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Abstract. Air separators are fitted to helicopter engine intakes to remove potentially harmful dust from the influent air.
Their use is necessary in desert environments to eliminate the risk of rapid engine wear and subsequent power deteriora-
tion. However, their employment is concomitant with an inherent loss in inlet pressure and, in some cases, auxiliary power.
There are three main technologies: vortex tubes, barrier filters, and integrated inlet particle separators. In this work, a
vortex tube is investigated numerically. The study was conducted on the number and axial angle of inlet nozzles. Two and
three-dimensional models are investigated at a steady state condition then the standard k-& turbulence model is utilised for
determining the flow and temperature fields. The finite volume method base on a Computational Fluid Dynamic (CFD)
model is verified through the comparison with experimental data and numerical results of a vortex tube, reported in litera-
ture sources. Increasing the number of inlet nozzles, increases the sensitivity of the temperature reduction and the highest
possible temperature reduction can be obtained. A vortex tube with an axial angle inlet nozzle of yields better performance.
The numerical simulation results indicated that the CFD model is capable of predicting the vortex separation phenomenon
inside a Ranque-Hilsch vortex tube with different geometrical parameters.
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Introduction

A vortex tube, also called a Ranque-Hilsch vortex tube
(RHVT), is a simple device with no moving parts that con-
verts a pressurized gas of a homogeneous temperature into
two streams of different temperature, one warmer than the
inlet and one cooler simultaneously. Vortex tubes are gen-
erally classified into two types based on the cold exit posi-
tion: counter-flow vortex tubes and parallel-flow vortex
tubes. In counter-flow vortex tubes, the cold fluid outlet
is placed on the opposite end of the hot fluid outlet. In
parallel tubes, the cold and hot fluid outlets are located at
the same end. In this paper, a counter-flow geometry has
been chosen. As shown in Figure 1, a vortex tube mainly
consists of one or more inlet nozzles, a vortex chamber,
a cold orifice and a control valve that is located at the
hot end. A vortex tube refrigerator has many advantages
over conventional commercial refrigeration devices such
as: simplicity, durability, smallness or lightness of weight,

low cost, no need of electricity or chemicals, adjustability
of temperature, and being more environmentally friendly
(Eiamsa-ard & Promvonge, 2008b; Khodorkov, Poshernev,
& Zhidkov, 2003; Konzen, 1971; Lucca-Negro & Odoherty,
2001; Pouraria & Zangooee, 2012; Van Patten & Gaudio,
1969; Williams, 1971; Bazgir, 2017a, 2017b; Bazgir, Hey-
dari, 2018). Vortex tubes have been widely used in various
applications, including heating and cooling (Bazgir, Nab-
hani, 2018), drying gasses (Pouraria & Zangooee, 2012),
gas liquefaction (Park & Pouraria, 2014), separation of gas
mixture (Riu, Kim, & Choi, 2004), etc.

The Ranque-Hilsch vortex tube was first reported by
Ranque (Eiamsa-ard & Promvonge, 2008b) in 1933 and
was later popularized by Hilsch (1947). Since then, many
efforts have been made to investigate the temperature/en-
ergy separation in the RHVT. In experimental work, many
investigations have been done to improve the efficiency of
the RHVT. Saidi and Valipour (2003) in their experimental
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Figure 1. Flow structure in a counter-flow vortex tube

study examined the classification of the parameters affect-
ing vortex tube operation. The thermo-physical parameters
such as inlet gas pressure, type of gas and cold gas mass
ratio, moisture of inlet gas and the geometrical param-
eters such as the diameter of the main tube and shape of
entrance nozzle and hot control valve were designed and
studied. Valipour and Niazi (2011) experimentally inves-
tigated the effect of the vortex tube curvature from 0° to
150° on its performance. They concluded that straight and
150° curved vortex tubes have a higher performance as
refrigerators than the other curvature angles. Xue, Arjo-
mandi, and Kelso (2012, 2013a, 2013b) provides a detailed
description of flow behaviour inside a vortex tube and ad-
dresses the mechanism of the generation of cold and hot
streams in a vortex tube, which is confirmed by different
experimental methodologies, including a visualization of
flow structure in a water operated vortex tube and mea-
surement of velocity profiles in both water and air operated
vortex tubes. Chang, Li, Zhou, and Li (2011) performed
experimental research with a hot divergent tube and found
that the energy separation performance of a vortex tube
can be improved by using a divergent hot vortex tube.
However, only part of the flow parameters can be calculat-
ed by experiments, most of the detailed and important data
are very difficult to obtain. These data, such as flow pattern
and structure, are very important for understanding the
energy separation phenomenon. Eiamsa-ard, Wongcharee,
and Promvonge (2010) conducted an experimental study
on the effect of cooling the hot-tube and found that energy
performance can be higher than that of the vortex tubes
without the cooling.

