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The Ranque-Hilsch vortex tube (RHVT) is a device that separates a pressurized inlet stream into two
decompressed streams of different temperature, flowing to the so-called hot and cold outlets. In this study,
the flow structures within the vortex tube were examined qualitatively. The examination considered both
compressible and incompressible fluids, using pressurized air and water as working fluids. A parametric study
was conducted, in which the fluid inlet pressure and the vortex tube length were varied. Three tubes, with
the same diameter but differing lengths (100, 180, and 240 mm) were utilized. The flow inside the tube was
investigated using a flow visualization technique, which was employed in a variety of configurations and setups
contingent on the specific fluid conditions under examination. The visualization process required the use of
aerosol injection in the case of air, and kalliroscope particles in the case of water investigation. The research
enabled the visualization of the flow structure within the vortex tube, thereby significantly advancing the
comprehension of the underlying physical processes. The findings of the experimental research demonstrated
the existence of phenomena of considerable scientific value. The internal vortex and its spatial and temporal
structure observed in the RHVT were consistent with literature data. This was achieved despite the so-far
established consensus that this type of research is challenging and not entirely reliable. In the course of
water-based investigation, the cavitation phenomenon was observed in the vicinity of the internal vortex. This
discovery is likely to be the first of its kind and may contribute significantly to the advancement of research
on the Ranque-Hilsch phenomenon.

1. Introduction simple device, consisting of four principal elements (Fig. 1): inlet
nozzles (1) directed tangentially to the vortex chamber (2), a cone-
shaped control valve (3), adjusting the flow rate of hot medium exiting
the tube (referred to as the ‘hot outlet’), and an orifice (4), allowing
the cold stream to exit the chamber at the opposite side (referred
to as the ‘cold outlet’). The increased pressure of the inlet stream

generates high speed and strong swirling flow in the nozzles. As a result

1.1. The Ranque-Hilsch Vortex Tube - RHVT

The Ranque-Hilsch phenomenon was first discovered in the 1930s
[1]. The utilization of a vortex tube facilitates the separation of an inlet
mass flux of a specified thermal state into two distinct streams. One of
these streams is subjected to an increase in thermal state, while the
other is subjected to a decrease in thermal state relative to the initial
condition.

Despite the considerable time that has elapsed since then, and
the numerous published studies and proposed theories explaining the

of complex thermodynamic processes, an increase and a decrease in
temperature are observed at the hot and the cold outlets, respectively.
While the application of the vortex tube in refrigeration cycles is under
development [2], the identification of physical phenomena responsible

Ranque-Hilsch effect, no agreement on the root cause has been reached.
Previous visualization experiments have not provided a definitive an-
swer to the fundamental question: What the flow structure looks like,
how is it formed and how does it work? The vortex tube is a relatively
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for the effect still remains a challenging research issue, although current
CFD techniques can accurately predict temperature separation even at
steady state with time-averaged flow fields [3]. There are six main
hypotheses describing the Ranque-Hilsch phenomenon.
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Nomenclature
Latin symbols

Mass flow rate, kg/s
Cross section field, mm?
Thermal capacity, J/(g K)
Inner diameter, m
Specific enthalpy, J/kg
Light intensity, —

> 3

Length, m

Pressure, Pa

Gas constant, J/(kg K)
Radius, m

Reynolds number, —
Surface, m?

)

Gas temperature, K
Voltage, V
Flow velocity, m/s

S ON LxYRIS &N ~NSOO

Greek symbols

K Isentropic exponent, —

® Angular velocity, rad/s

T Time, s

0 Tangential direction, —

0 Density, kg/m?

Shortcuts

CFD Computational Fluid Dynamics
PIV Particle Image Velocimetry
R-H Ranque-Hilsch

RHVT Ranque-Hilsch Vortex Tube
VT Vortex Tube

Indexes

c Cold outlet, —

h Hot outlet, —

in Inlet, —

Fig. 1. Vortex Tube construction and hypothetical flow structure [11]. 1 — inlet
nozzles, 2 — vortex chamber (tube), 3 — cone shaped control valve, 4 — outlet
nozzle(orifice), 5 — hot outlet, 6 — cold outlet.

1.2. Hypothesis overview

Local compression and expansion

While Ranque himself proposed that expansion of the working
medium is the inherent cause of temperature reduction [1], the ques-
tion remains whether the flow also experiences local compression re-
sponsible for the increment of temperature. Numerical analyses largely
suggest the presence of a radial static pressure gradient [4-7]. Research
conducted by Amanti et al. [8] on a vortex tube with the hitherto
largest investigated diameter (800 mm) indicates that the compress-
ibility and radial compression of the medium play a pivotal role in
temperature rise. However, the influence of local fluid compression on
the temperature increment is contested by studies utilizing incompress-
ible media, in which the energy stratification was also observed [9,10].

Secondary circulation and multi-circulation

Despite its strong association with local compression/expansion, the
secondary flow is proposed as a distinct mechanism [12,13]. This recir-
culating flow occurs between the low pressure region in the core and
the pressurized region closer to the device walls [14-17], thereby en-
forcing a local fluid compression and expansion. Schultz-Grunow [18]
suggested that turbulence may induce oscillating movements in the
stratified centrifugal force field, creating multiple small-scale Joule
refrigeration cycles occurring inside the tube.

Goertler vortices

Following other investigations, Stephan et al. [19] propose the
existence of Gortler vortices as an independent mechanism underlying
the effect. This so-called Gortler instability is characterized by the
fluid’s radial flow (along the pressure gradient), facilitating localized
fluid compression and expansion. The underlying geometry is intricate,
further complicating the explanation of this hypothesis.

Surface and internal friction

The R-H effect can also be attributed to both surface and internal
fluid friction. Arjomandi et al. [17] and Xue et al. [13], employing an
analytical approach, demonstrated that surface friction contributes to
a temperature rise of no more than 2 K, indicating its limited influence
on the effect. Webster et al. [20] postulated the conversion of the
fluid’s kinetic energy into heat due to internal friction between the core
fluid and the upper layer fluid, rotating with a higher angular velocity.
This theory has been corroborated by experimental and numerical
studies [21-25]. Hamoudi et al. [26] investigated the air flow in a
vortex tube with a 2 mm inner diameter, enabling laminar air flow
at the device’s inlet, and concluded that the Ranque-Hilsch effect is
stronger under turbulent flow conditions, highlighting the significant
role of fluid friction. Bej and Sinhamahapatra [27] stated that the R-
H effect occurs mostly due to the transfer of shear work done by the
rotating fluid transferred to the outer zones.

