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Abstract. Conventionally produced pressure-swirl nozzles suffer from
the disadvantage that the geometry is restricted by the manufactur-
ing technique. Modern technologies like metal 3D printing by Selective
Laser Melting allow for more complex geometries with reduced flow resis-
tance, which can improve overall efficiency. The performance of a nozzle
is directly related to the droplet size produced by the nozzle: a fast evap-
oration of the droplets is the goal. In this paper, two conventional nozzle
designs and one design newly developed for additive manufacturing are
compared with respect to performance. The droplet distributions gener-
ated by the nozzles were measured at different pressures on a test stand
using laser diffraction analysis.

To rate the performance of the different nozzles, the Sauter Mean
Diameters of multiple measurements are compared to each other at two
different water pressures. At the lower pressure, the best conventional
nozzle and the novel nozzle design perform around the same. At an
increased pressure level (three times the lower pressure), the performance
of the newly designed nozzles is around 10% better.

Keywords: Additive manufacturing (AM) · Selective Laser Melting
(SLM) · Pressure-swirl nozzle · Atomization

1 Introduction

Since the inception of different additive manufacturing processes there has been
a steadily growing interest of these processes for various application areas [1–3].
Additive manufacturing of metals, their processes and the structure and prop-
erties of the produced metallic parts are an important topic in research [4].
The diversity of materials, which can be produced through additive manufactur-
ing, lead to fitting materials also for highly loaded applications [5]. According
to a study of Ampower GmbH & Co. KG [6], the metallic powder-bed fusion
processes, like Selective Laser Melting (SLM) of metals, are suitable for highly
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loaded, additively manufactured metal parts. The enormous advantages of such
parts are achieved through the design freedom of this manufacturing process,
which can be best achieved through a complete redesign of a product. Advan-
tages with additively manufactured parts can be achieved in a lot of different
applications, as shown by Ngo et al. [1].

Changing the manufacturing technique of a highly loaded metal part from
conventional methods to SLM will bring the chief benefit of design freedom [7].
This design freedom can be used to drastically increase the performance of the
part. This can e.g. be the performance of a nozzle, as investigated in this project.
Currently produced nozzles for the atomization of water suffer from the disad-
vantage that their design is limited by the manufacturing process. If they are
designed for SLM-manufacturing, smoother water channels are possible, which
leads to less pressure drop and therefore to smaller droplets. Smaller droplets
are the key element in engineering of desuperheater spreayheads of the next
generation.

A desuperheater is a device that injects a controlled amount of cooling water
into a superheated steam flow in an effort to reduce or control the steam temper-
ature. Desuperheaters come in various physical configurations and spray types
that optimize performance within specified control parameters. Figure 1 shows
a sketch of a desuperheater in a steam cycle. For this type of desuperheater, the
control unit is outside of the steam cycle, and the sprayhead injecting water into
the steam cycle is located underneath it. Such a sprayhead consists of multiple
pressure swirl nozzles, which form a hollow cone of water that will atomize to
single droplets after a certain distance. The atomization principle used is the
most promising among a lot of different possibilities, for the according require-
ments. Different atomization and spray techniques are shown by Lefebvre and
McDonell [8]. The droplets in the steam cycle will evaporate after some time.
The performance of a sprayhead is among other things measured with means of
the evaporation distance. If there is a bend in the steam cycle downstream of
the sprayhead and not all droplets are evaporated at this bend, corrosion and

Fig. 1. Sketch of a steam cycle
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cracking can occur at the wall of the pipe. Therefore, a faster evaporation is
better since it will drastically decrease the cost of a steam cycle. To get a fast
evaporation the key factor is to produce small droplets with the used nozzles.

Investigation of sprays from a nozzle can be done experimentally, as shown
by Laryea and No [9], Xie et al. [10] and Zhao and Yang [11]. Therefore, the
performance of a new nozzle design can be measured and compared to a previ-
ous design. Achieving nozzle improvements through changing the manufacturing
technology to an additive one is currently hardly covered in research literature.
However, it is currently being investigated by different companies, and prod-
ucts with this improvement already are available e.g. on the gas turbine market,
which is shown by Stytsenko et al. [12] and Appleyard [13].