Due to the limitations of the experimental work, some
efforts have been made to successfully utilize computa-
tional fluid dynamics (CFD) to find numerical simula-
tions to explain the fundamental principle behind the
energy separation within the vortex tube. Frohlingsdorf
and Unger (1999) studied fluid flow and energy separation
in a vortex tube by using a CFX code along with the k-
model. Aljuwayhel, Nellis, and Klein (2005) used a two-
dimensional axisymmetric CFD model to investigate the
vortex tube energy separation mechanism and their re-
sults proved that their numerical model could predict the
temperature separation successfully. Behera et al. (2005)
presented a three-dimensional CFD model for the analysis
of energy separation using the STAR-CD-Software with
the RNG k-g¢ turbulence model. Eiamsa-ard and Prom-
vonge (2007, 2008a) carried out a numerical simulation
to examine the phenomena of the flow field and energy

separation inside vortex tube flows. Skye, Nellis, and
Klein (2006) conducted research similar to Aljuwayhel
et al. (2005). Kazantseva, Piralishvili, and Fuzeeva (2005)
simulated the swirling flow using CFX-TASK software.
Farouk, T. and Farouk, B. (2007) used large eddy simula-
tion to obtain the energy separation inside a vortex tube.
They compared the predicated results with the published
experimental results of Skye et al. (2006). Behera, Paul,
Dinesh, and Jacob (2008) investigated the variation of
fluid properties and flow parameters as the fluid particles
progress in the flow field by tracking different particles
exiting through the hot and cold end. Pouraria and Zan-
gooee (2012) studied the performance of a vortex tube
refrigerator with a divergent hot-tube based on a two
dimensional axis-symmetrical Bovand, Valipour, Dincer,
and Tamayol (2014) studied the performance of a vortex
tube refrigerator with a curved hot tube based on a three
dimensional and utilized the RNG k-¢ turbulence model
for determining the flow and temperature fields. Liu, X.
and Liu, Z. (2014) presented a three-dimensional model
with the consideration of fluid compressibility and strong
swirling characteristics. They also compared the existing
turbulence models and found that RNG k-¢ turbulence
and standard k-& models are more suitable for the numeri-
cal simulation of the vortex tube.

Past studies show that vortex tubes with different ther-
mo-physical parameters such as inlet gas pressure, type of
gas and cold gas mass ratio, moisture of inlet gas, diameter
of the main tube, shape of entrance nozzle and hot con-
trol valve have been designed and studied experimentally.
In this paper, the numerical study focuses on disclosing
the influence of parameters like the number and axial an-
gle of inlet nozzles on the operational characteristics of a
vortex tube refrigerator. Hence, the numerical simulation
is carried out to simulate the internal flow profiles. The
simulation is verified through a comparison with experi-
mental results reported in literature sources. For compari-
son, the data for counter-flow vortex tubes with different
geometrical parameters has been obtained under similar
conditions.

1. Problem description

1.1. Geometrical model description

Compressed air is conducted inside a vortex tube through
the inlet nozzles which play an important role for creat-
ing a swirling flow. After the air enters the vortex tube,
the flow starts to swirl from inlet nozzles to the hot and
cold outlet of the vortex tube. As described above, a vortex
tube consists of the horizontal tube, some inlet nozzles, a
hot outlet which is located on the wall at the end of the
horizontal tube, and a cold outlet which is an axial outlet
opposite of the hot outlet. Creating geometry and meshing
is necessary for simulating this project. Most of the time,
for simplifying the process of computing equations, a two-
dimensional axisymmetric swirl model is used, however
for a greater explanation, a three-dimensional model of
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a vortex tube is investigated in this study too. Both the
modelling and meshing of the geometry are performed
by software Gambit 2.4.6. A comparison between a two-
dimensional axisymmetric swirl and a three-dimensional
model of a vortex tube can provide accurate verification
for choosing the axisymmetric swirl assumption for a two-
dimensional model.

1.1.1. Two dimensional axisymmetric swirl model

The Skye et al. (2006) model is chosen for this simula-
tion, as shown in Figure 2. When flow distributes around
an operating axis symmetrically, the axisymmetric swirl
model will be an accepted assumption for the simulation.

