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Abstract

In order to determine the effect of the divergent nozzle length on the single-hose nozzle geometry, the computational couple
simulation approach was employed. Furthermore, a model was successfully provided for the two-way exchange of mass,
momentum, and energy between two phases. The energy that was exchanged between two involved phases, the solid dry ice
particle and a working medium of compressible air-fluid, was also obtained. The model was then coupled with the acoustic
programming code solved using the Mump solver. The result revealed that the most extended divergent length showed the
highest flow velocity across the nozzle cavity and induced the lowest turbulence flow. Thus, the acoustic sound pressure level
was reduced. The shortest divergent nozzle length, equal to 200 mm, produced the highest sound pressure level equal to 85
dBA within the frequency range of 1000 to 1200 Hz. It also produced an average maximum of sound power level, which
is 100 dB, across all frequency ranges. Therefore, this study is highly essential since the characteristics of the gas-particle
flow within a nozzle cavity provide a deeper understanding of the multiphase flow in turbine and jet engine flow analysis.

Keywords Aeroacoustics - CFD - Divergent length - Dry ice blasting - noise - Nozzle geometry

Introduction

Industrial pollution poses an enormous challenge for plant
operators as impurities’ existence reduces the device’s
efficiency, disrupts the involved operation, or even causes
certain damages [1]. To combat this problem, a variety of
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methods in removing pollutants have been successfully
designed and effectively operated [2]. One of these meth-
ods is dry ice blasting, wherein a moisture-less condition
is required for its operation. The method also substantially
produces less waste after cleaning (compared to, for exam-
ple, sandblasting). Furthermore, its operational parameters
can be effortlessly controlled by mass flow and pressure
change. On top of that, the dry ice blasting solution is rela-
tively cheap and safe [3]. Nevertheless, this method also has
its limitation, which involves its cooling mechanism of the
cleaning surface [4].

The dry ice blasting approach is initiated with the air
compression and drying stage. Then, the pelleted dry ice
(diameter of 3 mm and a length of 5—5 mm) is loaded into a
shredder [5]. In cases where smaller dimensions of the pel-
lets are required, they are run through a strainer. A separate
system is required to produce the dry ice [6], whether by
employing the process as described in [7], or on-site [8],
where a pelletizer is utilized to convert the liquid CO, into
pellets. Once the two-phase dry ice blasting machine is suf-
ficiently loaded with the pellets, the pellets are then blasted
to the cleaning surface by the compressed air through a noz-
zle [9].
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The flow parameters are heavily dependent on the air
pressure, the mass flow rate of dry ice, as well as the nozzle-
surface distance. The system is schematically presented in
Fig. 1. Dry ice cleaning is based on three distinct phenom-
ena: abrasion by the flow of kinetic energy, sublimation,
and the thermal effect (cooling) [10, 11]. The final force
impacting the cleaning surface consists of three different
components, namely the force of compressed air, the force
of solid CO, particles due to their velocity, as well as the
sublimation force due to the abrupt changes in the phase as
a consequence of the rapid velocity growth [12].

Dry ice blasting is highly beneficial to clean the electrical
devices used in aircraft, automobiles, and railway [13]. Even
though the method has been previously developed for indus-
trial cleaning purposes, it can also be applied on the surface
pretreatment process successfully. For example, it can be
used when the aluminum bonding joints [14], or coatings of
aluminum oxide [15] or titanium [16], should be improved
in terms of adhesive strength. The main component of a dry
ice blasting system is the nozzle, and its geometry substan-
tially influences the two-phase flow outlet parameters and
the cleaning speed, consequently [17]. More specifically,
a supersonic two-phase flow is a phenomenon modeled in
this study. Previous studies have reported a two-phase flow
while passing through a convergent-divergent nozzle. Using
the Laval nozzle, one of these studies has proposed a model
for the mixture of air and water [18, 19]. A simulation of
high-speed fluid mix with a particle is very challenging,
especially in large density gradients, and requires a proper
computational model. A study done by Bonelli et al. [20]
has shown a method to minimize the computational load by
using the localized artificial diffusivity (LAD) model. The
model is used to suppress the unresolved high-frequency
modes of the flow field and accounts for the effects of the
subgrid scale on the resolved variables by adding artificial
fluid transport coefficients to the physical ones. The theory
was then developed and extended by Kawai, Lele [21]. Apart
from that, some studies have examined the nozzles explicitly
designed for dry ice blasting purposes, where the nozzle
shapes were analyzed to determine the generated operational
noise due to the nozzle geometry [19].