Radial temperature gradient

The radial temperature gradient hypothesis, as initially proposed
by Rudolph Hilsch [28] and further developed by Behera et al. [29],
suggests that the fluid temperature decreases slightly with the radius
of the vortex tube due to the higher fluid velocity in the surface
layer. This has the effect of a driving force for heat transfer. However,
several studies have challenged this hypothesis, demonstrating that the
temperature actually increases with the vortex tube’s radius, potentially
hindering the Ranque-Hilsch effect [17,23,30-32].

The acoustic effect

Kurosaka [33] postulated the acoustic effect as a primary mech-
anism underlying the R-H effect. His experiment, later confirmed by
Chu [34], involved lining the inner surface of a vortex tube with an
acoustic damping material specifically tuned to a particular sound wave
frequency. As the flow rate through the device increased (along with
the increasing inlet pressure), the sound intensity was rising, and a
sudden temperature increase was observed upon reaching the damped
sound wave frequency.

Behera et al. [29] conducted a numerical analysis based on the
Kurosaka experiment [33], disregarding the acoustic effect. The anal-
ysis yielded temperatures at both outlets that were close to the exper-
imentally observed values. These findings suggest a rather secondary
influence of flow acoustics on the Ranque-Hilsch effect, however, a
thorough research on this hypothesis is still needed.
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1.3. Gap in the literature

As shown in the overview of hypotheses, flow processes are complex
and still require a more detailed explanation. Understanding the inter-
nal processes can substantially be improved by applying a numerical,
or preferably, experimental techniques of flow visualization.

Numerical investigation, specifically computational fluid dynam-
ics (CFD), represents the most common approach. Kaufmann devel-
oped a model to visualize the flow structure in a counter-flow vortex
tube, though it lacked experimental validation [35]. Syed & Ren-
ganathan [36] performed a visualization study showing streamlines and
vortices within the vortex tube with the use of k-¢ turbulence model and
steady state conditions. However, this model also lacked a correlation
with experimental data. Rafiee & Sadeghiazad [37] validated a numer-
ical model with experimental data achieving a maximum discrepancy
between CFD model and experimental data of 6.1%. Additionally, they
demonstrated the streamlines of internal flow. Different study in steady
state conditions was carried out by Gue et al. [38]. A correlation be-
tween RHVT performance and internal flow structure due to the vortex
tube geometry, i.e. the cold orifice area ratio was investigated. The
authors reported significant changes in the reverse flow structure and
corresponding averaged temperature flow fields. Another optimization
study was performed by Shaji et al. [39] reporting total pressure and
temperature distributions in consecutive axial locations with the use
of RNG k-¢ model in steady state simulation. Latest numerical study
conducted by Wang et al. [3] on influence of nozzles diameter on RHVT
performance showed a significant correlation of nozzles diameter with
internal reverse flow and its radius. It was stated, that the optimal
performance conditions are obtained when the reverse flow radius
and the cold end aperture are matched. Otherwise, according to the
authors, the secondary circulation flow may appear and deteriorate the
thermal effect, which is in contradiction to the hypothesis of secondary
flow. CFD is a powerful tool for potential optimization and better
understanding of the Ranque-Hilsch phenomenon. However, it should
be used with caution, as published studies often lack experimental
validation and the studies themselves are conducted using simpler tur-
bulence models in steady state conditions, which can lead to misleading
information about flow structure and behaviour, as the Ranque-Hilsch
effect is transient in nature and should be validated regarding the flow
structure.

Experimental visualization of fluid flow is rarely found in the lit-
erature due to the high flow velocities, complex vortex flow structure
and tubular geometry of the separation chamber. The first attempt to
visualize flow was made with the use of dye injection by MacGee [40].
Later on Baker used starch as an additive to their air operating vor-
tex tube and reported location of the stagnation point by measuring
the wall temperature with thermocouples [41]. A transparent vortex
tube and different additives were used by Lay [42] failing to capture
flow fields with sawdust and confetti, but the use of coloured liquid
showed relatively clear 3D image captured with high speed camera.
Different approach was tested by Sibulkin with a mixture of carbon
powder and oil [43], while Arbuzov et al. [44] created a dedicated
system using the Hilbert visualization technique. The outcome of the
experiment was a footage of a vortical double helix. The spiral path
of the peripheral flow was also visualized with the use of smoke by
Aydin & Baki [45]. In another water investigation with dye injection
Li et al. [46] observed counter rotating longitudinal vortex pairs, but
experiment was conducted for unrealistically low Reynolds number
up to 3500. Xue et al. [47] prepared a system working with water
with hydrogen bubble injection. In effect, a rotational axis of the flow
was recorded. Additionally, it was possible to track a particle moving
from the cold to the hot end. In another approach, Xue et al. [48]
used PIV (Particle Image Velocimetry) to visualize the flow with focus
on the inner vortex. As a result, the velocity profile was identified
and the movement of the vortex core was observed, in agreement
with most numerical results. Similar study, but with air-operating
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vortex tube and LDV measurement technique was performed by Guo
et al. [49] obtaining time-averaged axial and radial velocity fields
at different axial locations. It was found, that radial velocities are
irregular under different cold mass fraction and the stagnation point
is not a permanent flow feature needed for heating effect to occur.
Shi et al. [50] used 2-D particle image velocimetry (PIV) to investigate
the large-scale flow structure and energy separation mechanism within
Ranque-Hilsch vortex tubes. The research focused on understanding
the roles of unsteady vortex breakdown, precessing vortex cores, and
reverse flow boundaries under various operating conditions.

Vortex tube flow visualization requires further research for the
following reasons: (i) The reported research was primarily conducted
using water. Gas flow visualization sets a significant challenge in
experimental research due to the high linear and rotational velocity
achieved by the compressible gas medium. Therefore, the use of larger
vortex tubes may be necessary to reduce the flow velocity, which limits
the parameter range of the reported research. (ii) The experiments
revealed that the visualization techniques employed were inadequate
in providing a comprehensive understanding of the flow structure. The
utilization of low spatial and temporal resolutions has a detrimental
effect on the quality of the footage obtained through the PIV or the
Hilbert method. (iii) The manufacturing process of transparent vortex
tube using acrylic glass frequently leads to artefacts (scratches etc.)
deteriorating the visualization quality. (iv) The prevailing focus on
numerical simulations entails a relatively poor experimental validation
of most numerical results. Most models are only validated by boundary
pressure and flow measurements rather than direct flow visualization.
As a result, the credibility of the reported research is frequently ques-
tionable as the flow pattern formation is not elaborated in detail while
quantitative measurements in general rely on assumptions on coherent
and time variant flow structures. Thus, flow visualization is essential
for the development and validation of high-quality numerical models
and the understanding of the nature of the fluid flow.