In this case, the parameter » of should be deleted from

all cylindrical equations, then flow analyses in the r-x co-
ordinate.

1.1.2. Three-dimensional model

The most important issue that raises doubt in applying a
two-dimensional axisymmetric swirl as the model is the
location of inlet nozzles; therefore, for investigating the ef-
fect of inlet nozzles on the performance of a vortex tube, a
three-dimensional model with a different number of inlet
nozzles was chosen. A six-inlet-nozzle vortex tube with its
cold and hot outlets is shown in Figure 3. The hot control
valve is located at the end of the vortex tube and controls
the cold mass flow rate by changing the pressure of the hot
outlet. For simplifying the model and the process of simula-
tion, the hot outlet is assumed to be a simple radial outlet.

[
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1.2. Performance parameters

- Cold mass fraction

The most important operating parameter is the cold mass
fraction. This parameter can be controlled by the hot con-
trol valve, which is located at the end of the vortex tube.
- Cold temperature difference

Cold temperature difference is the difference between the
temperature of the inlet and cold outlet.

; (D

ATC = T;n - Tc (2)
where T}, is the inlet temperature and T, is the cold outlet
temperature.

1.3. Governing equations

The high swirling and compressible turbulent flow inside
the vortex tube is analysed at two and three-dimensional,
steady state conditions and the standard k-¢ turbulence
model is applied. Bramo and Pourmahmoud showed that
the standard k-¢ model can be chosen to analyse the effect
of flow inside the vortex tube as a computational domain
(Bramo & Pourmahmoud, 2011). They also applied other
different advanced turbulence models like the RNG (Re-
normalized group) k-&¢ models and Reynolds stress equa-
tions and, finally, understood that these models cannot
lead the numerical analysis to a convergence simulation.
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Figure 2. A schematic diagram of the two-dimensional axisymmetric model
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Consequently, the governing equations including conser-
vation of mass, momentum, and energy are given below:
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According to the ideal gas assumption for the work-
ing fluid, the compressibility effect must be calculated as
follows:

P=pRT . (7)

The turbulence kinetic energy (k) and the rate of dis-
sipation (g) are calculated from the following equations:

0 0
E(pk)+a—xi(pkui) =

(8)
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In these equations, Gy, G, and Y,,. represent the
generation of turbulence kinetic energy due to the mean
velocity gradients, the generation of turbulence kinetic
energy due to buoyancy, and the contribution of the fluc-
tuating dilatation in compressible turbulence to the overall
dissipation rate, respectively. C;, and C,, are constants. G,
and o are the turbulent Prandtl numbers for k and ¢ also.
The turbulent (or eddy) viscosity, 1, is imposed as follows:

S rm
oa
Here, C, is constant. The values of model constants
Cie» Cye» Cy» Of and o, are: G, =1.44, G, = 1.92,
C, =0.09, o =10, 6, = 1.3. A finite volume method
(FVM) with 2D and 3D structured meshes, which is one
of the numerical methods to describe the complexity flow
patterns inside the vortex tube, is applied to the given gov-
erning equations. It is considered that the compressibility
of inlet air is a working fluid, where its thermal conductiv-
ity, specific heat and dynamic viscosity remain constant
during this study procedure.

={xi,x (10)

j.

1.4. Boundary condition
1.4.1. Inlet

The pressure condition for the inlet nozzles of a vortex
tube was chosen. The inlet of the vortex tube is specified
by total pressure, total temperature and the direction of

inlet flow. According to experimental data, the operating
conditions are: almost constant, and inlet pressure and
temperature are specified at 300 KPa and 300 K respec-
tively; the direction of flow has also been chosen normal
to the boundary condition.

1.4.2. Cold outlet

The pressure condition was chosen for the cold outlet of the
vortex tube and the static pressure is assumed to be con-
stant at the cold outlet. According to the experimental data,
the total pressure of the cold outlet is set at 103 KPa in this
numerical analysis. Computational fluid dynamic shows a
back flow around the cold outlet at low cold-mass fractions.
The temperature of back flow was set at 290 K, which is
equal to the temperature of the cold flow exit. The software
can solve this simulation by trial and error by replacing the
new computed value of temperature instead of the previous
value many times until the solution converges.

1.4.3. Hot outlet

For the hot outlet, the pressure condition was chosen as
a boundary condition exactly similar to the cold outlet;
however, the hot outlet pressure is not constant. It varies
in this study and causes different cold mass fractions.

