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Abstract: This study presents the results of CFD modelling of a uniflow Vortex tube based on the Ranque-Hilsch effect.
The designed models are based on experimental measurements and calculations presented in [1], with the calculations
derived from relationships published by Takahama [2] and Soni [3]. The tube geometry was designed according to
these relationships for an inlet pressure of 0.5 MPa, which was also used in the CFD simulations. Two different inlet
air geometries were tested. The analysis focused on velocity and temperature fields in the developed mathematical
models. The results will serve as a basis for the design of experimental devices.
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1 Introduction

In an effort to find alternative energy sources that do
not harm the environment, experts are turning their
attention to vortex energy. Nikola Tesla was the first
well-known scientist to draw humanity's attention to the
need for unconventional approaches in energy
production. In 1892, he expressed the following view:
“We are moving at an incomprehensible speed through
infinite space. Everything around us is in motion, and
energy is everywhere. There must be a more direct way
to harness this energy than is currently known. When
light comes from the environment around us, and when
all forms of energy are effortlessly obtained from this
inexhaustible source in the same way, humanity will
advance by leaps and bounds” [4].

Currently, many countries utilize devices based on
the Ranque-Hilsch effect, known as Vortex tubes (VT)
or Ranque-Hilsch Vortex tubes (RHVT).

The Ranque-Hilsch Vortex tube (RHVT) is a device
that enables temperature separation in a stream of
compressed gas without the need for moving parts. This
phenomenon was first observed by G. J. Ranque in
1930, and in 1934, he obtained an American patent for
his discovery [1]. Subsequently, R. Hilsch conducted a
more detailed investigation of the issue, publishing an
extensive analysis of the physical principles of this
process in 1947 [2]. Since its discovery, the RHVT has
been used in a wide range of technical applications,
particularly in industrial automation, cryogenics, and
thermal management, where it facilitates localized
cooling or heating without requiring external energy
sources.
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Research in this field to date has led to the
development of several design variants of the RHVT.
Based on experimental studies, mathematical
relationships have been derived to optimize the tube's
geometry in relation to the physical parameters of the
gaseous medium. However, these relationships have
primarily focused on counter-flow RHVTs [2,3,6-9],
with most publications stating that the ratio of the tube’s
length Ly to its internal diameter Dy should be in the
range of 20 < Ly/Dy < 55.5, or more is mentioned if this
ratio is > 32 [3].

One of the less-explored RHVT variants is the
uniflow configuration, also known as the parallel flow
or co-flow tube. This version has been described in
several studies [10-13], but it has not yet gained
widespread practical use. The aim of this work is to
design the geometry of a uniflow RHVT based on
available information from existing literature and to
create a mathematical model for its simulation using
CFD software. The geometry design is based on
mathematical relationships derived for counter-flow
RHVTs. Autodesk® Simulation CFD 2021 was used for
simulations, and Autodesk® Inventor 2021 was
employed for the structural design. Two uniflow models
with different geometries of the compressed air inlet
stream were created. The analysis focuses on the
separation of the incoming air into two fractions using
the vortex effect and on comparing the flow properties
and performance depending on various geometric and
physical parameters of the medium.

2 Materials and methods

The geometric aspects concern the proper placement
of the compressed gas inlet nozzle, the positioning of the
hot and cold outlets, the tube length, the diameter of the
vortex chamber, the tube, the outlet diameters, the angle
of the incoming gas, and the shape of the control valve
(needle) at the hot end. Hilsch was the first to investigate
the influence of the placement and size of individual
components on the performance of the tube [14].

Regarding the correct placement of the cold outlet
for the tube, Ranque proposed two possible solutions
[6].

Similar to Figure 1, one possible configuration of the
VT is where the cold outlet is positioned on the same
side as the hot outlet.

Compressed air inlet Cone valve
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Figure 1 Schematic diagram of vortex tube.[6]

Numerous experiments have shown that a counter-
flow vortex tube is generally more effective [5,6].
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Linderstrom-Lang analysed the influence of the
position of the control needle and the shape of the inlet
nozzle on the flow characteristics of compressed gas [8].