The existing sprayhead consists of multiple parts and is shown in Fig. 2. The
main body of the sprayhead is a monolithic part, whereas the nozzles (one or
two additional parts for each nozzle) are threaded into it and then brazed to seal
it. Therefore, a further improvement of the SLM-manufacturing will be that the
assembly time and brazing is not needed anymore. The new sprayhead can be
printed as a single monolithic part.

Fig. 2. Existing sprayhead consisting of
multiple parts

Fig. 3. Negative of the SLM sprayhead
which consists of one solid part

A negative of such a sprayhead designed for additive manufacturing and
including the novel pressure swirl nozzle design is shown in Fig. 3. It can be
seen that the waterpaths of this design will be smoother in comparison to the
existing sprayhead design. A further advantage of this monolithically produced
sprayhead will be that the nozzles and their inlet channels can be arranged with
less restrictions than before.

This paper investigates the improvement of the nozzles enabled by SLM man-
ufacturing. This improvement is measured in droplet size and will be compared
to existing, conventionally manufactured nozzles.
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2 Initial Design, and Design of Experiments (DoE)

The current pressure swirl nozzle (conventional nozzle) is manufactured with
conventional manufacturing methods. It does not only consist of multiple parts,
it is also brazed together to seal it. The main problem with this nozzle is that
there are a lot of sharp edges in the water path, which leads to a large pressure
loss and therefore to bigger droplets. The conventional nozzle, shown in Fig. 4, is
a pressure swirl nozzle with two chambers, a feed chamber and a swirl chamber.
It is visible that this nozzle consists of multiple inlet ports, which are the entry
of the nozzle and the feed chamber. From the feed chamber the water is guided
through two channels to the swirl chamber. Because of this guidance a swirl
is generated in the swirl chamber. As soon as the water leaves the nozzle, a
hollow cone of water is formed. After a certain distance from the nozzle exit, the
breakup from this circular sheet of water to single droplets occurs.

Fig. 4. Conventional nozzle design Fig. 5. Novel nozzle design

The novel nozzle design works in a similar way to the conventional design
and is also a pressure swirl nozzle. For the novel nozzle, the design freedom of
additive manufacturing is used. In a heuristic procedure, this new nozzle design
was created with water paths as smooth as possible, leading to less pressure loss
and therefore to smaller droplets. The novel nozzle design is shown in Fig. 5. The
four inlet channels are guided directly to the swirl chamber and no feed chamber
is needed. This printable design has the advantage that a sprayhead engineered
of multiple such nozzles can be printed by SLM in one part, and therefore the
assembly and braze time is not needed anymore.

Since not only smooth water paths are needed for the smallest droplets pos-
sible, the right proportions of the dimensions were investigated. A Design of
Experiment (DoE) approach is used to statistically vary the significant parame-
ters in contrast to just trial and error. A model can be fitted into the measured
data, by the carefully defined measurement points and the output variable (in
this case the Sauter Mean Diameter (SMD)1) can be predicted and thus opti-
mized. The dimensions displayed in Fig. 6, which shows a section of the novel
nozzle design, were defined and varied for the DoE. In Table 1 the setup for the

1 Diameter of a droplet whose surface-to-volume ratio is equal to that of the entire
spray. The SMD is about 15%–25% smaller than the mass median diameter [8].
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Fig. 6. Sketch of the swirl chamber with the parameters of the nozzle for the DoE

different parameters are shown in coded units2. The nozzle “Initial design” is
the initially designed nozzle, with no changes in the parameters. All the other
nozzles, named DoEXX, are used to gain different data points to fit the data
to afterwards. All these nozzles were manufactured and measured to create a
model for the prediction of the SMD. The measurement procedure is described
in Sect. 3.

Table 1. Input variables of DoE

Nozzle Name ds/d0 dp/d0 l/d0

Initial design 0 0 0

DoE00 −1 −1 −1

DoE01 −1 −1 +1

DoE02 −1 +1 −1

DoE03 −1 +1 +1

DoE04 +1 −1 −1

DoE05 +1 −1 +1

DoE06 +1 +1 −1

DoE07 +1 +1 +1

DoE08 −√
2 0 0

DoE09 +
√

2 0 0

DoE10 0 −√
2 0

DoE11 0 +
√

2 0

The measurements of these different nozzles showed that it is possible to fit
the data with different models. The model which fits the best was chosen and
the global minimum of the SMD in this model was searched. This led to the
2 In the plus-minus coding scheme +1 is used to denote one level of a factor, often

called the high level, whereas −1 is used to denote the low level.