1.4.4. Wall

A no-slip boundary condition was chosen for walls; there-
fore, all velocity components will be zero over the wall
surface. The heat flux is zero through the walls and the
walls are assumed to be adiabatic.

1.5. Computational domain and mesh study

All heat transfer, turbulence and related flow behaviour
equations are used for compressible fluids. The solver
method is the Finite volume method (FVM) based on com-
putational fluid dynamics (CFD). The working fluid is air
with ideal gas density and the Quick scheme is used for
momentum, energy and turbulence equations to ignore the
displacement and convective terms. Standard k-¢ turbulence
model is used to characterize flow behaviour inside the vor-
tex tube. The process of solver for a two-dimensional axi-
symmetric swirl and a three-dimensional model of vortex
tube with six inlet nozzles is described step by step in Ansys
Fluent 16.1. The process of solver with another number of
inlet nozzles is exactly the same as for the vortex tube with
six inlet nozzles. To solve continuity, momentum, energy
and turbulence equations, the geometry should be meshed
before in Gambit 2.4.6. By increasing the number of meshes,
the time of solving the equations will increase. If the number
of meshes decreases in critical sections, computational error
increases too. Thus, the mesh dependency has been done
and an optimized number of mesh also has been found. The
size of mesh at the inlet, cold and hot outlets was chosen to
be smaller than at the other places, which the average size
of every mesh element varying from 0.5 to 5 mm there. The
mesh of the two-dimensional axisymmetric swirl and the
three-dimensional models are shown in Figure 4(a, b).
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(b)

Figure 4. The mesh cells of the (a) axisymmetric and (b) three-
dimensional model of the vortex tube

The mesh dependency diagram related to the cold
and hot temperature difference was shown for the two-
dimensional axisymmetric swirl and the three-dimen-
sional model versus a number of meshes and the volume
of each mesh respectively. According to Figure 5, for the
two-dimensional axisymmetric swirl model, the number
of meshes increases from 3000 to 24000 with an increas-
ing step of 3000. As seen, there is no significant various in
temperature for more than 15000 meshes. In Figure 6, the
dependence of the three-dimensional mesh is shown: the
volume of each element varies from 0.14 mm? to 0.02 mm?
with a decreasing step of 0.02 mm?>. Results show that
there is no significant change in the temperature differ-
ence for the volume of each mesh less than 0.04 mm?.

1.6. Process of problem solving
1.6.1. Solver

In Table 1, the options which are chosen in the software
are shown. Considering the compressibility of flow inside
the vortex tube, the pressure and temperature variation
causes the density difference. A density based solver was
chosen in this numerical analysis. Both an explicit and
an implicit solver are chosen for the two-dimensional
axisymmetric swirl model; however, for the three-dimen-
sional model, because of the mesh complexity and dif-
ficulty of convergence condition, only the explicit solver
has been implemented. The axisymmetric swirl and 3D
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Figure 5. The variations of the total temperature difference
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the three-dimensional model

space are chosen for the two and three-dimensional model
respectively. The simulation is done at a steady state time
dependency for both models.

1.6.2. Turbulence model

From viscous models, a standard k-X turbulence model is
chosen with a standard wall function condition, which is
shown in Table 2.

Table 1. General details of the models in the software

Model Solver Space Formulation Time
Axisymmetric (2-D) Density base Axisymmetric swirl Implicit- Explicit Steady
Three dimension Density base (3-D) Explicit Steady

Table 2. Turbulence model features in the software

Model

Turbulence model

Wall flow condition

Axisymmetric (2-D) Standard k-¢

Standard wall function

Three dimension Standard k-¢

Standard wall function
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Table 3. Physical properties of the operating fluid

Model Material Density Specific .heat Therm.al. DAynarr.nc Molecular weight
capacity conductivity viscosity
Axisymmetric (2-D) | Air Ideal gas 1006.43 0.0242 1.789 x 107> 28.96
Three dimension Air Ideal gas 1006.43 0.0242 1.789 x 107> 28.96

1.6.3. Physical properties of the operating fluid

The physical properties of the operating fluid can be seen
in Table 3. The density of the operating fluid determines it
as an ideal gas and the temperature can vary in the range
of 250 to 350 K, while an average temperature of 300 K is
chosen for the inlet fluid temperature.

1.7. Validation

For evaluating the research results, all data have been
validated and compared with results in (Skye et al. 2006).
The ratio of the hot and cold temperature difference ver-
sus cold mass fractions has been plotted and is shown in
Figure 7. As illustrated, the results in different cold mass
fractions have an acceptable validation and verification
with experimental data and the numerical results of Skye
et al. (2006).

