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Abstract: This study proposes a customized industrial nozzle for generating impulsive air jets. It
is installed on an automatic machine in which wine caps are stacked and shot consecutively into
a rotating cylinder by an air jet. This process is very noisy; hence, this study aimed to investigate
possible geometric variations of the nozzle that can reduce the emitted noise. First, the nozzle was
tested in a laboratory to measure the air consumptions at different supply pressures. Subsequently,
3D models of the nozzle and its variations were created and used for computational fluid dynamics
simulations. Different boundary conditions were set, first to validate the model and compare it with
the experimental test results, and then to simulate the real working conditions and determine the
geometry that is less noisy while maintaining the velocity peak. Among the various possibilities,
shortening the final ducts of the nozzle appears to be the most promising solution. These modified
nozzles could be easily added to current machines to provide immediate benefits, and this study
represents a promising start for action on other machines in which this type of device is present.

Keywords: computational fluid dynamics (CFD); nozzle; noise; pneumatics; automation

1. Introduction

Despite the extensive use of mechanical and electronic components, pneumatics
continues to play an important role in automation machines owing to certain important
advantages. Pneumatic systems are known for their reliability and efficiency. They are rela-
tively simple in design and offer precise control over the motion and force applied, allowing
for the accurate positioning and sequencing of the automation devices. Moreover, they are
inherently safe to use, versatile, and cost-effective, and they offer excellent responsiveness
and high-speed operation. They can quickly start, stop, and change direction, allowing
for rapid and precise movements in automated devices. This flexibility is particularly
beneficial in applications that require speed and agility, such as packaging, sorting, and
assembly lines.

Although pneumatic systems tend to produce less noise when compared with other
types of automation systems, there is currently a demand for noise reduction for the comfort
of operators or compliance with noise regulations. European Directive 2006/42/CE [1]
imposes a maximum permitted noise level of 87 dB in work environments. Some European
countries, such as Sweden and Denmark, have stricter legislation (85 dB).

This study specifically investigated the problem of reducing the noise emitted by
the pneumatic nozzles installed on the capsuling machines manufactured by Robino &
Galandrino S.p.a. (Canelli, Asti, Italy). Capsuling machines are used in the wine industry
in the final stages of the bottling process and are responsible for inserting the capsules into
the bottles of wine and sparkling wine already encased in a cage. The two main sources
of noise in capsuling machines are two operations called ejection and distribution. The
ejection operation transfers the caps using air shots generated by the nozzles. It involves
separating the stacked caps and successively throwing them into the rotating cylinders
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through four impulsive air shots applied using a self-developed 3D-printed nozzle. The
distribution phase inserts the capsule, temporarily held inside the rotating cylinders, onto
an already caged bottle by using impulsive air shots; this phase is currently implemented
using a commercial nozzle. Volpiano and Maffiodo attempted to improve its performance
and reduce the noise [2].

The present study endeavored to analyze the airflow emitted during the ejection phase
by the nozzle, and to design new solutions that focus on improving the nozzle geometry
while maintaining the speed and power of the air jets as constant as possible.

Noise is a very broad topic and is well understood in terms of its perception, but the
study of air jets and their noise-producing capability continues to have some uncertain-
ties [3,4]. Only a few studies have explored the reduction in this noise.

An analytical treatise of this phenomenon is possible; however, simplifications and/or
approximations are generally introduced in such analyses. Lighthill [5] proposed an an-
alytical approach that provided some useful insights for designing and studying new
sound-reducing nozzles. The author showed that the acoustic power generated by a super-
sonic jet is proportional to the area of the jet section multiplied by the eighth power of the
velocity. Empirical and experimental approaches have been widely used because they allow
for the testing of real and complex geometries and generate practical interpretations [6-9].

Currently, a third interesting method is widely used: the study of the nozzle using
computational fluid dynamics (CFD) simulations [10]. CFD simulations allow for the
investigation of the behavior of the fluid flow and its interaction with various objects
or boundaries. In CFD simulations, the fluid domain is divided into a grid or mesh of
small control volumes or elements. These control volumes are used to discretize the fluid
equations into a set of algebraic equations that can be solved numerically. The equations
typically include the conservation of mass, momentum, and energy, which govern the fluid
flow behavior. These simulations can be used to analyze and predict various aspects of the
fluid flow, such as the velocity distribution, pressure distribution, temperature distribution,
turbulence effects, and forces acting on objects immersed in the fluid. Moreover, CFD can
be used to predict and analyze noise generation in fluid flows, thereby providing insights
into noise sources, sound propagation, and noise mitigation techniques.