In this paper, we investigate the flow structure occurring inside
the RHVT. The study considers two working fluids: air and water,
with inlet parameters of up to: 0,2 bar(g) — air; 2,2 bar(g) — water.
One of the objectives of this study is to demonstrate the potential for
flow visualization in the RHVT using air as the working fluid and to
emphasize the parallels with the case of using water as the working
fluid. This objective is achieved by means of aerosol injection in the
first medium and kalliroscope particles in the second, which are illu-
minated by a laser and recorded by a high-speed camera. The observed
flow properties and phenomena are then compared to literature data.
Based on these, two working principle hypotheses are formulated.
Furthermore, unexpected cavitation in the vortex tube was observed
and described, presenting novel scientific value in the context of the
study.

2. Experimental setup

The construction of the test rig with the vortex tube as the key
element had previously been evaluated at an earlier stage of the ATH-
LETE research project [51]. To adapt the setup for flow visualization, a
transparent vortex tube was crafted from acrylic glass, however, some
modifications in the nozzle configuration were done compared to the
initial experiments. The designed RHVT is illustrated in Fig. 2. The new
nozzle element was equipped with 4 nozzles, each of them with 1,5
mm? cross-section area. Three tube lengths of 100, 180 and 240 mm
were prepared and used in experiments. The lengths were selected
based on a review of the literature in relation to the L/D ratio [52].
More information on the geometry and dimensioning of the designed
vortex tube is given in Table 1. It was hypothesized that an increase
in the length of the tube would lead to an increase in the instability of
the phenomenon, which was to be evaluated during the course of this
investigation.
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Fig. 2. The vortex tube used for the study. ISO projection, cross-section, and the device
prepared for operation.

Table 1
Dimensions of the constructed vortex tube.
Parameter Value
Vortex tube diameter, mm 12
Outlet orifice diameter, mm 6
Number of nozzles, — 4
Cross-section of single nozzle, mm? 1,5
Mixing chamber length, mm 100, 180, 240
Cone angle, deg 30
Valve lift on thread, mm per turn 1

2.1. Flow investigation method

The objective of the underlying study is to elucidate the flow
pattern and the vortex structure within the RHVT through experimental
investigation, thereby advancing the fundamental understanding of
the physical processes occurring within the RHVT. It was expected
that the findings of this investigation would reveal the flow structure
and may provide evidence supporting or denying of the six working
hypotheses previously mentioned. To achieve this goal, it was decided
to employ a quantitative flow measurement technique, specifically the
flow visualization technique.

Fig. 3 depicts a schematic representation of the experimental appa-
ratus, illustrating the various instruments and components utilized for
the flow visualization. The configuration of the setup presented was
employed throughout the various stages of the investigation. The flow
was seeded with specific visualization particles pertinent to the inves-
tigated medium. A laser sheet was illuminated within the designated
investigation area, and a camera was positioned in a facing orientation
relative to the laser sheet. This configuration enabled the capture of
the varying flow dynamics through the observation of the illumination
emanating from the seeded visualization particles, which are presumed
to adhere to the flow patterns. To capture the flow dynamic with
high temporal resolution, a high-speed Phantom VEO-640L camera
(2560 x 1440 resolution) was utilized. A 100 mm/3.1 macro lens
was used with the camera. The illumination of the flow was achieved
through the utilization of a green Dantec Dynamics RayPower 450 laser
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device, operating at a power output of 450 mW and a wavelength
of 532 nm. The test rig was constructed over an aluminium profiles
setup, which were covered in black cardboard for safety reasons and to
minimize the occurrence of unnecessary laser reflections. In the course
of this study, two distinct fluids were employed: air and water. The
visualization of the flow on each of these two media was conducted in
accordance with the procedures outlined below.

2.1.1. Flow visualization with air as a working fluid

In the case of the air-based research, the flow was seeded with
aerosol particles via an ATM 230 aerosol generator. This device is
working as a two-steam nozzle. Di-Ethyl-Hexyl-Sebacate (DEHS) was
used as the operating medium, generating polydisperse aerosol mainly
below 1 pm. However, this approach necessitated the utilization of air
as the working medium, which, as previously stated, could potentially
pose a significant challenge. The experimental facility was designed
to accommodate pressures up to 6 bar (g). However, in the present
study, the connection of the aerosol to the air inlet, as illustrated in
Fig. 3, resulted in a limitation of the inlet pressure. A further series
of experiments was conducted to determine the extent of pressure loss
that occurs when the aerosol generator is connected between the air
compressor and the vortex tube inlet. Fig. 4 shows how significantly the
pressure drops when the aerosol generator is connected to the vortex
tube inlet, where the maximum inlet pressure achieved is 0.2 bar(g) in
this case. Thus, the study is conducted on the verge of occurrence of
the phenomenon. To further substantiate the occurrence of the Ranque-
Hilsch effect at such low pressures and with aerosol injection into
the stream, additional temperature measurements were conducted at
both the cold and hot ends. Consequently, it was confirmed that a
temperature difference is observable starting from an inlet pressure
of 0.01 bar(g). Over the investigated pressure range, this temperature
difference varied depending on the tube length: (i) 100 mm tube - 0.01
to 3 °C, (ii) 180 mm tube - 0.01 to 4 °C, and (iii) 240 mm tube - 0.01
to 5.1 °C. Precise data and detailed procedure of the flow visualization
within the air medium is presented by Barzantny et al. [53]