In 1955, Westley experimentally optimized the
geometric parameters of the vortex tube to improve its
functionality and efficiency. He found that optimal
performance could be achieved through an appropriate
combination of inlet region, tube length, dimensions of
the vortex chamber, cold zone, cold air outlet, and inlet
pressure [9]. The resulting ratios are presented in [1, 15].

In the 1960s, Takaham proposed a different
mathematical relationship for determining the optimal
geometry of a vortex tube. He discovered that if the
Mach number at the inlet reaches a value in the range of
0.5 to 1, the vortex tube geometry should correspond to
the relationship described in [2,15], as such a
configuration allows for a more pronounced heating and
cooling effect.

In his study [3], Soni presented the results of
experiments conducted on more than 170 different
vortex tube configurations, identifying the optimal
performance that can be achieved by following the
defined geometric relationships presented in
[1,3,15,16].

Available findings indicate that all previously
described geometric relationships for vortex tubes share
common  fundamental characteristics. These
relationships were subsequently experimentally verified
by Raisky [17] in 1974.

2.1  Design of the Vortex tube geometry

The construction of a vortex tube largely depends on
its overall length, geometric parameters, and the
configuration of its individual components. The main
parts of the Vortex tube (VT), whose geometry
significantly affects the flow behaviour and temperature
separation effect, include: the inlet nozzle (often
designed in the shape of an Archimedean spiral), hot and
cold gas outlets, the regulating element (cone or needle),
the vortex chamber, and the main tube body. Review
publications such as [10,15,18-20] present various VT
geometries that have been investigated by numerous
authors through both experimental studies and
mathematical modelling.

For the cold and hot air outlets, a truncated regulator
was selected, as illustrated in Figure 2.
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Figure 2 Schematic of uniflow VT outlet — Cone valve

The diameter for the cold outlet D will be
determined based on calculations according to [1], as



well as the selected VT parameters and the
corresponding calculated values, which will be
presented in the relevant tables.

Theoretically, the expansion angle of the cone valve
ranges between 45° and 60°. In this model, an angle of
60° is selected to allow a smoother transition from the
vortex to the outlet. An opening for the cold fraction is
located along the axis of the cone valve. A gap is created
between the inner wall of the vortex tube and the cone
valve to allow the discharge of the hot fraction. This
arrangement provides the conditions necessary for the
tube to operate on the uniflow principle.

2.1.1  Model 1: Geometry and CFD Setup

For the design of Model 1, the inlet pressure of
compressed air was set to 500 kPa, with a ratio of
Lvt/th = 45

Air is supplied to the system through a nozzle of
optimal diameter, aiming to minimize pressure loss. A
nozzle that is too narrow may result in significant
pressure drop, while an excessively large diameter will
not generate the required vortex motion.

In Model 1, the inlet nozzle is implemented as a
20 mm long tube mounted in the body of the vortex tube
at an angle of 80° relative to its axis, in order to prevent
reverse vortex flow.

Based on the relationships proposed by Takahama
[2], the calculated optimal nozzle diameter is 6 mm.

The geometric design of Model No. 1 is illustrated
in Figure 3.
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Figure 3 Input configuration schematic — Model 1

The calculated VT parameters obtained according to
the relations in [1], which are based on the works
[2,3,9], are presented in Table 1.

Table 1 Geometrical parameters for Model 1.

LV1 Dv1 Av1 Din Ain Dco Aco
mm mm | mm? | mm | mm?| mm |mm?

660 | 14.15| 1575 6 (2826 9 65

Ly~ length of the vortex tube, (m)

Dy~ diameter of the vortex tube, (m)

Ay — area of the vortex tube, (m?)

Din- diameter of the inlet nozzle, (m)

Ain— area of the inlet nozzle (m?)

