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a b s t r a c t
A vortex tube (VT) is a thermoﬂuidic device that generates cold and hot streams from a single injection
of compressed gas. This interesting phenomenon of energy separation is due to ﬂuid dynamic effects. In
this study, the optimization of the VT geometry was performed to investigate the potential applications
of the VT as an expansion device in natural gas processing and air separation industries. A steady-state
computational ﬂuid dynamics (CFD) model with the standard k–ɛ turbulence was used to solve the hydrodynamics of the highly compressible, turbulent, and swirling ﬂow within the VT. Velocity streamlines
and temperature distributions of the separated air stream were obtained for different control valve shapes
located at a hot end. The CFD results showed the effects of the control valve shape, cone valve geometry,
and nozzle inlet pressures on the VT performance. A truncated cone control valve with an optimized geometry was found to be the best choice for thermal performance enhancement of the VT. The CFD results
were validated with experimental data, and the difference in the cold temperatures between the numerical and experimental values were less than 4.12% for the 2D and 2.3% for the 3D vortex tube models.
© 2019 Elsevier Ltd and IIR. All rights reserved.

Optimisation de la forme des tubes vortex pour les vannes de régulation côté
chaud grâce à la mécanique numérique des ﬂuides
Mots-clés: Tube vortex; Mécanique numérique des ﬂuides (CFD); Vanne de régulation à cône tronqué; Séparation d’énergie; Optimisation

1. Introduction
A vortex tube (VT) separates a high-pressure ﬂow into two
low-pressure streams; the ﬂuid enters tangentially and leaves
axially, thereby producing a temperature difference. It is a very
simple device with no moving parts and contains a circular tube
with several nozzles and a control valve. A VT with great potential
for liquefaction applications was introduced by Ranque (1933) and
was experimentally investigated by the German physicist Hilsch
(1947). Hence, it is known as the Ranque–Hilsch VT (RHVT). The
signiﬁcant beneﬁts of the VT are compactness with no moving
parts, low cost, no maintenance, and adjustable cold and hot
streams. The VT consists of inlet nozzle(s), a diaphragm, a vortex
generator, a chamber, a cylindrical tube, a conical valve, a hot
∗
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outlet, and a cold outlet. The nozzle of the VT has six straight
slots. Fig. 1 shows a schematic of the VT.
The working principle of the VT depends upon the pressure gradient that causes the energy separation (in terms of hot and cold
ﬂuids) from compressed gas. The compressed gas is introduced
tangentially into the tube chamber through one or more nozzles.
The swirls, which appear as a typhoon, are formed through an
interchangeable vortex generator. The compressed gas leaves the
tube from two ends: the cold side and the hot side. A small control
valve at the hot-gas side is installed to control the temperatures of
cold and hot fractions corresponding to the speciﬁed application
of the VT. The tube can be used to improve the energy eﬃciency
of chemical processing plants (Kolmes et al., 2017; Kumar et al.,
2017; Zheng et al., 2017).
Reportedly, natural gas liquefaction processes are considered to
be energy-intensive mainly due to the large entropy generation
through high pressure refrigeration cycles (Qyyum et al., 2018a,b,c;
Qadeer et al., 2018; Qyyum and Lee, 2018). The entropy generation
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Nomenclature
Subscripts
Cμ
constant
d
cold exit diameter [m]
e
total energy [J]
f
friction factor
k
kinetic energy [J]
kt
thermal conductivity [W/m.K]
m˙ c
cold ﬂuid mass ﬂowrate [kg/s]
m˙ i
inlet ﬂuid mass ﬂowrate [kg/s]
P
Pressure [Pa]
Pi
initial pressure [Pa]
ReD
characteristic Reynolds number
R
radial component
T
Temperature [K]
T
temperature difference [K]
T c
cold side temperature difference [K]
T h
hot side temperature difference [K]
w
cone width [mm]
y+
ﬁrst cell distance from the surface
z
axial component
Abbreviations
D
Diameter [m]
JT
Joule-Thomson
LNG
liquid natural gas
RMS
root mean square
U
Velocity [m/s]
VT
vortex tube
Greek letters
β
cone angle
ɛ
dissipation rate [m2 /s3 ]
μt
turbulent viscosity [N.s/m2 ]
ρ
air density [kg/m3 ]
α
cold mass fraction
θ
circumferential component
ψ
cone length [mm]
τ
viscous dissipation coeﬃcient
can be minimized by integrating the VT with an expander as investigated by Qyyum et al. (2018d, 2017). Cao et al. (2003) introduced
a novel hybrid refrigeration system combining a mixed-refrigerant
auto-cascade JT cycle with a classical VT. They proved that the hybrid system showed better performance than a conventional refrigeration system and could deliver a temperature as low as 65 K.
Numerous investigations of the thermal performance enhancement of the VT have been made. Kurosaka (1982) explained that
the temperature difference in a VT was the result of an acoustic
streaming effect. Ahlborn and Gordon (20 0 0) reported that it was
caused by an embedded secondary circulation. Aljuwayhel et al.,
(2005) developed a computational ﬂuid dynamics (CFD) model of
the VT to investigate the ﬂow behavior in terms of the energy