Nonetheless, to the best of the authors’ knowledge, there
is little or no study was investigating the substantial effect
of nozzle geometry on the dry ice blasting process’s per-
formance characteristic in terms of divergent length [22,
23]. In a previous study, the convergent peripheral section’s
effect was not considered in analyzing the two-dimensional
model of a nozzle geometry [19]. This is essential since the
reference nozzle was a dual-hose nozzle geometry with an
asymmetrical shape [24].

As an attempt to fill this knowledge gap, a three-dimen-
sional single-hose nozzle geometry has been investigated.
This was done to examine the relationship between different
divergent nozzle lengths, 50 mm increment in a range of 200
to 400 mm, and the flow characteristic. Therefore, a novelty
approach was employed in this research to investigate the
flow characteristic inside the nozzle geometry of dry ice
blasting with dual hoses by utilizing a three-dimensional
model and coupling it with an acoustic study in which an
aeroacoustic analysis on the sound generation over different
divergent nozzle lengths. Upon finding the characteristics
of divergent nozzle length concerning acoustic sound power
level generation, this application can be applied to dry ice
blasting fabricator to create a nozzle geometry with a spe-
cific dimension to minimize sound pressure level when deal-
ing with the cleaning of office flow where the requirement
of low-level noise is compulsory.

Model implementation
Mathematical model

General Equations.

The numerical model developed for the continuous phase
was based on the following equations:

Energy [25, 26]:

d 0 oT
E(pH)+$<pujH+ujp—ka —ujaij> =0 (D
i j

Momentum [26, 27]:
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Continuity [26, 29]:
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Ideal gas law:
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where we can write the total molecular viscosity as:
M= Mo+ Hy 6)

Then, the molecular viscosity was summed up with the tur-
bulent eddy viscosity to express the effective fluid viscosity
[26, 30]:
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On the other hand, the dry ice particles consider a discrete
particle that requires a discontinuous equation. The particles
are assumed to be spherical for simplicity. One-way coupling
is assumed between the particle and airflow fields, and the
interaction between particles is neglected because the particle
flow is dilute. The general form of the trajectory equation for
a single particle with constant mass is given as [26]:

The development of the total energy heat transfer model
was accomplished by determining the high-speed flow value
(Mach number > 0.3) along with the compressibility effects
of the system.

Large Eddy simulation

Large Eddy simulation (LES) was utilized in this study to
accurately model the turbulence flow after mapping results
from the RANS analysis [31]. The LES technique for simu-
lating turbulent flow used grid mesh as the filter. Filtering
is the convolution of a function with a filtering kernel G
presented as [32]:

(%) = / G<%—E)u(3)d2 (10)

=10 + g (11)

Which results in a total velocity of u;, while the term
u; represents the resolvable scale part, and u: describes the
subgrid-scale part. Based on this equation, the new value of
u; can be substituted for all governing equations as presented
above.