D.- diameter of the cold outlet nozzle, (m)
Ac— flow area at the cold outlet, (m?)
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Based on the calculated parameters of the proposed
vortex tube design, a three-dimensional model was
developed using Autodesk® Inventor 2021. This
geometry was subsequently imported into Autodesk®
Simulation CFD 2021 to construct the computational
domain for numerical analysis. A discretized mesh was
generated, material properties were assigned, and
appropriate boundary conditions were defined in
accordance with [21]. These steps enabled the
simulation of the vortex effect under the specified flow
conditions.

Table 2 Boundary conditions for Model 1.

Condition type Input/Output/Wall
Gliding / Symmetry Wall
Heat transfer coefficient wall
(20 W.m2.K", 20°C)
Pressure (500 kPa) Input
Temperature (40°C) Input
Pressure (0 Pa) Output

In Table 2, the parameters required for simulation
setup are listed. Pressure values are expressed as gauge
pressure relative to the ambient
pressure, defined here as po = 101325 Pa (standard
atmospheric pressure).

Among the available turbulence models, the SST k-
® RC (Shear Stress Transport k-omega with Rotation
and Curvature correction) model developed by Smirnov
and Menter [22] was selected for the simulation. This
model is recommended for flows with significant
curvature, such as those commonly encountered in
cyclone separators. It is a two-equation model enhanced
with corrections for rotation and curvature (RC), which
increases its computational complexity and requires
finer mesh resolution.

The compressibility of the working fluid was
considered during the simulation setup.

The computational mesh was generated using the
Autosize function, resulting in a total of 101,429 nodes
and 499,901 elements.

One of the advantages of the model is its accurate
numerical transport mechanism for scalar quantities
such as velocity and temperature across the solution
domain. Autodesk® CFD provides five advection
schemes [23], of which the ADV 5 scheme (a modified
Petrov—Galerkin formulation) was employed in this
study for its superior stability and accuracy.

2.1.2  Model 2: Geometry and CFD Setup

The previous model exhibited a limitation in that the
calculated length of the device was such that the vortex
motion inside the tube could not maintain its structure
for a sufficient duration. Consequently, the flow became
mixed prior to reaching the outlet, resulting in the loss



of the heat separation effect. The proposed solution to
this issue involved reducing the tube length and
recalculating the remaining parameters inversely.

For further modelling, an adjustment to the Ly
parameter was considered, specifically a 10-fold
reduction in its length. Simultaneously, the Lw/Dy ratio
was modified to 32, thereby increasing the internal
diameter of the tube. These modifications comply with
the minimum design requirements for a vortex tube
(VT) as recommended by various authors in the
literature.

Model 2 was designed with a modified compressed
air inlet. To enhance vortex flow at the inlet, the use of
six nozzles was proposed, as depicted in Figure 4.

Figure 4 Input configuration schematic — Model 2

The VT parameters calculated for Model 2, based on
the relations in [1] and derived from the works [2,3,9],
are presented in Table 3.

Table 3 Geometrical parameters for Model 2.

L\n D\n Avt Din Ain Dco Aco

mm | mm | mm?2 | mm | mm? | mm | mm?

66 2.2 3.8 | 0.14 |0.0154| 0.21 |0.035

The geometry of the 3D Model 2 was constructed
using Autodesk® Inventor 2021 software. The resulting
model serves as the foundation for a simulation model
in Autodesk® Simulation CFD 2021. The initial
simulation parameters were maintained consistent with
those applied to the first model. Due to the modification
of the geometry, the dimensions of the computational
mesh were altered. The mesh for numerical
computations was generated using the Autosize
function. To address the task, a total of 78,146 nodes and
356,199 elements were created.

3 Results and discussion
3.1  Simulation Results for Model 1

For Model No.1, the simulation process comprised
1498 iterations. Convergence was achieved when
successive iterations produced negligible changes in the
results, upon which the solver automatically terminated
the computation. The average computational time per
iteration was approximately 63 seconds.