separation and temperature distribution inside the tube. Behera
et al. (2005) performed both experimental and numerical studies to examine the energy separation depending on the number
of nozzles. Skye et al. (2006) developed a predictive model of the
VT for use as a design tool that can be applied with conﬁdence
over a wide range of operating conditions and geometries. Dincer
et al. (2008b) studied the effects of plug tip angle on the performance of counter-ﬂow VT through ANN. In another study, Dincer
et al. (2008a) developed a fuzzy expert system for fuzzy modeling of performance of counter-ﬂow VT with different geometries.
Chang et al. (2006) performed an experimental study using a surface training method to investigate the phenomena of the internal
ﬂow and to demonstrate the stagnation position. Eiamsa-ard and
Promvonge (2007) utilized a numerical model to show the ﬂow
ﬁeld and temperature separation behavior.
Pinar et al. (2009) devised a different methodology for obtaining an optimal nozzle number for the VT. Thakare and Parekh
(2015) developed a CFD model to analyze the energy utilization
of the VT by using different gases, discretization techniques, and
turbulence models. Ehsan and Rahimi (2013) studied the effects of
the number of inlet nozzles, inlet pressure, convergence ratio, and
intakes on the VT operation. Furthermore, exergy analysis and performance of VT corresponding to various cross-section areas have
also been investigated (Dincer et al., 2010). The performance and
exergy analysis of hot cascade type RHVT with 9 mm inside diameter and 15 length/diameter ratio has also been investigated by
Dincer et al. (2011). Kandil and Abdelghany (2015) analyzed the
performance of the VT on the basis of the length-to-tube diameter
ratio and the cold-oriﬁce-to-tube diameter ratio and added round
ﬁns to the tube wall to assess the RHVT performance in terms of
the cold-side temperature drop. The RHVT with ﬁns yielded better results for the cooling capability than the RHVT without ﬁns.
Most recently, Raﬁee and Sadeghiazad (2017) developed a specially shaped spherical valve. They performed thermal analysis of
a VT with four control valves and concluded that truncated and
spherical valves have better thermal eﬃciency. Guo and Zhang
(2018) presented a new idea regarding the external conditions that
can inﬂuence the large-scale vortex structure and the energy separation performance. Poshernev and Khodorkov (2004) used natural
gas as sample incoming gas and tested a conical VT (CVT) with application of external cooling. They concluded that the CVT can be
used effectively to liquefy and purify natural gas at the industrial
scale.
In the current study, the VT is investigated for compressed air
with four distinct control valve shapes, a cone valve geometry, and
inlet pressure to assess the cooling capacity of the VT. A threedimensional (3D) CFD model is used in the simulations. The effects of various shapes on the VT performance are studied in order to enhance its performance. A truncated cone control valve is
selected as the best candidate for a large cooling capacity. A maximum absolute error of 4.12% is found between the CFD and experimental results for the cold temperature for the 2D and 2.3% for
the 3D case respectively. The motivation behind this investigation
was that this selected optimized geometry of the VT will be used
to analyze the energy separation associated with N2 working ﬂuid,
which will be employed to liquefy natural gas in a more eﬃcient
manner.

2. Numerical methodology
2.1. Governing equations

Fig. 1. Schematic of VT (courtesy of AiRTX vortex tubes).

The continuity, momentum, and energy equations are utilized
(Raﬁee and Sadeghiazad, 2017) for a steady ﬂow of air through
vortex tube. Air is assumed as an ideal gas, the compressibility
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Fig. 3. Schematic of the VT used in the study.

Table 1
VT dimensions in dimensionless form.
Fig. 2. Comparison and selection of the turbulence model.

effects must be included.