2.1.2. Flow visualization with water as a working fluid

In the case of water-based research, the flow was seeded with
Kalliroscope particles, such a particle based visualization method is
widely used in fluids [54,55]. Kalliroscope particles (or guanine flakes)
have a typical size of 30 X 6 x 0.07 um, resulting in a very low Stokes
number of St ~ 8.33 x 107>, assuming a maximum flow velocity of
1 m/s. The low Stokes number of the particles is an indication that
the particles presumably follow the flow with an almost negligible sed-
imentation velocity. The elongated, flat shape of the particles enables
them to align with the local shear stress and to reflect light, as demon-
strated by [56]. In the case of the long side being oriented towards
the observer, the greatest amount of light is reflected. Areas where
the particles align in a way that the sharp edge points towards the
observer result in a darker zone. The volume fraction of Kalliroscope in
comparison to the working fluid is maintained at a level below 10~%. As
illustrated in Fig. 3, the flow was mixed with the Kalliroscope particles
in an external water reservoir prior to being pumped to the vortex tube.
In contrast to the air, the water circulation was maintained in a closed
loop to ensure the sustained mixing of the water with the Kalliroscope
particles. A mixing pump was continuously operational within the
water tank, facilitating regular mixing of water from both the hot and
cold outlets of the RHVT. This mixture was then pumped back to the
input tank. One might posit that the temperature of the input fluid to
the RHVT is subject to variation over time due to the mixing of the
outlet fluids with the retained fluid in the tank. However, given that
the output volume of fluid compared to the initial volume recovered
in the tank (12 1) is insignificant, we have elected to maintain the
temperature of the inlet fluid at a constant level throughout the course
of the investigation. All pipes and connectors were hermetically sealed
with specific sealing materials to prevent any leakage. The primary
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Fig. 3. Schematic of the experimental setup. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

circulating pump was selected based on an analysis of the literature,
which indicated that optimal visualization results are achieved for flow
in the inlet nozzles when Reynolds numbers reach 10* [47]. To improve
the description of the observed flow in the context of water, additional
measurements of the inlet pressure to the RHVT were conducted. In this
instance, the measurement was based on a voltage reading from the
pump’s power supply and a measurement of the inlet pressure (gauge)
to the RHVT, which was made with a pressure transducer. The obtained
function for the RHVT inlet pressure is:

p = 4.624-107°U% - 1.725 - 107303
+2.483 - 1072U% + 1.341 - 102U

—4014-107* @

3. Results
3.1. Air investigation

Two distinct procedures for conducting experiments have been
delineated. Firstly, the pressure was gradually increased and the forma-
tion of the internal vortex was observed. Secondly, separate recordings
were made for seven pressure settings, ranging from 0 to 0.1 bar (g).
This allowed the team to observe the flow structure inside the RHVT
depending on the inlet pressure and the length of the pipe. Due to
the exceedingly high velocities present in the RHVT, even at relatively
low pressures, it was not possible to directly observe individual aerosol
particles, however, as shown in Fig. 5:

(i) The external flow is observed as a lighter aerosol layer.

(ii) The inner flow can be observed as a darker area without aerosol
particles (or with a very small amount concentrated at the
boundary of the two pre-flows) inside the outer flow.

With the increase of pressure, the boundary between both flow
layers becomes more pronounced, as shown in Fig. 5, presenting the
average light intensity value of each pixel in the recorded data set.
The graphs indicate that the internal vortex consistently originates from

0,20

0,15

0,10

0,05

Inlet presuure to RHVT, bar(g)

0,00 & *
0 1 2 3 4 5 6

Inlet pressure to the aerosol generator, bar (g)

Fig. 4. RHVT inlet pressure determination, related to the pressure drop caused by the
aerosol generator.

the control valve (hot outlet, left side of every image) and progresses
towards the orifice (cold outlet, right side of every image). In the
vicinity of the outlet orifice a notable increase in the mixing of the
fluid is observed.

The average light intensity I has been defined as:

1 o
/ I(r)dr,
T =7 Jg

where 7 is the time ranging from 0 to 10 s and I is the light intensity
obtained as a digital value from the acquisition system, ranging from 0
to 65535.

T= @

3.1.1. Behaviour of the inner core

The term ‘behaviour’ refers to space- and time variability of the
inner core, which is of particular interest for this study and appears
to have a novel scientific value. As reported in the Introduction, the
research of Xue et al. [47] led to the visualization of the rotational
axis of the internal core. The visualization indicated a deviation of the
rotational axis from the symmetry axis of the tube. In the course of their
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Instanteneous images

Light intensity, |
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Fig. 5. Left: Counter plots of the temporal average light intensity value between 7 =0 to 10 s. Right: instantaneous images of the 100 mm tube, 7 = 10 s.

Fig. 6. Instantaneous image of the flow visualization in the RHVT, 100 mm tube, 0,1
bar(g). Marked axis of symmetry (green dotted line) and locations for further post
processing: green - A and yellow - B.

research, this observation was made using an experimental setup in
which water was used, and the visualization method was based on the
injection of hydrogen bubbles into the flow. Additionally, difficulties in
repeating such behaviour with the use of air were also identified.

This study demonstrates that air exhibits similar behaviour to water,
hence, the rotational axis of the internal core deviates from the axis of
symmetry of the pipe as shown in Fig. 6.

These observations were made for each tube length. In the case of
a 100 mm tube, the displacement is already visible. For the 180 mm
pipe, it is significant, similarly for the 240 mm pipe. This phenomenon
is best observed for inlet pressure above 0.05 bar(g). The results were
obtained using the 100 mm tube and in the previously explained
pressure range. To accurately investigate the behaviour of the inner
core and potentially describe the mechanism of its formation, it was
decided to perform an analysis at two locations: 1/3 (A) and 2/3 (B)
of the length of the tube. To obtain further insight, the image light
intensity of the visualization was analysed. For the selected region
of flow, as illustrated in Fig. 6, the space-time evolution of the light
intensity is presented in Fig. 7. The Figure illustrates that the upper
and lower boundaries of the inner vortex are not temporally fixed, but
rather, their thickness varies over time. Furthermore, it can be noted
that the region near the control valve exhibits a significantly higher
intensity of the observed variability, as depicted by the dense dark
stripes on the plot, which represent the inner jet. Closer to the outlet
orifice, the core’s instability intensifies, and more erratic behaviour of
the core is registered. This observation suggests an increased mixing

of the fluid near the inlet nozzles and the outlet orifice. It is of
particular importance to note that this variability is primarily related
to the movement of the core in relation to the axis of symmetry. Xue
et al. [48] also obtained comparable results by examining the behaviour
of the core in the cross-section of the vortex tube. The compliance of
the inner core behaviour for air and water tests has also been confirmed
in this case. This is of particular interest, as studies using air have
been considered unpromising and difficult to carry out. Studies using
incompressible fluids such as water, are more reliable and easier to
conduct. However, in the case of the RHVT, it is difficult to determine
the exact cause of the phenomenon, as the stratification of temperature
is minimal with the use of an incompressible medium and low inlet
pressure. Our studies showed that compressible, gaseous media (air in
our case), allow significant results to be achieved in flow visualization.
Moreover, this kind of media are the default working factors in vortex
tube installations and should be considered as the optimum media for
studying the phenomenon.