Aerodynamic noise is characterized by pressure waves with different amplitudes and
frequencies and is spread using air as a means of transport. Given the same amplitude, noise
at higher frequencies is perceived as more acute, whereas that at lower frequencies is deeper.
The entire range of audible frequencies extends from approximately 20 Hz to 20 kHz, even
though sounds are better perceived by the human ear at a frequency of approximately
3 kHz. This means that a sound wave with a given amplitude is associated with the
maximum auditory sensation (phon) if it is emitted at 3 kHz, whereas the sensation is
inferior at higher or lower frequencies, as is clear from the normal equal-loudness contours
(Figure 1) from ISO 226 [11]. Given the same frequency, a wave with a higher amplitude
has a higher level of auditory intensity; consequently, it will be perceived as louder, and
vice versa.

Regarding low-noise control valves, D’Agata [12] reported that pressure waves in
aerodynamic fluxes are caused by turbulence, which increases the vorticity in some regions
of the air jets, thereby producing local pressure differences that are sometimes very high. It
is possible to distinguish between the different zones of a subsonic air jet exiting a nozzle.
The area of the jet responsible for the creation of turbulence, which is called the mixing zone,
is in direct contact with the surrounding air. This area surrounds the central non-turbulent
(at least at the beginning) area, called the potential core. At a certain distance from the
nozzle exit, which varies depending on the nozzle diameter and supply pressure, these
two areas become indistinguishable, and the vorticity decreases gradually with increasing
distance from the nozzle exit; the vorticity is very high in the mixing zone just after the
nozzle and subsequently decreases gradually [13].
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Figure 1. Normal equal-loudness-level contours, ISO 226 [11].

Our investigation started with the experimental and computational analyses of
a pneumatic nozzle currently used in a capsuling machine and culminated in the design
of different solutions to investigate the fluid dynamic behaviors and obtain a potentially
better solution in terms of noise generation.

2. Materials and Methods
2.1. Description of Ejection Process and Components

The capsuling machine produced by Robino & Galandrino places caps on bottles that
are already fitted with corks and encased in cages. This process is composed of four main
stages: placement, prefixing, folding, and smoothing.

During placement, the caps, which are arranged in a long stack, are inserted on a slide
and positioned individually on the necks of the bottles, which move at a constant speed
under the structure responsible for this first operation. During prefixing, the cap is rotated
until its brand is correctly aligned with the bottle’s label. It is then pressed against the
cage to avoid possible relative motion between the cap and bottle. Folding and smoothing,
which involve removing all creases and making the cap adhere perfectly to the neck of the
bottle, are responsible for the final appearance of the product. The last three stages of the
machine are performed using pneumatic muscles.

The noisiest stage is placement (Figure 2), which is composed of three stages: ejection
(No. 1 in Figure 2), cap holding (No. 2 in Figure 2), and distribution (No. 3 in Figure 2).

Figure 2. Placement stage.

The main component responsible for the ejection phase in the capsuling machine
comprises an upper nozzle and lower nozzle (Figure 3). This operation consists of sepa-
rating caps that were previously collected in a stack by pressing them on the sides and
immediately shooting them into a series of rotating cylinders for the next process. The
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pressure on the sides generates a small empty gap between the first capsule in the stack
and the next one, and the two nozzles are aligned to shoot the air in this gap, sending the
first cap into the empty cylinder installed inside the six black rings shown in Figure 2. For
the correct execution of this process, the air shot from the two nozzles must be powerful
and precise because it must hit the small gap between two consecutive caps and throw the
first cap into the cylinder very quickly.

Figure 3. Ejection: lower nozzle (below) and upper nozzle (above).

The cap-holding process consists of a continuous air flux coming out of the green fork
(Figure 2), which prevents the caps from falling out of the cylinders during the rotation of
the central wheel.

Finally, the distribution phase occurs when the cylinders are in the bottom part of the
wheel and a bottle is placed exactly beneath it (this synchronization is always guaranteed).
At this moment, the central gray nozzle (No. 3 in Figure 2) generates an air shot that shoots
the cap onto the neck of the bottle.

