liquid spray rate [g min–1] x10,3 [mm] x50,3 [mm] x90,3 [mm] x32 [mm] SPAN [–]

0.5 10 21.7 47.2 87.8 34.1 1.40

20 22.6 48.2 91.6 35.1 1.43

1.5 10 7.2 18.2 41.5 13.2 1.88

20 7.9 21.7 50.3 14.8 1.96

3.0 10 4.5 10.9 25.4 8.5 1.91

20 4.9 13.4 34.9 9.6 2.24
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Symbols used

d [cm] distance between nozzle and shells
x [mm] droplet diameter

Sub- and superscripts

10,3 10 % of the total volume
32 Sauter
50,3 50 % of the total volume
90,3 90 % of the total volume

Abbreviation

ALR air-to-liquid ratio
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