404 M. Umbricht et al.

optimized nozzle design SE6. Again, this nozzle was measured and compared to
the other nozzles. The measurement setup and procedure is described in Sect. 3,
the results are shown in detail in Sect. 4, and discussion takes place in Sect. 5.

3 Measurement Setup and Procedure

The main goal of the project is to design a nozzle with a better performance.
This can be quantified with the droplet size, since smaller droplets result in a
faster atomization of the droplets, which is identical to a better performance. The
distribution of the droplet size can be measured with laser diffraction. Thereby,
droplets which get hit by a laser beam scatter this laser light. The scattering
angle can be measured and used for a calculation of the droplet diameter. During
the measurement, the size distribution for all particles along the laser path is
measured. To measure the droplet size of the nozzles, the Malvern Spraytec
device from Malvern Panalytical GmbH, Malvern, United Kingdom, which works
with this principle, is used. This device can measure droplet sizes between 0.1
and 2000 µm.

Fig. 7. Sketch of the measurement setup

A sketch of the whole measurement setup is shown in Fig. 7. There it is visible
that only half of the rotationally symmetrical spray is measured at once with
the Malvern Spraytec and the rest of the spray is excluded with a metal sheet.
This is done to improve transmission of the laser light at higher pressures (higher
mass flow, a lot of droplets in the laser path of the measurement device). During
the measurements the mass flow and the pressure are measured and recorded.
To get comparable measurements a water pump is used to measure at different
pressure levels of the feeding water. Since the nozzles should perform well at
a broad pressure range two pressure levels are measured: the lower pressure
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level p0 and the higher pressure level 3p0, a three-fold increase of p0. A further
decrease in pressure level could lead to a bad swirl in the swirl chamber and
therefore to big droplets. A further increase in pressure level will not be possible
to be measured with the current setup since the transmission of the laser will
not be high enough for a reliable measurement. The whole measurement setup is
designed in a way that it is easy to measure the droplet size at different angular
positions of a nozzle. For every measured nozzle an insert is produced, which
can easily be changed in the test stand.

The 3D view of an insert is shown in Fig. 8. The SLM-manufacturing of this
insert is done in the same orientation as the orientation of the nozzles inside
a sprayhead will be for the manufacturing of the whole sprayhead. Therefore,
the nozzle axis is orthogonal to the build direction (as shown in Fig. 8). The
complete nozzle is made without support structure, since it will be hard or even
impossible to completely remove these in the inside. On the bottom side of the
insert, support structure is needed for the connection to the build plate. After
the SLM manufacturing, the outlet diameter is milled to a completely circular
hole, which leads to a more homogeneous spray. The backsides of the inserts are
also milled to get a sealing surface.

Fig. 8. Insert for the measurement of the droplet size

A single measurement of a nozzle insert always includes eight different angu-
lar positions with an offset angle of 45◦. Every position is measured for 30 s.
The droplet measurement device software generates one SMD for every mea-
sured second. This leads to a graph as shown in Fig. 9 for every nozzle measure-
ment. To ensure that the results are reliable, a multitude of these measurements
(repeatability measurements) with the same insert and the same procedure are
performed. To ensure that the measurement setup is trustworthy, it is necessary
that these repeatability measurements do not vary too much.