Geometrical modeling

Dry ice nozzle geometry is designed using scFLOW pre-
processor, a cradle product, as shown in Fig. 2. The notation
dimension of a dry ice blasting nozzle is illustrated in the
figure. Nozzle parameters consist of the length and diameter
of the convergent nozzle (/,, and d,,), the diameter of the gas
inlet (d,), as well as its insertion length in the convergent
section (li,). Other parameters can be listed as the diameters
of dry ice inlet (dip) and throat (d,;,), the divergent length
(14, and the exit width and height (w,, and h,,). The area
ratio of the nozzle exit to the throat is defined as the expan-
sion ratio. Table 1 presents the properties corresponding to
the dry ice solid particle.
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Table 1 The properties of dry ice pellets [11]

Parameters Values
Temperature/°C 78.50
Density / Kg m~3 1560
Heat capacity / Jkg™! K™ 519.16
Shape factor 0.76

Mesh for DIB nozzle geometry

In this process, the finite volume method was employed
in CFD simulation code [33, 34]. Thus, the computational
domain was required to be meshed to solve the governing
equation for every cell [35-37]. The mesh model is pre-
sented in Fig. 3. Poly-mesh is used by the programming
code in scFLOW [27]. This mesh type significantly ben-
efits the model, as every cell has many neighboring regions
[38—40]. Hence, the gradients can be approximated success-
fully. Apart from that, since the polyhedrons are less sensi-
tive to stretching than the tetrahedrons, a better mesh quality
is produced [41, 42].

Consequently, this causes the numerical stability of the
model to be improved [43—45]. Furthermore, the small mesh
is used for significant gradient changes, while for other
purposes, the coarse mesh is utilized instead [46—48]. It is
essential to maintain an optimum mesh quality for accuracy
and stability [49-52]. However, the computational load must
not be increased too much. Besides, the process of generat-

control command by the octree parameter. Two-wall prism
layers are also set to the nozzle surface with a thickness coef-
ficient of 0.2. Thus, a 2.4 mm wall thickness is set around
the wall layer to capture the boundary viscous sublayer. The
RANS method is initiated at the first simulation to determine
the suitable element size. The first grid point from the wall
is within the viscous sublayer (e.g., y+ <5). As a clarifica-
tion, the poly-mesh is applied to adapt the unstructured mesh
property on the nozzle surface [53, 54].

Mesh sensitivity study

The numerical accuracy of CFD modeling directly relates
to mesh property. The present approach employs the finite
volume method in which the model needs to be discre-
tized into mesh elements with different mesh sizes to
adapt to different shapes and geometry [55, 56]. However,
different mesh sizes in the model give different results
due to different accuracy. Thus, mesh sensitivity is crucial
to be determined at an early stage before being further
analyzed. The mesh sensitivity of the present study is
shown in Table 2. The table consists of 3 different cat-
egories of mesh, which are coarse, medium, and fine.
Fine mesh represents smaller-sized mesh in the model,
and it turns out to have the biggest number of mesh. The
fixed measurement result is taken from the nozzle outlet
velocity. The 3 mesh categories are presented along with
extrapolated error and extrapolated velocity as a refer-
ence and ideal mesh size. Extrapolated velocity is the

Fig.3 Polyhedral mesh gener-
ated by defining the octree
parameter

Create Octree ————p
Generate mesh

by specifying courseness.

Fine octree is generated
automatically around wall

Generate polyhedral mesh——>»
Generate mesh with
prism layers inserted

ing mesh is controlled by the octree parameter. The restricted
minimum and maximum octant sizes are set to be 12 mm.
The surface mesh around the nozzle geometry is set to be
1 mm. The poly-mesh is then generated by following the
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outlet velocity when the mesh size is infinitely very small,
which is the mesh size approaching zero. Therefore, this
study utilizes fine mesh that provides less than 5% errors
compared to extrapolated velocity.
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Table2 Mesh sensitivity study Mesh type  Representative Number of mesh Outlet velocity Extrapolated outlet Extrapo-
of nozzle geometry cell length/mm velocity (h=0) lated
errot/%
Fine 6.30 136,320 78.64 4.41
Medium 12.29 58,536 84.32 75.32 11.95
Course 19.53 4310 104.51 38.75