3.1.2. Vortex observation

Due to the extremely high velocities present within the flow struc-
ture of RHVT, it was not possible to observe individual aerosol particles.
As a result, the mechanism of formation of this particular flow structure
could not be determined. However, as part of the experimental studies
using air and an aerosol generator, it was decided to investigate very
low inlet pressures at which there was no measurable temperature
difference between the hot and cold outlets. As the result, it was
possible to observe individual aerosol particles within the flow struc-
ture, which exhibited notable vortex-like structures. These structures
were identified as alternating vortices, which moved towards the cone-
shaped control valve, creating a corridor in the central region of the
flow. This resulted in a counter-directional flow of the fluid towards
the cold outlet (outlet orifice), this is seen in Fig. 8.

3.2. Water investigation

Initially, an approach similar to the air-based experiments was
planned for the water-based research, involving a series of recordings
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Fig. 7. Recording in 800 fps, = = 1 to 2,25 s. Top: Spacetime plot of the internal
core variability 100 mm tube, location A. Bottom: Spacetime plot of the internal core
variability 100 mm tube, location B.

Fig. 8. Alternating vortices (red arrows) and the path they create in the centre of the
flow (blue arrows), visible at very low inlet pressure to the RHVT. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

for individual pressure settings and recordings demonstrating a steady
increase in pressure. However, due to the observed cavitation, the
approach was modified, with a specific focus on areas near the outlet
nozzle and the control valve.

3.2.1. Behaviour of the inner core

Similarly as for the air investigations, the inner core is also apparent
as a darker region of the flow in the central region of the pipe, as
seen in Fig. 9. The observed behaviour of the core is similar to that
observed in the air and can be depicted with the help of a space—
time plot shown in Fig. 10. The inner core demonstrates variability,
visible as a wavy movement. In closer proximity to the outlet orifice,
this variability becomes increasingly pronounced. In addition, a zone
of increased fluid mixing is observed in the region of the outlet orifice.

3.2.2. Vortex observation

During the system startup, a flow structure highly reminiscent of
that described in Section 3.1.2 was observed. Consequently, a decision
was made to analyse this behaviour, with a focus on improving the
visibility of individual particles. This analysis revealed that, in the case
of water, the injection of the working fluid via nozzles tangentially
positioned to the vortex chamber (tube) also induces the formation of
vortices, as depicted by the red arrows in Fig. 11. This Figure shows the
onset of water flow through the RHVT. At the interface of the visible
vortex, a fluid path emerges (blue arrows), moving in the opposite
direction to the vortices mentioned before. Based on the tube geometry,
the velocities of the individual flow elements (the vortices and the
inner jet) were calculated. Despite the low inlet pressure, the inner jet
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velocity reached 1.1 m/s, highlighting the presence of extremely high
velocities within the flow structure of the RHVT.

The post-processing of the received data set and subsequent plotting
of spacetime plots in the planes marked in Fig. 11 confirmed the
existence of the structures mentioned above. The results presented in
Fig. 12 show the changes that are occuring in the flow over 1000 frames
of the recording.

3.2.3. Cavitation

During the preparation of the experimental setup for the water-
based research, gas bubbles were observed accumulating around the
inner vortex. It was determined that air was being entrained into the
system, leading to the accumulation of air bubbles within the flow. A
search for leaks was initiated. The inlet and outlet hoses of the main
circulation pump were replaced and the seals of all threaded compo-
nents were improved using Teflon tape. Upon restarting the system,
gas bubbles continued to accumulate around the inner core. Conse-
quently, a more detailed investigation of the observed phenomenon was
undertaken. An analysis of the impact of inlet pressure to the RHVT on
bubble behaviour was conducted. The results revealed that gas bubbles
appeared when the inlet pressure exceeded 0.6 bar(g). Changes in
pressure above or below this value resulted in the rapid formation and
disappearance of bubbles. Subsequently, it was determined whether
air was accumulating in the outlet hoses of the RHVT, which could
be drawn into the interior of the RHVT during pump shutdown. In
addition, a fluid reservoir was placed above the RHVT to facilitate the
removal of any gas bubbles. To completely fill the system with water,
the hot outlet of the RHVT was blocked. It was anticipated that this
would completely fill the system with water and expel any remaining
gas bubbles through the other outlet. Unexpectedly, it was observed
that a tornado-like structure appeared within the RHVT shortly after
(within a few seconds) of blocking the hot outlet, moving from the
hot outlet (regulatory cone) to the cold outlet (orifice). A loud, hissing
sound accompanied this observed structure. After further investiga-
tion, it was concluded that the observed phenomenon was cavitation.
Subsequent high-speed camera recordings facilitated the observation
of intense cavitation in the form of a tornado-like structure, Fig. 13,
as well as the formation and the subsequent disappearance of a gas
bubble, Figs. 14 and 15. These phenomena were initially identified
in the 180 mm tube. Subsequent testing using other tube lengths
(100 and 240 mm) confirmed that cavitation also occurs. Furthermore,
the observed behaviour was identical. In the case of the tornado-like
structure, its formation was observed in closer proximity to the control
valve, after which it moved towards the orifice. After that, the structure
stopped its movement and persisted in the flow, approximately 2 cm
from the orifice, as shown in Fig. 16. Additionally, during the normal
operation of the vortex tube, an audible sound (much weaker and less
frequent) was noted, which resembled the bursting of small bubbles in
the water. The observed behaviour of the gas bubbles was inconsistent
with the expected outcome. As presented in Fig. 17, bubbles were
observed to form along the entire length of the pipe, with the majority
occurring near the inlet to the device, (a). The bubbles then persisted in
the inner flow and moved towards the control cone, where they began
to form a chain of single bubbles, (b). As their quantity increased, they
merged to form larger bubbles, (c).