It is important that the nozzles being compared are in the same mass flow
range since smaller nozzles will automatically reduce the size of the droplets. The
problem with smaller nozzles is that their massflow will not be high enough. The
novel nozzle was designed so that it has a similar mass flow to the conventional
nozzle. Variation of the mass flow at a certain pressure can be achieved through
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Fig. 9. Example of a nozzle measurement at pressure p0, with a massflow of
11.1 kg/min (SE6-Eco a), (On each box, the central mark indicates the median, and
the bottom and top edges of the box indicate the 25th and 75th percentiles, respec-
tively. The whiskers extend to the most extreme data points not considered outliers,
and the outliers are plotted individually using the ‘+’ symbol. Outliers are all points
which are 1.5 times the interquartile range smaller or greater than the median. The
notch displays the 5% significance level of the median [14].) (Normalization due to
confidentiality, which does not allow to show any discrete values. Median SMD of the
YE nozzle at pressure p0 belongs to 100%.)

a uniform scaling of the nozzle. This can not only be done through a physical
scaling of the nozzle and therefore a new manufacturing, it is also possible to
scale the measured SMD to a certain mass flow. Experiments with different sizes
of nozzles led to the following formulas at the two pressure levels. Scaling at
pressure p0 can be done with Eq. 1 and at pressure 3p0 with Eq. 2 [15]. This
scaling is always done if multiple nozzles are compared to each other.

SMD(2) = SMD(1) ·
(
ṁ(2)

ṁ(1)

)0.359

(1)

SMD(2) = SMD(1) ·
(
ṁ(2)

ṁ(1)

)0.204

(2)

4 Measurement Results

In this section the measurement results of the different nozzles are compared
to each other. From the initial design (before DoE) to the optimized nozzle
design (after DoE, SE6) an improvement of around 20% could be achieved for
both pressure levels (p0 and 3p0). With this optimized nozzle design, different
comparisons are made in this chapter.
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Figure 10 shows the comparison of different SE6 nozzle inserts at pressure
p0. Two of these inserts (SE6a and SE6b) are SLM-produced in-house, like all
the SLM nozzles for the DoE. This is done with a Realizer SLM 125 machine
from Realizer GmbH, Borchen, Germany. Two nominally identical nozzles were
produced to evaluate repeatability between different parts. The SE6-Eco a and
the SE6-Eco b are produced at Ecoparts AG, Hinwil, Switzerland (external
supplier). All these nozzles named SE6 have the same nozzle geometry. How-
ever, the nozzles produced by Ecoparts are made of Inconel 718, whereas the
internally manufactured nozzles are all made of Inconel 625 (SLM powder with
standard grain size distribution). Every boxplot in Fig. 10 belongs to one SLM-
manufactured insert with the same nozzle geometry (SE6 nozzle design) and
every insert is measured five times over all eight angular positions (every 45◦)
to include the repeatability and the angular variation.

SE6a SE6b SE6-Eco_a SE6-Eco_b
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Fig. 10. Comparison of the SE6 nozzle manufactured in-house and at an external
supplier at pressure p0, mass flow scaled to 11.2 kg/min

Comparing the SE6a to the SE6b one can see that there is a significant
variation between these two inserts, even though they have the same nozzle
geometry and are produced with the same machine and the same material. It is
likely that this lack of reproducibility originates from turbulence in the cross-flow
of inert gas across the build platform of the in-house SLM machine. Comparing
the inserts from the external supplier (SE6-Eco a and SE6-Eco b) it is visible
that these nozzle inserts are more reproducible. They are also reproducible for a
higher quantity of nozzle inserts (for simplicity, these results are omitted here)3.

The externally manufactured SE6 inserts have around the same or smaller
median droplets than the internally manufactured inserts. However, the variation
3 With this information it is conceivable that the DoE performed with externally

manufactured nozzles would have led to a different optimized nozzle design.
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of the droplet sizes of a single externally manufactured insert is bigger. This
bigger variation can be explained with a look at the measurements of specific
angular positions. This is shown in Fig. 11 for an in-house manufactured nozzle
(SE6 a) and in Fig. 12 for an externally manufactured nozzle (SE6-Eco a), where
again all the five repeatability measurements of the respective insert are included,
but shown at the different angles. One of the five repeatability measurements
included in Fig. 12 was already shown in Fig. 9. In Figs. 11 and 12 it is possible to
see that the large variation of the boxplots from Fig. 10 are due to different SMDs
at different angular positions. If these different angular positions of both inserts
are compared to each other, it is noticeable that the worst angular positions
(90◦) are only slightly better in the externally manufactured inserts. However,
the better performing angles are clearly better in the externally manufactured
inserts than in the in-house produced inserts. This leads to the somewhat larger
variation in the case of the externally manufactured nozzle (see Fig. 10). The
worst SMD occurs at 90◦, which is 45◦ (in swirl direction) after the top location
of the SLM manufacturing. The higher surface roughness at the top position
therefore has an influence on the droplet size.
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Fig. 11. Angular variation of the SE6 a
nozzle, SLM manufactured in-house,
at pressure p0, mass flow scaled to
11.2 kg/min (sum of five repeatability
measurements)
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Fig. 12. Angular variation of the SE6-
Eco a nozzle from an external supplier
at pressure p0, mass flow scaled to
11.2 kg/min (sum of five repeatability
measurements)