CFD—acoustic couple simulation method

In this method, an investigation on the acoustic property of
DIB nozzle was conducted using an aeroacoustic simulation
approach. The first step in performing the couple simulation
was by conducting the steady-state analysis using the Rey-
nold Average Navier Stokes (RANS) method to represent
the turbulent model [57, 58] as shown in Fig. 4. The RANS
method is a time-averaged equation of motion for fluid flow.
The idea behind using this scheme first in this couple simula-
tion is because of the mapping function. The mapping function

requires finding the suitable courant number associated with
nozzle geometry. Thus, a better time step can be predicted for
high accuracy in LES scheme. The solution was computed
over 200 cycles and converged at 120 cycles. The setup cri-
teria for the relative errors of those governing equations were
less than 1x 107, During the steady-state analysis, particle
tracking was not activated to let the flow reach the steady state
before the particle (dry ice pallet) was introduced.

Once the steady-state solution had converged, the RANS
method was then replaced by the large Eddy simulation (LES)
method [59] by selecting a transient analysis over 20,000

Fig.4 The flowchart of cou-
pling CFD to acoustic simula-
tion process

Steady state analysis
(Turbulence : RANS method)

Output RANS restart file

Transient state analysis
(Turbulence : LES method)
1 - 20,000 cycles for 0.00001 s

Output LES restart file

Fluid session
(Turbulence : LES method)

Output file CFD and
Acoustic results

—> :
20,000 - 20200 cycles Output cmd file
for 0.00001s
Compute the solution
Start new project simultaneously using
Mump solver (Acoustic)
Acoustic session T
Input microphone 1m away
—>

20,000 - 20,200 cycles
for 0.00001s

Output icfd file
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cycles. LES scheme is a mathematical model for turbulence
analysis. LES requires a high computational load but has a
better sense of mathematical accuracy to capture eddy’s turbu-
lence flow which is bigger than the meshing element. During
the LES method, a fluid session was activated in scFLOW-
pre to couple the CFD to the acoustic file configuration. The
acoustic session was then activated when the output CMB file
from the fluid session was generated. In the acoustic session,
the acoustic boundary condition was required to be set up by
providing the property of an infinite element, acoustic source,
and frequency of measurement. Finally, the program would
generate an acoustic file to perform the linked simulation
between CFD and acoustic simultaneously.

The validation of the model

The numerical value of output velocity from a nozzle geom-
etry carried out by Dzido et al. [11] was used in the present
model validation study as shown in Table 3. In this process,
the cleaning time was vitally influenced by the outlet flow
velocity. For the experimental setup, cleaning the given sur-
face was carried out from two distinct distances of 15 and
30 cm. Apart from that, the cleaning time was also measured
and recorded. The first test included a sheet made out of steel
covered with synthetic paint, an inlet pressure, and a dry
ice mass flow rate equal to 5 bar and 48 kg h™!, respectively.

Meanwhile, a surface made from ceramic covered with flour
containing wallpaper glue, along with an inlet pressure and a
dry ice mass flow rate equal to 3 bar and 40 kg h™!, respectively,
is utilized in the second test. Table 3 presents the validation
results generated. It can be seen that the maximum relative
error is 0.34%, and the minimum error is 0.15%.

Results and discussions

Gas—particle flow characteristic along the nozzle
centerline

The flow properties of the gas-particle mixture passing
through a nozzle cavity were measured from a nozzle inlet
up to the outlet. The result can be seen in Fig. 5. The sim-
ulation was carried out for five divergent nozzle lengths,
with 50 mm increment in a 200—400 mm range. Figure 5a
presents the pressure distribution of the gas particle on the
centerline. It can be witnessed that there is a decrease in the
trend of the graph as the distance from the inlet increases
until it reaches 75 mm. This location is known to be the
throat section. After reaching the throat section, the trend
increases slightly. The drop of pressure then occurs in the
throat section due to the gradual changes in geometry size.
Thus, this increases the friction of the fluid flow. It is also
found that the divergent length of 200 mm produces the

@ Springer

lowest pressure distribution compared to other divergent
nozzle lengths.