4. Discussion
4.1. Related phenomena

The experimental findings presented in Section 3 reveal vortex
structures that present a large scale of instabilities and flow oscillations
that are well known in fluid mechanics. Before discussing the structures
observed in the present investigation, we shall briefly summarize some
related phenomena.
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Fig. 9. Visualization of flow in the RHVT using water as working fluid, 180 mm tube, 1,5 bar. The area for post processing is marked as a green line.
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Fig. 10. Water investigation, recording in 600 fps, = 0 to | s. Post processing for the
area marked in Fig. 9. Spacetime plot of the internal core variability 180 mm tube,
inlet pressure 1,5 bar.

Fig. 11. On the left: reference picture with marked locations for post processing: green
- A and yellow - B. On the right: two visible vortices at the beginning of the flow (red
arrows) and a suction motion occuring in the centre of the flow (blue arrow). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 12. Water investigation orifice section, recording in 1000 fps, =0 to 1 s. Top:
Spacetime plot of the onset of the flow in the 180 mm tube, location A. Bottom:
Spacetime plot of the onset of the flow in the 180 mm tube, location B.

The Kelvin—-Helmholtz instability is a phenomenon that occurs at the
interface between fluids of different velocities. It gives rise to small,
unstable perturbations, which gradually grow into vortex rolls. Over

time, these vortex rolls coalesce to form larger structures [57]. This
process enhances mixing and is characterized by a well-defined energy
cascade [58].

The second phenomenon is the von Karman vortex street is a repeat-
ing pattern of vortices occurring when a fluid flows past a cylindrical
object, creating alternating low-pressure vortices on either side [59],
with regularity and frequency influenced by the fluid inertia, described
by the Reynolds number [60]. Vortices exhibit helical symmetry, where
the vortex lines spiral around a central axis [61].

The third phenomenon to be delineated is the toroidal vortices,
which manifests in confined systems. This phenomenon stands in con-
trast to the previous two, which occur in free space. These vortices are
noted for their instability [62] with a tendency to merge into spiral
vortices under various conditions. A good example of that is the Taylor—
Couette system with axial end walls. In this case toroidal vortices
transition into spiral vortices, forming stable wavy spiral structures.
This is influenced by the end wall effects, which play a significant role
in the transition process [63,64].

4.2. Vortex formation in the RHVT

In the case of the studied RHVT, vortices are constrained by the
presence of the pipe wall, preventing their outward movement.
Through the observation of the fluid behaviour within the vortex tube,
along with an analysis of the established examples of fluid mechanics
presented in Section 4.1, it was possible to delineate the formation of
the flow structure within the device. The footage from the RHVT water
based study shown in Fig. 18 demonstrated that at the onset of the flow,
one of the observed vortices, first the upper vortex, exhibited a higher
velocity, thereby advancing in front of the lower one. Subsequently,
a change in the flow pattern was observed, where the lower vortex
began to overtake the upper one. Additionally, a counterflow was
observed between the vortices, forming a structure comparable to the
inner jet. It is therefore predicted that the observed behaviour causes
an instability of the toroidal vortices, resulting in their displacement
and subsequent merging into a spiral vortex, which represents the
basic flow element in the RHVT (see Fig. 19). This interpretation is
further supported by the observed variability of the internal vortex.
Subsequently, the liquid progressed towards the hot outlet, where a
part of the fluid exited the device. As a consequence of the appearance
of a large end-vortex system and a pressure gradient in the vicinity of
the cone-shaped control valve, the other part of the fluid was redirected
back towards the tube. The inverted portion of the liquid was propelled
in the space between the vortices (inner jet) and moved towards the
cold outlet (orifice). Studies conducted as part of this research (the
use of a cone-shaped regulation valve with an additional 1 mm hole
in its axis resulted in air or water flowing out), as well as previous
investigations [11], have determined that the pressure at the apex of
the cone is higher than the pressure observed at the outlets of the
RHVT, where almost atmospheric pressure was measured.

An alternative explanation could involve the presence of a double-
helical vortex. In such a scenario, we would expect to observe a
substantially greater number of vortices, more closely spaced, than that
observed in the experimental investigation.

According to the observed behaviour of the vortices it is also plau-
sible that the main vortex moving along the tube wall may transfer
kinetic energy to the inner jet. This hypothesis could explicitly explain
the formation of the inner vortex. However, this is difficult to prove via
experimental research.
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Fig. 13. Tornado-like structure recorded in the 180 mm tube.

Fig. 14. Formation of a gas bubble, from left to right: 7 =0 to 3.08 - 107* s.

Fig. 15. Disappearance of a gas bubble, from left to right: 7 =3.84-107* to 6.15-107* s.

Fig. 17. Movement of the gas bubbles persisting in the centre of flow. From the top: (a) Bubbles occuring and moving towards the regulation valve, (b) Persisting in the inner

flow and creating a chain of bubbles, (c) Merging to bigger bubbles.
4.3. Cavitation in the RHVT

The observed cavitation phenomenon in RHVT represents a signifi-
cant discovery in understanding the underlying causes of the Ranque—
Hilsch effect.

Cavitation is the formation of vapour cavities (bubbles) in a liquid
— typically water — due to the forces acting upon it, such as a rapid
change in pressure. These cavities are created when the local pressure
drops below the liquid’s vapour pressure, leading to the formation of

gas-filled voids. These bubbles can collapse violently, causing signif-
icant damage to materials and surfaces, [65]. Cavitation can occur
in various environments and systems, including hydraulic machinery,
pumps, propellers, and biomedical devices. It is notably prevalent in
regions where liquids are subjected to rapid pressure changes, such as
the trailing edge of a propeller blade or within a pump impeller. The
cavitation mechanism involves the formation, growth, and subsequent
collapse of vapour bubbles in a liquid. Initially, small gas pockets serve
as the starting point for bubble formation when local pressure drops.
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Fig. 18. Behaviour of two visible vortex structures at the beginning of flow in RHVT.
See also supplementary material 1.

Fig. 19. Alternating vortices wrapping also

supplementary material 2.

Fig. 20. Gas bubbles persisting in the centre of the flow.

As the pressure decreases further, these bubbles grow and eventually
collapse when the pressure is restored [66], this and the characteristic
sound appearing was observed in the RHVT during the experimental
investigation, Section 3.2.3.

It is interesting to observe that for the applied water temperature
range of 22 to 26 °C (depending mainly on the ambient temperature in
the laboratory), the saturation pressure ranges from 2.64 to 3.36 kPa.
Therefore, the occurrence of this phenomenon directly proves and
visualizes the existence of a very low pressure region within the flow
of the RHVT.