—@— Sky Experimental Results —@— Sky CFD Results

—@— Present Work - Axisymmetric Present Work - 3D

10

ATh/ ATc

0 0,2 0,4 0,6 08 1

Cold Mass Fraction

Figure 7. Ratio of hot (AT}, ) and cold ( AT,) temperature
difference versus the cold mass fraction (L)

2. Results and discussions

2.1. Number of inlet nozzles

The effect of the number of inlet nozzles on the perfor-
mance of the vortex tube is investigated. The temperature
separation and velocity distribution of the vortex tube at
P,, = 300 KPa are shown in Figure 8 (a, b) respectively.
Two, four and six inlet nozzles are investigated for evalu-
ating the performance of the vortex tube. The most im-
portant parameter causing the temperature separation
phenomenon is the swirling flow inside the vortex tube,
which is shown schematically in Figure 8(b).

0 46 a2 138 184 230 276 30T

(b)

Figure 8. The distribution of (a) temperature and (b) velocity of
the vortex tube at P;, = 300 KPa

In this study, the number of inlet nozzles changes but
the total inlet surface area will remain at a constant value
of 8.2 mm? in line with the Skye et al. (2006) model. Thus,
when the vortex tube has six inlet nozzles, the surface area
of each nozzle will be different when compared with those
with four and two nozzles. The the diameter and the sur-
face area of each inlet nozzle are indicated in Table 4.

Table 4. Information on the different inlet nozzles

Diameter of nozzle | Area of nozzle
Number of nozzles 5
(mm) (mm?)
Two 2.285 4.1
Four 1.617 2.05
Six 1.32 1.3667

The temperature distribution for two, four and six-
inlet nozzle vortex tubes is shown in Figure 9. Increasing
the number of inlet nozzles can decrease the surface area
of each of them, thus the velocity of the fluid will increase
and swirling velocity will reach the maximum value in
every region inside the vortex tube.

To analyse the effect of the number of inlet nozzles on
the temperature separation phenomenon inside the vortex
tube, the velocity distribution, especially the tangential ve-
locity component, should be considered as a key param-
eter to study and characterize the flow behaviour inside
the vortex tube. The velocity vectors for vortex tubes with
two, four and six inlet nozzles are shown in Figure 10.
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Figure 9. Temperature distribution for vortex tubes with two,
four and six inlet nozzles

B I P R 1]

Figure 10. Velocity vectors for vortex tubes with two, four and
six inlet nozzles

Generally, when the tangential velocity component in-
creases, the pressure gradient will increase as well, which
can lead to more temperature separation. For six inlet
nozzles, the tangential velocity is the most predominant
velocity component and is higher than the tangential ve-
locity of vortex tubes with four and two inlet nozzles. One
phenomenon reducing the performance of the vortex tube
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Figure 11. The turbulence kinetic energy for vortex tubes with
two, four and six inlet nozzles

is the mixed flow inside the vortex tube. When the flow is
laminar in the center of the vortex tube, the possibility of
creating a mixed flow decreases; however, when the flow is
turbulent in that section then a stronger mixed flow hap-
pens and the performance of the vortex tube decreases.
The turbulence kinetic energy of vortex tubes with two,
four and six inlet nozzles is shown in Figure 11.

The results show that the turbulence kinetic energy
decreases with the increasing number of inlet nozzles
because of the increasing tangential velocity component
which can lead to a greater temperature separation and
a higher performance of the vortex tube. To compare the
temperature separation of different vortex tubes, a dia-
gram of temperature distribution along the axial center
line and radial direction in the middle of the vortex tubes
is shown in Figure 12(a, b) respectively. It can be seen that
when the number of inlet nozzles increases, the tempera-
ture separation will increase too.

The temperature separation for vortex tubes with dif-
ferent inlet nozzles is shown in Table 5.
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Figure 12. The diagram of (a) temperature distribution along the axial center line and (b)
radial direction in the middle of the vortex tube
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Table 5. The temperature in different inlet nozzles

Cold Hot Temperature
Number of .
nozzles temperature | temperature | difference
(K) (K) (k)
Two 286.2 309.85 23.65
Four 285.76 310.986 25.226
Six 285.2 313.416 28.216

2.2. Axial angle of inlet nozzle

The effect of inlet nozzles with different axial angles on the
performance of vortex tubes is investigated. Four different
axial angles (0) are studied such as: 6 = 0°, 3°, 5° and 7°.
A schematic of inlet nozzles with an axial angle is shown
in Figure 13.