The most important comparison is the one between the novel nozzle design
and the conventionally manufactured nozzles. For this comparison the externally
manufactured nozzle inserts are used, since these results are more reproducible.
The comparison between the novel nozzle design and the conventional nozzle is
shown in Fig. 13 at pressure p0. The conventionally manufactured nozzles (NE
and YE) are measured eight times over all eight angular positions in compari-
son to the five measurements of the SLM nozzles. For all the five repeatability
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measurements of the SLM nozzle inserts nothing was changed. But for the eight
measurements of the conventional nozzles, the two main parts of the nozzle,
which are not rotationally symmetric (inlet ports to the feed chamber and chan-
nels to the swirl chamber) are also rotated relatively to each other in 45◦ steps
(eight different positions). This showed, that this relative angle to each other
is also very important, whereas it is random in the existing sprayhead. These
positions are not further investigated in this project. It is visible that the novel
nozzle design can perform slightly better with regard to the median droplet size
than the best conventional nozzle. The variation of the droplet size is larger in
case of the SLM-manufactured inserts.
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Fig. 13. Comparison of the best SLM nozzles with the conventional nozzles at pressure
p0, mass flow scaled to 11.2 kg/min

In Table 2 the measured droplet size values of the optimized SLM nozzles and
the conventional nozzles, at pressure p0, normalized and scaled to a mass flow
of 11.2 kg/min, are shown. For this table the two inserts with the same nozzle
geometry and manufacturing on the same SLM machine are added together. For
the complete comparison of the different nozzles it is not only important to com-
pare the median values of the SMD, it is also necessary to have a measure for the
droplets larger than the median. This measure is the 90%-Quantile. Comparing
all these values the same conclusion as before can be made. The performance
of the novel nozzle design and the best conventional nozzle is around the same.
The median droplet size of the novel nozzle design is slightly better than the
best conventional nozzle, but the 90%-Quantile and the standard deviation of
the best conventional nozzle are slightly better.
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Table 2. Comparison of different nozzle types at pressure p0, mass flow scaled to
11.2 kg/min

Nozzle Median [%] Standard
deviation [%]

90%-Quantile [%]

SE6 in-house
(2 nozzle inserts)

97.9 7.4 110.6

SE6 Ecoparts AG
(external supplier)
(2 nozzle inserts)

96.7 10.4 113.8

NE
(1 nozzle insert)

106.4 8.1 116.1

YE
(1 nozzle insert)

100.0 6.5 109.7

The same comparison as for pressure p0 can be made for other pressure lev-
els. This is shown for pressure 3p0 in Fig. 14, for the same nozzle inserts like
before. The main message does slightly change with the pressure rising. Again,
the externally manufactured nozzles (SE6-Eco a and SE6-Eco b) are more repro-
ducible than the same geometry produced in-house (SE6 a and SE6 b). Unlike
for the lower pressure level, it is possible to see here that the novel nozzle design
is clearly better than the best conventional nozzle. The overall performance of
the novel nozzle design is around 10% better than the best conventional nozzle.
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Fig. 14. Comparison of all nozzles at pressure 3p0, mass flow scaled to 20 kg/min (note
that two outliers around 130 µm for the nozzle SE6-Eco a are not shown)

In Table 3 the droplet size values of the comparison at pressure 3p0, nor-
malized and scaled to a mass flow of 20 kg/min are shown. For this table the
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two inserts with the same nozzle geometry and manufacturing on the same SLM
machine are added together. The droplet sizes of this higher pressure level (3p0)
are clearly smaller than the droplet sizes of the lower pressure level (p0). The
novel nozzle design (SE6) is around 10% better in case of the median than the
best conventionally manufactured nozzle (NE).