4.4. Bubble behaviour

The observed behaviour of gas bubbles in experimental studies was
a key element of the water investigation. The movement of bubbles
around the inner vortex in a direction opposite to the expected flow at
this location, and their subsequent accumulation at the control valve,
represent a significant research question to be addressed. The proposed
explanation is as follows: Due to the high rotational speed and the
action of centrifugal forces, the flowing liquid is ejected outwards,
resulting in a significant reduction in pressure within the flow, which
is confirmed by cavitation, leading to the formation of bubbles.

(i) Bubble persisting in the centre of the flow

The gas bubble formed then became a resistance in the flow, slowing
down the surrounding fluid. Due to the rotational nature of the flow,
the fluid was ejected outwards, leaving the bubble in the centre of the
flow, moving in close proximity to the internal vortex (see Fig. 20).

(ii) Bubble movement along the axis

Due to the bubble acting as a resistance to the flow and the deceler-
ation of the surrounding fluid, the pressure gradient in the immediate
vicinity of the bubble decreased. This caused the bubble to move
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Fig. 22. Gas bubbles accumulating in the regulation valve region.

towards the conical regulating valve instead of following the inner
vortex flow towards the orifice (cold outlet) (see Fig. 21).

(iii) Accumulation of the bubbles

Finally, the bubble reached a point where the fluid moving around
the bubble towards the cold outlet accelerated it at the same rate as
the movement caused by the pressure gradient towards the conical
regulating valve. As a result, the bubbles began to accumulate and
persist in this region, forming a chain of separate bubbles. The bubbles
did not merge due to surface tension. After a while, the bubbles
were observed to merge when their number became large enough to
overcome the surface tension (see Fig. 22).

4.5. Working principle hypothesis

The observations and conclusions obtained from the RHVT flow
structure studies, and in particular the observed cavitation, have led
to the formulation of two additional hypotheses to further elucidate
the underlying physics of the phenomenon. The first one described
as Gas humidity was a temporary working hypothesis discontinued
after further literature analysis. It was based on the water visualization
experiments, where the low pressure region within the vortex tube
was observed. The idea behind this hypothesis was that according to
the ideal gas law a decrease in pressure under conditions of constant
volume and gas quantity results in a corresponding temperature drop.
In addition, it can be assumed that most gases (including atmospheric
air) contain a certain amount of moisture. If the pressure in the vicinity
of the internal vortex is close to vacuum, the water immediately begins
to boil, even at low temperatures. This was observed in the water
investigation in the form of cavitation. For the case of humid air a
decrease in pressure entails the decrease of the saturation temperature.
As a result, with further pressure reduction, the previously condensed
droplets may also begin to boil and expand rapidly in the low pressure
region. This phase transition will result in heat absorption from the in-
ternal vortex. Subsequently, because of its rapid expansion, the vapour
will reach a higher pressure region — the border between the inner
and outer flow. As the pressure increases, the water vapour formed
under vacuum conditions may now recondense because the higher
pressure can support the liquid phase again. Eventually, the water or
moisture in the air reaches a new equilibrium where the liquid and
gaseous phases coexist according to the ambient temperature and the
new pressure conditions. Because of the centrifugal force, the water is
then pushed further outward, to a zone with an even higher pressure.
Due to the increase in pressure, it will start to evaporate again because
of the rising temperature. This process adds water vapour back into the
air, increasing the humidity. After reaching the cone-shaped regulation
valve area, part of the humid gas will be redirected into the inner flow,
and the whole process will repeat, establishing a process similar to a
Rankine cycle, and explaining why temperature stratification occurs.
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Although at first this hypothesis seemed to be reasonable, literature
data and observations have proven it to be invalid. Firstly, the amount
of water in the air is not significant. For example, at a temperature of
300 K and a relative humidity of 50%, the moisture content would be
approximately 0.012 kg H,0/kg dry air. Secondly, assuming that this
hypothesis describes the primary mechanism of heat transport in RHVT,
the effect should not occur or should be significantly weaker in dry
gases. However, the literature provides information about experiments
with gases such as N,, CO,, and He, where in all cases the authors
report the occurrence of the phenomenon [67-70].

The second hypothesis that can be derived is referred to as the
“centrifugal compressor hypothesis”. This hypothesis is regarded as
the most plausible explanation for the physics of the phenomenon,
as determined by the observations made in this experimental study.
The majority of hypotheses concerning the Ranque-Hilsch phenomenon
attempt to identify the underlying cause of temperature stratification
with a mechanism analogous to that observed in heat pumps. How-
ever, it is plausible that the explanation of the phenomenon is more
straightforward, and that the mechanism of gas compression itself,
through the action of centrifugal force and volume change (a property
of a compressible fluid), is responsible for this temperature difference.
The results of experimental studies indicate that the compressibility
of the working medium greatly influences the phenomenon. It has
been observed in various gases (air, CO,, helium, etc. compressible
fluids), but in water (incompressible fluid), the majority of literature
sources indicate that the phenomenon does not occur, [47,48]. Similar
observations were made in this study. Other reported observations
show the following relationships:

i For the given valve setting, increasing the inlet pressure in-

creases the temperature difference;

For the given inlet pressure, opening the valve results in a

decrease of the cold outlet temperature and also a decrease of

the hot outlet temperature to a point after which the main flow
will start sucking in air through the orifice, similar to an ejector;

Increasing the length of the tube results in an increase of the

temperature difference, until a certain critical length is reached.

Further length increment results in the deterioration of the

effect;

For a closed regulation valve (only the cold-end outlet active),

the outlet temperature constantly and slowly increases with

time;

v Prior numerical studies within the ATHLETE project, based on
elementary energy equations have demonstrated a temperature
separation in both dry and humid gases, without incorporating
phase change modelling;

=

i

=

ii

The conclusions drawn from previous studies of the phenomenon did
not allow to point out a specific mechanism that could directly influ-
ence the observed temperature difference. Therefore, it is conceivable
that the operation of a vortex tube can be explained similarly to
the model proposed by Georges Ranque, who postulated adiabatic
expansion in the core and adiabatic compression in the outer layer.
The hypothesis presented in this section, assumes that the centrifugal
force alone is sufficient to create a centrifugal compressor effect within
the vortex tube, an effect which is amplified by the presence of a very
low-pressure region in the tube’s interior. According to this hypothesis,
there is no need to postulate the existence of a specific mechanism that
would enable a ‘heat pump’ cycle.