In Figure 14, a diagram of temperature versus the
length of the vortex tube is plotted for analysing the ef-
fect of axial angle magnitude on the performance of the
vortex tube.

As seen in Figure 14, with an increasing axial angle
value, the temperature separation of the vortex tube will
decrease till O = 5° then it increases for 8 = 7° and the per-
formance of the vortex tube gets close to the vortex tube
without an axial angle for the inlet nozzles. The turbulence
kinetic energy and velocity magnitude are the key param-
eters for demonstrating the temperature separation phe-
nomenon inside vortex tubes. In Figure 15, the turbulence
kinetic energy contours for axial angles of 6 = 0°, 3°, 5°
and 7° are shown and it is predicted that the temperature
separation reach a maximum value when the turbulence
kinetic energy has its minimum value at critical sections.

S04 1520 540 3560 4580 5600 6620 700
0=0
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.
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Figure 13. A schematic of the axial angle (0) of an inlet nozzle
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Figure 14. A diagram of temperature versus the length of the
vortex tube for axial angle inlet nozzles of 6 = 0°, 3°, 5° and 7°
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Figure 15. The turbulence kinetic energy contours for axial angle inlet nozzles of 6 = 0°, 3°, 5° and 7°
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Figure 16. The contours of the velocity magnitude for axial angle inlet
nozzles of O = 0°, 3°, 5° and 7°
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Figure 17. The contours of the Mach number for axial angle inlet nozzles of
6 =0°3°5°and 7°

As illustrated, for the axial angle of 6 = 5°, the value
of turbulence kinetic energy appears to be at a maximum
and it causes the lowest temperature separation and the
minimum performance of the vortex tube. In addition,
the velocity magnitude is another effective parameter of
temperature separation thus the contours of the velocity
magnitude are shown in Figure 16.

According to Figure 16, the highest and lowest velocity
magnitude are obtained for those inlet nozzles which have
an axial angle of © = 7° and 5° respectively. Generally, the
effect of inlet nozzles with different axial angles on the
performance of the vortex tube can be summarized as fol-
lows. First, inlet nozzles with an axial angle influence the
Mach number and can omit some pulses and noisy voices.
As seen in Figure 17, for inlet nozzles with axial angles,
except for an axial angle of 0 = 7°, the Mach number is
lower than that for the vortex tube without an axial angle.
Consequently, noisy voices can be reduced by using in-
let nozzles with axial angles instead of those vortex tubes
without an axial angle. Second, using inlet nozzles with
axial angles can decrease the velocity magnitude and tem-
perature separation inside the vortex tube thus increasing
the axial angle of inlet nozzles may decrease the perfor-
mance of the vortex tube.

Conclusions

The temperature separation phenomenon inside the vor-
tex tube is investigated with the help of Ansys Fluent
16.1 software. The geometry of the model was created in
Gambit 2.4.6 software and then the mesh study of a two-
dimensional axisymmetric and a three-dimensional model
was done. There are many parameters that can influence
the performance of the vortex tube such as the number
and axial angle of inlet nozzles. The major results of this
research paper can be summarized as follows:

- by increasing the number of inlet nozzles, the sur-
face area of each inlet nozzle decreases and this can
increase the swirling velocity magnitude inside the
vortex tube. Consequently, with increasing swirling
velocity, a greater temperature separation will occur;

- according to the major application of the vortex tube
in the temperature separation phenomenon, when
the flow is turbulent inside the vortex tube, especially
at a critical zone like the inlet, the performance of
this device will decrease and vice versa;

- the vortex tube with axial angle inlet nozzles of
0 = 7° has the lowest and highest turbulence kinetic
energy and velocity magnitude, respectively, thus, the
performance of this vortex tube is higher than that
of the others;
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- the trend of increasing the axial angle magnitude of
inlet nozzles with the temperature separation phe-
nomenon is not a linear ascendant function. At the
beginning, with increasing axial angle magnitude of
the inlet nozzles, the temperature separation decreas-
es, and afterwards it will have an increasing trend;

— when the axial angle magnitude of inlet nozzles is in-
creased to 0 = 5°, the Mach number decreases and drops,
afterwards it increases for an axial angle of 0 = 7°. When
the inlet pressure is high, a strong shock or vibration may
occur inside the vortex tube. To prevent the shocking
phenomenon, inlet nozzles with axial angles can be used.
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