Figure 3 shows the upper nozzle at the top and the lower nozzle below for the ejection
process; the two final small holes from which the air flows out are visible.

The geometry of the upper nozzle is simple. It is composed of a main duct with
a diameter of 8.7 mm, a length of 10 mm, and a 90° turn with a radius of 5 mm, followed
by another straight section with a length of 6.3 mm. Then, the duct splits in two, resulting
in two final smaller ducts with a diameter of 2.5 mm, a length of 17.7 mm, and a direction
of divergence of 3.4° from the axis of the straight section. Air flows from the main duct and
exits from the final ducts.

The lower nozzle is a hollow cylinder that ends with two small holes with a diameter
of 2.5 mm at the front. The air enters from the cylinder side and flows out from the
two holes.

Figure 4 shows the inner geometry of the previously described upper nozzle.

Final ducts

Main duct

Figure 4. Inner geometry of the upper nozzle.
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2.2. Experimental Tests

Experiments were conducted to measure the air consumptions of the two nozzles at
given supply pressures.

The pneumatic scheme of the test bench is illustrated in Figure 5. The pressure
regulator (B) was connected to the compressed-air supply line (A). A digital flow sensor
(C) (SFAB full scale of 200 L/min, Festo, Esslingen am Neckar, Germany,) was inserted
downstream of the pressure regulator, and a pressure gauge (D) (Alame Acier, full scale of
1 bar, Blondelle, Panimplex NV, Veurne, Belgium) was located just before the nozzle (E)
to measure the inlet pressure at the nozzle as accurately as possible. Each nozzle (E) was
tested with its final ducts in direct contact with the atmosphere, as in the normal operation.
Each test was repeated five times.

Ty
0
—)

>

A B C D E

Figure 5. Pneumatic scheme of the test bench.

Each nozzle was tested by setting three different supply pressures (0.3, 0.5, 0.7 bar)
and measuring the corresponding flow rates. Because the outlet area was 9.81 mm?, under
the hypothesis that the air density at room pressure and temperature is 1225 kg/m3, it was
possible to estimate the air outlet velocity and mass flow rate, which are the key parameters
for setting up and validating the CFD analysis.

2.3. CFD Analysis

The software ANSYS Fluent 2022 /R2 was used to implement the model for conducting
the CFD analysis on the nozzle presenting the higher air consumption. The geometry of
the fluid domain was the same as that presented in Figure 4, but two additional cylinders
were added above each final duct to simulate and calculate the flow characteristics in
the area just outside the nozzle considered for the analysis. This was because the noise
was generated in that region; hence, the jet power and range should be estimated for that
region. The additional cylinders were 20 mm long and 7 mm in diameter. These dimensions
were defined such that the flow could fully develop along the width and length without
boundary constraints. The final mesh of the fluid domain for the CFD analysis of the actual
model is shown in Figure 6.

Figure 6. Mesh of the fluid domain for the CFD analysis.

The present analysis was performed by investigating the fluid domains of different
nozzles after applying some changes in the geometry with respect to the reference nozzle
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actually in use, whereas the boundary conditions and dimensions of the additional cylinders
were kept constant during the entire analysis.

In addition to the reference model (Figure 4), eight other models were created by
increasing or decreasing the length or diameter of the final ducts or main duct one at
a time. In Table 1, each model is described and compared with the actual model, which is
the reference model (R).

Table 1. Geometric parameters of the models for the CFD analysis.

Model No. R M1 M2 M3 M4 M5 M6 M7 Ms
Additional cylinder length (mm) 20 20 20 20 20 20 20 20 20
Main duct diameter (mm) 8.7 8.7 8.7 8.7 8.7 8.7 6 8.7 8.7
Final duct diameter (mm) 25 25 4 2.5 1.5 2.5 2.5 2.5 2.5
Main duct length (mm) 24.15 24.15 24.15 24.15 24.15 24.15 24.15 18.15 34.15
Final duct length (mm) 17.7 27.7 17.7 9.7 17.7 17.7 17.7 17.7 17.7

The objective of the first analysis was to establish the successful geometry from the
point of view of the emitted noise. Therefore, the meshing technique and dimensions of
the meshing elements of all the models were kept constant (6 x 10~* m for the final ducts,
4 x 10~* m for the additional cylinders, and default dimensions for the other regions that
were less relevant to the analysis). The model created with the geometry of the reference
nozzle actually in use has a mesh with totals of 42,810 cells, 120,048 faces, and 35,287 nodes.
All the other models, because they have different geometries, have different numbers of
nodes, cells, and faces, but the order of magnitude remains the same. The model for a real
viscous fluid “SST (shear stress transport) k-omega” was chosen [14].