Consider three layers of fluid: A, B, and C as shown in Fig. 23.
Assuming a fixed co-ordinate system applied to the vortex tube axis,
and assuming that the tangential velocity v, = wr is the dominating
component of the velocity vector, one can note that the layer B can
only be maintained in rotation by the centripetal force, resulting from
the difference in pressures of layers A and C:

®’r dm =S dp, 3
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Fig. 23. Pressure field in the rotating fluid.

Table 2
Sample results of radial pressure distribution in a centrifugal field from data based on
water, low pressure air and high pressure air experiments.

Parameter Value

Water Air
Radius, m 0.006
Inlet pressure (experimental), kPa 575 118 700
Tangential velocity, m/s 28.3 91.6 237
Angular velocity, rad/s 4722.2 15267 39500
Isentropic exponent - 1.4 1.4
Temperature in the core, K 293 292 267
Temperature at the outer wall, K 293 296.2 294.8
Pressure in the core, kPa 1.5 100 100
Pressure at the outer wall, kPa 403 105.1 141.5

where S is a surface of the fluid element B perpendicular to the plane
of analysis. Neglecting the variability of .S one can obtain:

4

For incompressible fluids, the following radial pressure distribution can
be derived:

dp = pa)zr dr

> ()

For gases (compressible fluids), one has to account for the equation
of state (EoS), as well as for the temperature-pressure dependency
during compression. Assuming the ideal gas EoS and an isentropic
compression one can write:

p(r) =py +

k=1

p= 2 and <£>"=1
RT Po Ty

Substituting these equations into Eq. (4) and performing the required
integration, the following pressure distribution is obtained:

_ 1+K—la)2r2 =
P=ro 2RI,

Based on the derived equations and fluid velocities obtained from
the experimental data, the following pressure and temperature distri-
bution in a theoretic 1D pressure field is obtained (Table 2).

As it can be seen, the impact of the centrifugal/centripetal forces
on the pressure temperature differs substantially between the consid-
ered fluids. For water, there is no temperature increment due to the
pressure gradient, while the pressure gradient is very high despite a
lower angular velocity. On the contrary, for air the pressure gradient
created by the rotation of the fluid is less pronounced even for high
inlet pressure and velocity; at the same time, this gradient creates a
significant temperature increment. This increment is still noticeable for
low inlet pressures and moderate velocity and its value is in agreement
with the experimentally observed values described in Section 2.1.1.

While the presented considerations are idealized and based on a
one-dimensional radial formulation and the ideal gas, adiabatic ex-
pansion, they suffice to detect the fundamental thermodynamic laws
governing the flow physics in the studied vortex tube.

(6)

)
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5. Conclusions

At the current state of knowledge, the reasons for the occurrence
of the Ranque-Hilsch phenomenon still remains unclear. The high
rotational and linear velocities present in the flow made it challenging
to obtain the anticipated measurement outcomes. In the case of tests
using aerosol, it was not possible to visualize the individual aerosol
particles, which burst due to the excessive pressure, resulting in flow
disturbances and visible condensation. The use of water facilitated a
better observation of the flow structure; however, the Ranque-Hilsch
phenomenon was not occurring in this case (no temperature differ-
ence). Furthermore, comparing the results obtained in compressible
and incompressible liquids also presents a number of problems associ-
ated with significant differences in their physical properties. However,
a number of conclusions could be drawn directly from the experimental
studies conducted:

1. The observed structure within the interior of the flow, as de-
picted in the visualization studies, represents the internal flow
structure of the RHVT. The formation of this structure is primar-
ily attributed to the pressure gradient that is generated in the
vicinity of the control cone. This was observed as a growth of
the structure going from the regulation cone to the outlet orifice.
Furthermore, it is expected, that the transfer of kinetic energy
from the outer vortex flow to the inner jet also plays a significant
role, Section 3.

2. The analysis of the behaviour of the internal vortex demon-
strated the feasibility of experimental studies using air as a
working fluid. The obtained results are consistent with the re-
ported literature for water, and add novel value for air flow
visualization.

3. The vortices observed during the study are anticipated to be
toroidal vortices, and because of their inner instability they
begin to overlap and consequently form a spiral vortex that
underlies the main flow in the vortex tube and whose velocity
increases as the inlet pressure increases.

4. The observation of the occuring cavitation and the subsequent
analysis of the behaviour of the bubbles enabled the description
of the low-pressure region occurring inside the flow, Section 4.3.

5. The radial pressure field is more pronounced for liquids due to
higher inertia forces, on the other hand, it contributes to the R-H
effect in gases at least partially, due to the temperature-pressure
dependency in the compression process. The R-H effect may be
amplified by other phenomena, as discussed in the literature
review.

6. The observed flow structure and cavitation provide a valuable
basis for further numerical modelling and achieving a fully
validated numerical model in agreement with both global and
local flow conditions.

In addition, it is important to emphasize the significance of the ob-
served cavitation. With this discovery, the RHVT can become an ef-
fective tool for further research on the cavitation process. Cavitation
is a critical area of research due to its dual nature: it can be both
detrimental and beneficial depending on the context. On the one hand,
cavitation causes wear and damage to hydraulic machinery, posing a
significant challenge for engineering and design. Understanding cavita-
tion wear is essential for selecting appropriate materials and optimizing
system design to mitigate these adverse effects [71]. On the other
hand, cavitation has promising applications in fields like biomedical
engineering, where it is applicable for therapeutic purposes [72]. This
potential for both harmful effects to be avoided and possible beneficial
applications makes cavitation an interesting topic of further research.
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6. Outlook

The objective of the experimental study presented in this work was
to investigate the flow structure inside a Ranque-Hilsch vortex tube.
The observed behaviour of the inner vortex and the cavitation occur-
ring around the inner core are the phenomena that can be modelled
within the planned numerical studies. Agreement between experimen-
tal and numerical studies is essential to enable the investigation of a
broader range of settings and direct observations of the device’s internal
dynamics.

While the presented pressure/temperature dependency provides a
reasonable explanation of the primary thermal separation mechanism,
the energy-based explanation of the effect and the impact of secondary
mechanisms should be investigated more thoroughly in future work.
Among them, one should emphasize on the potential influence of
acoustics. The acoustic hypothesis has yet to be fully explored, and it
shows promising potential for further research.
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