Besides, the eddy viscosity coefficient is an essen-
tial parameter in designing an optimum nozzle geometry.
Eddy viscosity is shear stress within a turbulent flow of
compressed air to the vertical gradient velocity. Figure 5b
shows the result of the eddy viscosity coefficient against the
distance from the nozzle inlet. The pattern of the graph is
sideways until it reaches the nozzle outlet at 200 mm. It can
also be seen that there is a sudden increase in the value at
200 mm of divergent length. This occurs because the nozzle
outlet is very close to the atmosphere. Thus, this causes a
disturbance near the outlet of the nozzle. Apart from that,
the dry ice blasting media operate at the lowest tempera-
ture, which is below — 78.5 °C. This is important to ensure
that the process can sustain and hold the particle’s lowest
temperature until it reaches the cleaning surface. Figure 5c¢
presents the result of the temperature of airflow along the
nozzle cavity. It is found that the trend of the graph increases
as it reaches the throat section and decreases afterward. The
higher temperature at the throat section is due to the fric-
tion of air and particles colliding at the wall. This friction
causes the heat energy to be released near the throat section,
as indicated at the distance of 75 mm from the nozzle inlet.

On the other hand, the turbulence dissipation rate is
positively related to the heat distribution along with the
nozzle, which affects the temperature inside the nozzle.
The turbulence dissipation rate is observed when the tur-
bulence energy is absorbed by breaking down the eddies
into smaller eddies until it is ultimately converted into heat
by viscous forces. The result of the turbulence dissipation
rate is presented in Fig. 5d. It is found that the pattern of
the graph is sideways, except for the divergent length of
200 mm. This nozzle gives the highest value of turbulence
dissipation rate at a distance of 150 mm from the inlet. The
conversion rate near the outlet is much faster due to the tem-
perature at the outlet. Since the endpoint of the divergent
length of 200 mm is very close to the atmosphere, the heat
being absorbed is faster than other divergent nozzle lengths.
Next, Fig. Se presents the result of turbulence energy versus
the distance from the nozzle inlet. It is found that the trend
is increasing slightly. However, the nozzle with a divergent
length of 200 mm shows a tremendous increase in its value
at 150 mm nozzle location from the inlet. This is due to the
disturbance taking place near the nozzle outlet.

Consequently, this increases the turbulence energy at the
outlet section. Figure 5f shows the result of vorticity against
the distance from the nozzle inlet. It is found that the pat-
tern for all the divergent nozzle lengths is sideways except
for 200 mm. It also causes a spike in the value of vorticity
at a distance of 150 mm from the nozzle inlet. Vorticity is
a vector field that provides a local measure of a fluid par-
cel’s instantaneous rotation across the fluid continuum. The
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Fig.5 The development of gas-particle flow along the centerline axis

Table 3 Validation data,

. . Distance from Flow rate/kg h™! Pressure/bar Experimental Simulation Relative
compared with Dzido et al. [11] nozzle outlet velocity/m s™! velocity/m s™! errors/%
results

15 cm 48 5 75.77 75.65 0.15
30 cm 48 5 58.94 59.06 0.20
15 cm 40 3 115.48 115.87 0.34
30 cm 40 3 85.8 85.95 0.17

increase in vorticity for all nozzle outlets is due to the incom-
ing air’s disturbance to the nozzle outlet. Thus, this contrib-
utes to the air vorticity near the nozzle outlet region. Apart
from the vorticity, the velocity increase also contributes to
flow disturbance near the outlet region. Figure 5g shows
the result of the velocity across the nozzle centerline. It is

found that the trend of the graph is inversely proportional
to the pressure distribution, as shown in Fig. 5a. The maxi-
mum velocity seems to occur at the throat section, located
at 75 mm from the inlet. The airflow reaching the throat is
gradually decreasing in the cross-sectional area. Thus, the
flow is choked, and its speed at the throat section eventually
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reaches the speed of sound, which is equivalent to the Mach
number of one. This speed is considered a sonic speed.