The boundary conditions were the same for all the models and were set as follows:
The mass flow inlet on the inflow surface of the main duct (blue arrows in Figure 7) was
equal to the experimental inlet at the supply pressure of 0.5 bar. The pressure outlet at
the boundary surfaces of the extra cylinders was equal to the room-gauge pressure, which
was 0 bar (red arrows in Figure 7). Impervious walls were used on all the other surfaces,
with a null roughness height, because it has been verified that its relevance is negligible
(a difference of 500 um in the roughness height causes a variation of just 7 m/s in the
peak speed).

Figure 7. Boundary conditions; inlet in blue, outlet in red.

This first set of simulations allowed for a comparison of the estimated experimental
speed with the simulated value, as well as for the identification of some promising models
that were used to conduct the next simulations.
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Because the flow rate set on the inflow surface was measured with a supply pressure
of 0.5 bar, the decision was made to set a pressure inlet of 0.5 bar and to verify whether the
simulated flow rate matched the real one.

Finally, to fully validate the model, the inlet pressure was set to the actual value
during the normal functioning of the machinery. To understand the estimated value of this
pressure, Simcenter Amesim 2020.1 software was used to recreate the entire pneumatic
circuit of this operation and to set the opening and closing times of the valves. New
boundary conditions were then obtained and used for comparing the ANSYS-simulated
outlet speed with the real value simulated with the Simcenter Amesim software (previously
validated through a comparison with the average cap speed).

Because the final objective of this work was to maintain the functioning of the machin-
ery unaltered, the supply pressure was modified (if necessary) in the last tests to obtain
the same outlet velocity as the reference value. Thus, it was possible to identify the best
model for noise reduction and efficiency without compromising the performance of the
machinery. The numerical and graphical results are presented in the following section.

3. Results and Discussion
3.1. Experimental Tests Results
Tables 2 and 3 present the measured average flow rates, estimated average speeds,

and estimated mass flow rates for the upper and lower nozzles, respectively. The standard
deviation in the measured volume flow rate was less than 0.748 L /min.

Table 2. Experimental flow rates and estimated speeds for upper nozzle.

Supply Pressure Average Volume Average Mass Flow
(bar) Flow Rate (L/min) Average Speed (m/s) Rate (kg/s)
0.5 118 200.47 0.00241
0.3 89.4 151.88 0.00182
0.7 149.6 254.16 0.00305

Table 3. Experimental flow rates and estimated speeds for lower nozzle.

Supply Pressure Average Volume Average Mass Flow

(bar) Flow Rate (L/min) Average Speed (m/s) Rate (kg/s)
0.5 98.8 167.85 0.00202
0.3 75.4 128.10 0.00154
0.7 118.2 200.81 0.00241

As can be easily seen, the upper nozzle has a higher air consumption; therefore, it
was selected as the object of the CFD analysis to optimize its geometry with the aim of
decreasing the emitted noise and increasing the efficiency.

3.2. CFD Analysis Results

In Figure 8, the results obtained with the reference model (R) by setting a mass flow
inlet of 0.00241 kg/s, equal to the experimental mass flow inlet at the supply pressure of
0.5 bar (Table 2), are presented; the turbulence field is shown on the left and the velocity
field is shown on the right.

The velocity field represents the magnitude of the instantaneous velocity at each point
measured in meters per second (m/s), while the “turbulent kinetic energy” (k) [14] is
a parameter that characterizes the turbulence of the flow and is evaluated as the average
kinetic energy per unit mass (m?/s?) associated with turbulent vortices.

In the turbulence field, the triangular blue area marked with a red trapezoid is the
potential core, where the flow is nearly laminar and has an elevated kinetic energy. If this
region is extended further, the jet becomes more powerful and its range increases. The
orange region marked with a white oval is the mixing zone, where most of the turbulence
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and noise are concentrated; therefore, the jet is noisier if there is a high peak of turbulence
in this zone.