To enable the simulation of airflow within the tube,
all solid components of the model must be geometrically
connected. The node incorporating the cone valve inside
the tube imposes a significant computational load. To
optimize solver performance, a small artificial
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connection was introduced between the cone valve and
the tube wall. This modification is located at the
downstream end of the tube — specifically at the outlet
region of both the hot and cold streams. While this
adjustment slightly disturbs the local vortex structure, it
has negligible impact on overall heat transfer, as it is
positioned at the boundary of the computational domain.
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Figure 5 Velocity field with streamlines at inlet and tube
body - Model 1

Figure 5 shows the visualization of the velocity field
along airflow streamlines at the inlet and within the
vortex tube of Model 1.
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Figure 6 Inlet and tube temperature field streamlines —
Model 1

Figure 6 shows the visualization of the temperature
field along airflow streamlines at the inlet and within the
vortex tube model of Model 1.

From Figures 5 and 6, it is evident that the
compressed airflow supplied through the inlet nozzles
generates a vortex flow, although the streamline
structure remains intact only within the range of 0-15
cm. Analysis of the simulation results at the tube’s inlet
also indicates low heat transfer and limited separation of
the hot and cold fractions of the swirling airflow. The
flow behaviour changes at the tube’s outlet. The
subsequent Figures 7 and 8 illustrate the velocity
trajectories and temperature variations along
streamlines at the tube’s end, respectively.
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Figure 7 Velocity field with streamlines at the outlet and tube
body - Model 1

Figure 7 illustrates the distribution of the velocity
field along airflow streamlines at the outlet and within
the vortex tube of Model 1. A comparison of the
simulation results and streamline visualizations in
Figures 5 and 7 reveals a transition from swirling to
longitudinal flow, with an expected reduction in
velocity near the inner wall of the vortex tube at its
outlet end.

(6) Temperature - Cotsus

Figure 8 Temperature field with streamlines at the outlet and
tube body - Model 1

Figure 8 presents the visualization of the
temperature field along airflow streamlines at the outlet
of Model 1. Analysis of the streamlines reveals partial
separation of the hot and cold airflow streams. However,
as noted in the flow analysis, the loss of swirling motion
toward the tube’s end, also observed in Figure 6, results
in insufficient separation of the hot and cold fractions.
This phenomenon indicates that the current simulation
of Model 1 exhibits limitations in achieving effective
temperature separation. To improve the performance of
this vortex tube design, it is necessary to optimize the
inlet parameters of the flowing medium to sustain
swirling motion along the entire length of the tube,
thereby enhancing the separation of cold and hot
streams at the outlet of the proposed Model 1 geometry.
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Figure 9 Temperature separation of flow fractions along the
Vortex tube - Model 1

Figure 9 visualizes the temperature separation of hot
and cold flow fractions along the length of the vortex
tube in Model 1. The swirling effect diminishes before
reaching the tube’s outlet, resulting in cooler air being
present at the expected hot outlet. This is attributed to
the heat transfer conditions imposed at the outer flow
boundaries, which cause the core flow to remain warmer
than the periphery. In the swirling region depicted in
Figure 9, the theoretically predicted thermal separation
is observed, indicating that the anticipated vortex effect
is partially achieved. However, the incomplete
persistence of swirling motion suggests that further
optimization of the inlet conditions is required to
enhance separation efficiency across the entire tube
length.

3.2 Simulation Results for Model 2

The simulation process for Model 2 was conducted
under identical inlet medium parameters as Model 1.
The simulation computation required 2253 iterations,
representing a 50.4% increase compared to Model 1.
Convergence was achieved when successive iterations
yielded negligible changes in the results, at which point
the solver terminated automatically. The average
computational time per iteration was 42 seconds,
approximately one-third shorter than that for Model 1,
indicating improved computational efficiency per
iteration despite the higher total iteration count.
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Figure 10 Velocity field with streamlines at inlet and tube
body - Model 2

Figure 10 visualizes the velocity field along
streamlines for Model 2, demonstrating that the swirling
motion of the flow is maintained along the length of the
vortex tube.
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Figure 11 Inlet and tube temperature field streamlines —
Model 2

Figure 11 visualizes the temperature field along
streamlines for Model 2, from the inlet through the
swirling nozzles. The simulation analysis reveals the
separation of hot and cold flow fractions, consistent with
the sustained swirling motion observed in Figure 10.
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Figure 12 Time-dependent visualization of hot and cold
airflow separation - Model 2 (30-Iteration intervals)