Real-time velocity of an airflow across the nozzle
cavity

The stability of DIB operation is crucial as the dry ice clean-
ing process is performed. Having a constant particle flow to
the cleaning surface affects the cleaning efficiency of the
system. Thus, Fig. 6 presents the real-time velocity value
at the throat and outlet nozzle regions. Figure 6a shows the
investigation result of the throat section’s velocity for all
divergent nozzle lengths. It is found that the trend of the
velocity decreases drastically before reaching 100 cycles.
The simulation is conducted at 400 cycles, and each cycle
has a time step of 0.00001 s. Therefore, in this case, the
value of the velocity across all divergent nozzle lengths
drops at the time of 0.001 s. After the completion of this
cycle, the value of the velocity trend becomes sideways. This
shows that the stability of operation starts to happen at 100
cycles. This is because particle velocity flow becomes con-
stant as the time is taken or the number of cycles increases.

On the other hand, the velocity is recorded at the nozzle
outlet for all nozzle divergent lengths, as shown in Fig. 6b.
The trend of the outlet velocity is x due to the turbulence
factors. Since the nozzle flow outlet is the nearest to the
atmosphere, this affects the flow velocity as well. Having
smooth and concentrated velocity at the outlet is paramount
in DIB operation to sustain the highest cleaning efficiency.
After 100 cycles, the outlet velocity reaches a stable value
and becomes more stable since then. Thus, it can be con-
cluded that the stable operation to perform DIB cleaning
process takes 100 cycles or 0.001 s.

Acoustic characteristic

The acoustic pattern inside the nozzle geometry was investi-
gated through a simulation method using acoustic software
known as Actran. The results of the acoustic characteristics
are presented qualitatively and quantitatively. The qualita-
tive method shows the sound pressure level (SPL) contour
plot development inside the nozzle cavity, as in Fig. 7. The
SPL measurement is taken under 14,000 Hz of the frequency
range, and the unit used is dBA, which stands for decibel
A-weighting. SPL’s contour plot development is taken in
the middle of the nozzle by having a cut-half plane section
view. It is found that the maximum SPL development occurs
at 100 dBA at the tip of the nozzle outlet, as presented in
the red contour region. Other than that, the shortest diver-
gent length of 200 mm develops the highest SPL intensity
compared to other divergent lengths in which the red color
contour intensity occurs from the nozzle outlet to the noz-
zle throat section. The highest intensity development that
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Fig. 6 Real-time velocity development along the nozzle cavity

mainly occurs for all divergent nozzle lengths is due to the
nozzle outlet’s turbulence development. Since the outlet noz-
zle is exposed to the atmosphere region, disturbance hap-
pens, which then induces acoustic noise near the region.
To support this claim, Fig. Se shows the turbulence energy
development in the nozzle centerline. Apart from the highest
SPL value, the blue contour plot representing the lowest SPL
emission ranging from 10 to 40 dBA presented at divergent
nozzle lengths of 300 and 350 mm. The location of occur-
ring lowest SPL value is at the convergent and divergent
section. On average, the SPL ranging from 50 to 60 dBA is
the most common sound occurring for all divergent nozzle
sections, especially at the throat section.