Figure 8. Model R: turbulence field on the left, velocity field on the right. Potential core is marked in
red and mixing zone is marked in white.

The eight models, from M1 to M8 (see Table 1), were compared with the reference
model (R); in the interest of brevity, only the most promising models are presented here.
The results for models M2, M3, and M6 are presented in Figures 9-11, respectively.

Figure 10. Model M3: turbulence field on the left, velocity field on the right.
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Figure 11. Model Mé6: turbulence field on the left, velocity field on the right.

Model M2 presents a substantial increase in the extension of the potential core along
with a decrease in the peak of the turbulence. In addition, the velocity is much lower than
the reference velocity, and a huge increase in the flow rate would be needed (more air
consumption) to reach the reference velocity.

Model M3 shows a speed comparable to that of the reference; however, there is
an increase in the extension of the potential core area and a decrease in the turbulence area.

Model M6 shows that the speed is comparable to the reference speed but there is
a decrease in the extension of the potential core and turbulence.

All the numerical results are presented in Table 4. The peak outlet velocity was
evaluated based on the velocity field by determining the highest value. The peaks of the
outlet velocities of M3 and M6 agreed with the experimental results obtained under the
same conditions (Table 2).

Table 4. Numerical results of CFD simulations for models M2, M3, and Mé6.

Model No. R M2 M3 Mé6

Peak of outlet velocity (m/s) 242 91 224 234
Absolute peak of turbulent kinetic 3 103 377,102 348x 103 276 x 10°
energy (m*/s”)

Peak of turbulent kinetic energy in
the mixing zone (m?/s?)

Average potential core length (mm) 8.5 17.5 11 7.25

3.71 x 103 3.77 x 102 2.60 x 103 2.76 x 103

Finally, M3 was identified as the most promising model.

To validate the model, a second set of simulations was performed to compare the
experimental and model results. In this second set of simulations, the inlet boundary
condition was changed and a pressure of 0.5 bar was established (that is, the same pres-
sure set in the laboratory). The result of the reference model was a mass flow rate of
0.0030 kg /s, which was higher than the experimental value of 0.00241 kg/s. However, the
value was correct because the exact inlet pressure in the laboratory was slightly lower than
0.5 bar. In fact, in the experimental setup, the pressure gauge was not located exactly on
the nozzle inlet. Hence, there was a difference between the two flow rates, but the results
were coherent: the experimental inlet pressure was slightly lower than 0.5 bar because of
the pipe present between the pressure gauge and the nozzle. Hence, the simulated flow
rate was a bit higher than the experimental rate.

By repeating the same test on models M3 and M6, mass flow rates of 0.0035 and
0.0030 kg/s were obtained. The increase in the flow rate in model M3 can be explained
by the fact that shorter final ducts present a lower resistance; consequently, the flow rate
increases at the given supply pressure.



Appl. Sci. 2024, 14, 981

10 of 13

Based on these results, a match between the experimental outputs and CFD simulations
was found. However, the final aim was to develop a CFD model that also reflects the actual
functioning of the machinery.

The Simcenter Amesim circuit made it possible to reproduce the conditions that were
most similar to the actual conditions and calculate the exact supply pressure during the
firing of the shots (that is, 1.3 mbar). This value was very low but not unrealistic; in fact,
the valve-opening time was 22.5 ms in a period of 0.3 s. The nozzle was very short and in
direct contact with the atmosphere; hence, it was likely to have such a low inlet pressure.
This pressure was then set as the inlet pressure in the ANSYS model, and the simulation
was performed. The shapes of the turbulence and speed domains were not altered when
compared with the values in the previous simulations, but their intensities were decreased.
For example, in Figure 12, it is possible to see that the results of model M3 obtained under
the above conditions are comparable to those in Figure 10.

[m*2 s%-2]

Figure 12. Model M3: turbulence field on the left, velocity field on the right (supply pressure:
1.3 mbar).

With these boundary conditions, it was also possible to compare the ANSYS-simulated
speed with that calculated by the Simcenter Amesim software for the reference model to
verify whether the two methods were valid and equivalent (Figure 13).

Figure 13. Velocity field for the reference model under actual operating conditions.