Furthermore, out of the two conventional designs we note that for the higher
pressure level, a different conventional nozzle performed better than at the lower
(YE at pressure p0 and NE at pressure 3p0).

Table 3. Comparison of different nozzle types at pressure 3p0, mass flow scaled to
20 kg/min

Nozzle Median [%] Standard
deviation [%]

90%-Quantile [%]

SE6 in-house
(2 nozzle inserts)

48.8 2.4 53.1

SE6 Ecoparts AG
(external supplier)(2
nozzle inserts)

49.1 3.4 53.2

NE
(1 nozzle insert)

55.0 2.6 57.5

YE
(1 nozzle insert)

55.8 3.3 59.7

5 Discussion

In this section the measurement results presented in Sect. 4 are discussed. For
both pressure levels (p0 and 3p0) it is visible that the in-house manufactured
SLM nozzles are sometimes significantly different with regard to the SMD, even
if they are completely the same geometry (SE6a and SE6b). These differences in
the nozzles can also be measured in the surface roughness of the nozzle inserts.
The Sa (arithmetical mean height)4 values at a specific position of the internally
manufactured inserts varies between 6.3 µm and 10.3 µm between different noz-
zles of the nominally same geometry. The surface roughness values are measured
with a Laser Scanning Microscope (LSM), from Keyence, Osaka, Japan. As men-
tioned previously, the unfavorable gas cross-flow of the in-house SLM machine
is suspected to be the dominant cause of this variability.

Since the final nozzle will be manufactured with a state-of-the-art SLM
machine, some inserts were produced at Ecoparts AG (external supplier). These
inserts have a smaller variation of SMD and surface roughness, which is due to

4 Sa is the extension of Ra (arithmetical mean height of a line) to a surface. It
expresses, as an absolute value, the difference in height of each point compared
to the arithmetical mean of the surface [16].
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a more stable SLM-process. Measured in the same way and position as for the
in-house inserts, for the external nozzles the Sa values vary between 5.0 µm and
5.9 µm. The lower surface roughness of these externally produced nozzles leads
to the assumption that a lower surface roughness will generate less pressure loss
and therefore smaller droplets. This could be achieved with an additional surface
finishing process, which will be further investigated.

The cause of the angular variation of the SMD of a single nozzle is the depen-
dence of surface roughness on overhang angle commonly seen in SLM manufac-
tured parts [17]. Figure 12 shows that the biggest droplets are produced at an
angle of 90◦. Figure 15 shows a sketch of the nozzle outlet, where it is visible that
the biggest overhang angle is at measurement angle 45◦ and the swirl in the swirl
chamber is going in the direction of increasing angular positions. The droplet
sizes of the angles after the largest overhang angle (90◦ to 180◦) are somewhat
higher than the rest, which is explained with the higher surface roughness of
the angles before. To significantly improve the performance of the novel noz-
zle design, it is necessary to reduce the surface roughness at the top surface of
the nozzle. If this can be achieved, the variation of the SMD will be smaller
and therefore the overall performance better. This will be the topic for further
investigations.

Fig. 15. Sketch of nozzle outlet.

6 Conclusion and Outlook

A novel pressure swirl nozzle design with smooth transitions from inlet channels
to the swirl chamber was designed. The initial design was further developed with
a design of experiment (DoE) and finally compared to the existing (conventional)
nozzle design. It was possible to show that the performance of the novel nozzle
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design is around the same at a low pressure level (p0), and an improvement of
around 10% at a higher pressure level (3p0) could be achieved. Together with the
ability to freely arrange the nozzle positions and the inlet positions in a sprayhead
and the ability to manufacture a whole sprayhead at once, without the need of
assembly time, this shows the clear potential that SLM manufacturing has for
desuperheater sprayheads.

The measurement of the same nozzle geometry, once manufactured in-house
and once at Ecoparts AG, showed a strong dependency of the SMD to the surface
roughness of the SLM manufacturing. This leads to the assumption that a further
improvement of the surface roughness will lead to even smaller droplets. For
the improvement of the surface roughness of SLM-manufactured parts, different
processes are known in the industry. The improvement of the nozzles after the
treatment with these different processes will be further investigated.
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