The value of its turbulence boosts as the nozzle inlet
increases. Besides, the results of the quantitative method are
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Fig.7 The contour plot of
sound pressure level
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also presented in Fig. 8. The results of the acoustic intensity,
which are the sound pressure level (dBA), sound power level
(dB), flow pressure (Pa), and directivity, are plotted against
different frequency ranges in the log scale. The sound meas-
urement is done by introducing one microphone at one meter
away from the nozzle that acts as the noise source. This
method of measurement refers to ISO 3746 under the sur-
vey-grade method. Under this standard, the noise is placed
under a free field condition. Thus, Actran has the capability
to define those regions as an infinite element. This infinite
element is represented as a non-reflecting boundary condi-
tion. Figure 8a shows the sound pressure level (ABA) against
the frequency range in the log scale. It is found that the max-
imum value of SPL for all divergent nozzle lengths occurs
between 1000 and 1200 Hz of the frequency range. Also, the
divergent nozzle length gives SPL the highest value over the
frequency range compared to others.

In contrast, the divergent nozzle length of 400 mm
provides the lowest value of SPL as it is operated near
10,000 Hz of frequency range. It is also important to note
that the sound power level is crucial in defining the noise
source. Sound power level is a measure of the acoustic
energy emitted from a noise source, expressed in decibels.
Figure 8b demonstrates the sound power level (dB) against
the frequency range in the log scale. The result shows that
the average maximum value of the sound power level is

400 mm

110 dB across all frequency ranges. The pattern of sound
power level produced for all divergent lengths is sideways
and zigzag in nature with increasing value of frequency
range.

Furthermore, the flow pressure of all divergent noz-
zle lengths is presented in Fig. 8c. It is found that below
10,000 Hz, the flow pressure has negative and positive val-
ues. The negative value of the flow pressure indicates that
the pressure is below the human hearing mechanism. Thus,
humans are unable to hear the sound pressure. Another
important finding shows that, within the frequency range
of 1000-10,000 Hz, the value of flow pressure is higher,
especially for divergent nozzle length of 250 mm. Apart
from that, the directivity plot is presented in Fig. 8d. The
directivity plot is an essential source in finding the direction
of the noise generated over 360 degrees. Figure 8d shows the
result of the directivity plot against different angles up to 360
degrees. It is found that the maximum sound pressure level
develops within the angle of 900, 2700, 1350, and 3150. The
highest acoustic sound pressure level occurs at the nozzle
with a divergent length of 250 mm. In summary, the shortest
divergent emits the highest acoustic noise source across all
frequency ranges.

@ Springer
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Fig.8 Acoustic sound characteristic of divergent length

Conclusions

In this study, the gas particles flowing along the nozzle cen-
terline were simulated and analyzed. This was done with a
steady flow, focusing on the nozzle geometry of a 3D dry ice
blasting with dual hoses. Apart from that, a 3D simulation
was carried out for six different divergent nozzle lengths. In
conclusion, it was found from the simulation results that:

e The development of the pressure along the nozzle cen-
terline was minimum at the location of the nozzle throat.

e Eddy viscosity, turbulence dissipation rate, vorticity, and
turbulence energy have the highest development at the
nozzle outlet’s end due to the nearest air atmosphere’s
disturbance.

e The highest temperature development occurred in the
throat section due to the gradual decrease in the cross-
sectional area’s sizing that induced friction.

e The highest velocity occurred at the nozzle throat since
the cross-sectional area was at its minimum, where the
gas velocity locally became sonic.

e The stability of DIB operation occurred after 0.001 s
since the velocity became stable and constant.

@ Springer
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e The sound pressure level mainly occurred at the tip of
the nozzle outlet for all divergent nozzle lengths, as pre-
sented in the result of the sound pressure level contour
plot.

e The maximum sound pressure level measured at the
microphone 1 m away was 85 dBA for the shortest nozzle
divergent length of 200 mm, while the minimum sound
pressure level occurred for nozzle divergent length of
400 mm after 1400 Hz of frequency.

e The average maximum sound power level for all noz-
zle divergent lengths was 110 dB across all frequency
ranges.

Hence, these results conclude that gas-particles’ char-
acteristics inside the nozzle cavity are indeed impacted
by changing the nozzle divergent length in a single nozzle
geometry.
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