The values obtained in the two simulations were very similar: the peak speed obtained
with the Simcenter software was equal to 14.7 m/s, whereas that obtained with the ANSYS
simulations was 14.5 m/s.
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These values were also consistent with the actual values. The actual velocity was
not known, but an average minimum speed of approximately 6 m/s was calculated by
dividing the distance between the nozzle and rotating cylinder by the period of operation.
Considering that the process is highly impulsive, the peak speeds obtained are realistic.

For the reference model, the flow rate calculated by the Simcenter circuit was
0.125 g/s, whereas that obtained by ANSYS was 0.137 g/s. The two flow rates were reason-
ably close, but the Simcenter flow was impulsive with an opening time of
22.5 ms. Hence, it was not possible to reach the steady-state value; only a lower peak
could be attained. ANSYS simulates a steady flow; hence, its value was correctly higher
and remained constant.

Model M3 was used for further analysis. The inlet pressure was initially set at
1.3 mbar, as in the previous test, and then at 1.1 mbar; in fact, the peak speed at
1.3 mbar was higher than the reference value, whereas the peak velocities at 1.1 mbar
were nearly the same, which is important to guarantee the similar and correct functioning
of this operation. The numerical results of the final test are presented in Table 5.

Table 5. Numeric results for simulation under real work conditions.

Model No. R M3 M3
Inlet pressure (mbar) 1.3 1.3 1.1
Mass flow rate (g/s) 0.137 0.160 0.145
Velocity peak (m/s) 14.46 15.97 14.68
Turbulence peak (m2/s?) 12.04 11.72 9.63
Average potential core extension (mm) 8.25 11 11

Figures 14 and 15 present the turbulence and kinetic fields, respectively. The reference
model on the left has an inlet pressure of 1.3 mbar and the model M3 on the right has
an inlet pressure of 1.1 mbar.

Figure 14. Turbulence fields of model R at supply pressure of 1.3 mbar (on the left) and of model M3
at supply pressure of 1.1 mbar (on the right).

The end model M3, which had shorter final ducts than those of the reference model
(model R), could substantially reduce the turbulence and noise as well as increase the
power and range of the jet.

Therefore, it is possible to reduce the supply pressure to obtain the same function with
slightly greater air consumption.
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Figure 15. Velocity fields of model R at supply pressure of 1.3 mbar (on the left) and of model M3 at
supply pressure of 1.1 mbar (on the right).

4. Conclusions

This study focused on nozzle design using CFD analysis with the aim of reducing the
noise emitted from this single element of a more complex machine; however, the method
used in this case can be extended to other similar devices.

In this specific case, the study started from an experimental phase on the actual nozzle
and CFD modeling based on the same nozzle. A comparison between the experimental
and simulated data was used to validate the model. Eight different models were then
studied, obtained by varying some geometric quantities of the actual nozzle, imposing an
inlet mass flow equal to the experimental one at the supply pressure of 0.5 bar. The results
were compared in terms of the turbulence field and velocity field on the area just outside
the nozzle outlet; in particular, attention was paid to the mixing zone, as the jet is noisier
if there is a high turbulence peak in this area. Model M3, which had shorter final ducts
than those of the reference model, was found to be the most promising, as it presents an
increase in the potential core area and a decrease in the turbulence area compared to both
the reference model and the other proposed models. Using Simcenter Amesim modeling
of the real pneumatic circuit, it was possible to calculate the exact supply pressure of the
actual machine during the firing of the shots, and then model M3 was simulated with new
boundary conditions corresponding to the actual machine operation. The results obtained
from these new simulations confirmed the good behavior of the M3 model, as the shapes of
the turbulence and speed domains are similar to the results of the previous simulations, but
their intensities are decreased. Because the value of the peak velocities in this simulation
set was higher than those in the reference model, a final set of simulations was carried
out. By reducing the inlet pressure to achieve the same peak velocities, the same level of
operation as the original model can be obtained. Ultimately, this modified nozzle could
easily be added to current machines to provide immediate benefits.

Future studies will include specific experimental tests of the newly designed nozzle,
particularly with the aim of measuring its pushing force in comparison with that of the
actual nozzle to verify that the functioning of the nozzle is not altered. In addition, further
investigations could be performed to optimize the geometry in the simulation. It would be
interesting to gradually vary the length of the final ducts to investigate whether there is
a specific length that maximizes the positive effects of this geometry.
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