Figure 12 presents a time-dependent visualization of
the separation of hot and cold airflow fractions in Model
2, depicted through a colour gradient at 30-iteration
intervals. This iterative visualization effectively
illustrates the separation process and the formation of a
cold core, which facilitates the exit of the cold fraction
through the centre of the cone valve at the tube’s end.
The simulation results in Figure 12 demonstrate that
thermal separation within the vortex is effective,
achieving a temperature difference of up to 100°C. A
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distinct cold core is observed near the inlet, though it
gradually warms over time. Along the tube length, the
disruption of the vortex structure coincides with the loss
of a clearly defined cold core. Consistent with previous
observations, the cyclone structure remains unstable in
this model. Consequently, the simulation indicates that
no significant separation of fractions is achieved at the
tube’s outlet.
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Figure 13 Temperature field with streamlines at the outlet
and tube body - Model 2

Figure 13 presents a visualization of the temperature
field using a colour gradient. Swirling motion initiated
at the inlet leads to the progressive development of
airflow fraction separation along the tube length, as
evidenced by the time-dependent visualization in Figure
12. However, the simulation results in Figure 13
demonstrate that the desired separation effect is not
achieved at the outlet.

(1) Velocty Magritude - s

Figure 14 Velocity field with streamlines at the outlet and
tube body - Model 2

,Figure 14 illustrates the velocity field distribution
of airflow at the end and outlet of the vortex tube in
Model 2, visualized using a colour gradient. A
comparison of the simulation results and streamline
visualizations from Figure 11 with the colour gradient
representation in Figure 14 reveals a transition from
intense swirling motion near the inlet to a diminished
vortex at the tube’s end, accompanied by an expected
reduction in velocity. At the fraction outlets, airflow
velocities approximate 3 m/s. Similar to the findings for



Model 1, these results indicate that optimizing inlet
parameters remains essential to maximize the vortex
effect in Model 2. The simulation outcomes provide
valuable insights for further investigation of the
proposed vortex tube geometries. These findings
suggest that, with appropriate adjustment of the inlet
medium parameters, the desired separation of airflow
fractions can be achieved.

4 Conclusions

The aim of this study was to design a uniflow
Ranque-Hilsch vortex tube (RHVT) model and conduct
CFD simulations of the flow and temperature field
based on existing mathematical relationships. The
results of the first model indicated that the initially
proposed geometry was unsuitable, leading to its
modification and a change in the method of compressed
air supply to the tube. The geometry design continued to
follow the equations derived for counter-flow RHVTSs,
with simulations intended to verify their applicability to
the uniflow configuration.

Based on the analysis of the simulation results, the
following conclusions can be drawn:

e Model 1

- The vortex effect was only partially achieved, with
an insignificant temperature separation (=1 °C).

- The tube length obtained from the mathematical
equations was too large, preventing the vortex
motion from being sustained for a sufficient
duration. As a result, premature mixing of the flow
occurred before reaching the outlet, leading to heat
dispersion and the loss of the desired Ranque-
Hilsch effect.

e Model 2

- By reducing the tube length by a factor of ten, new
geometric parameters were obtained while still
using the same mathematical equations.

- The vortex effect was more pronounced, and
temperature separation was achieved at an expected
level (=100 °C).

A comparison of the simulation results of both
models suggests that achieving the Ranque-Hilsch
effect in a uniflow RHVT is partially possible.
However, the mathematical equations developed for
counter-flow vortex tubes are not entirely suitable for
designing a uniflow configuration capable of achieving
the desired effect. The geometric parameters derived
from these equations did not yield the expected results,
indicating that a different optimization approach is
required for uniflow RHVTSs.

To achieve a more efficient uniflow RHVT design,
experimental  validation of various geometric
configurations is necessary, either through further CFD
simulations or physical experiments on laboratory
models. Future research should focus on deriving
specific mathematical relationships for uniflow RHVTs
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that better account for the flow dynamics and allow for
a more precise design of the device.
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