∇ (ρ V ) = 0

(1)

−∇ P −

(2)

∇ (ρV )V − ∇ τ + ρ f = 0

∇ .(ρUe ) = ∇ .(λ∇ T ) − p∇ .U + τ .∇ U

(3)

where ρ is the density, e is the total energy, ∇ T is change in temperature, and τ is the viscous dissipation coeﬃcient.

Measurement

Value

Nozzle height
Nozzle width
Hot exit diameter
Working tube length

0.16d
0.23d
1.9d
17.67d

Table 2
Vortex tube dimensions.
Measurement

Value

Working tube length
Nozzle height
Nozzle width
Nozzle total inlet area
Cold exit diameter
Hot exit diameter

106 mm
0.97 mm
1.41 mm
4 mm
6 mm
11.4 mm

2.2. Turbulence modeling
The standard k–ε turbulence model is appropriate for the rotating and swirling ﬂows inside the VT.
The turbulent (or eddy) viscosity μt is computed as:

μt = ρCμ

k2

ε

,

(4)

where Cμ is a constant.
Different turbulence models are compared by making use of the
same geometry and ﬂow conditions by varying the y+ value. The
comparative analysis shown in Fig. 2 indicates that the SST turbulence model with y+ ≈ 0.2 showed best results.
y+ is evaluated through given relationship.

√

−13

y = L.y+ . 74.ReD

/14

(5)

where, characteristic Reynolds number is deﬁned as,

ReD =

ρUL
μ

(6)

where, ρ is the air density, U is the velocity, D is the tube diameter
and μ is the dynamic viscosity.
Compared with the k − model, a difference of <1% in the results was observed, while the computational cost was signiﬁcantly
high. Therefore, a compromise was made, and the k − turbulence
model was used for all the simulations performed in the present
study.
Additionally, the Second-Order Upwind and Quadratic Upstream
Interpolation for Convective Kinetics schemes were used to solve
the CFD model numerically. The root-mean-square (RMS) residuals
were monitored to achieve the convergence criteria of 1E − 6 for
all simulations.

2.3. 3D CFD domain
The CFD domain is limited to the inside of the VT. Hexahedral
cells are constructed in the CFD domain.
2.3.1. VT geometry
The CFD domain was generated using an ExairTM 708 slpm VT
(Skye et al., 2006). A schematic of the VT used in the study is
shown in Fig. 3, indicating the geometric dimensions. Tables 1 and
2 lists the detailed geometric factors of the VT as both in dimensionless form in terms of cold exit diameter and with dimensions.
The geometric parameters of the model are presented in terms of
the cold exit diameter (d = 6 mm ). The VT inlet area was kept constant at 7.95 mm2 for all the simulations performed in the present
study. The ANSYS Design Modeler was used to create the CFD domain.
The compressed air entered six nozzles. As shown in Fig. 4, four
different shapes of the hot exit (cone, truncated cone, spherical,
and plate control valves) were built, and one oriﬁce shape was
used at the cold exit.
2.3.2. Mesh generation
Various meshing methods (structured and unstructured) are
available in ICEM CFD, depending on the geometry complexity. The
generation of a ﬁne mesh leads to an accurate and fast solution
of the computational domain. The VT model is meshed as presented in Fig. 5, using an unstructured grid in order to save computational resources. Two types of mesh elements are used—a triangular prism and hexahedral meshes (Qyyum et al., 2018d)—to
maximize the accuracy of the solutions. The part of the domain
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Table 3
Mesh independence test details.
Test no.

Mesh size in millions

Tc obtained

1
2
3
4
5

0.4
0.8
1.2
1.4
1.6

34.6
38.5
39.6
40.2
40.7

structure in the boundary layer is not varied, because the k − turbulence model uses the wall function within the boundary layer.

Fig. 4. (a) Spherical control valve, (b) plate control valve, (c) cone control valve, d)
truncated cone control valve.

surrounding the center line of the VT is meshed with the triangular prism, grid as it contains the inlet and exit sections. The rest of
the volume is created by hexahedral elements. The grid structure
is varied by selecting tetrahedral and prism elements, and the grid

2.3.3. Mesh sensitivity analysis
Before running bulk simulations, a mesh independence check
is performed. For this purpose, ﬁve different grid volumes are analyzed, as shown in Table 3. A cone control valve VT air separator is generated with various unit grid volumes to ensure the
mesh sensitivity. The predicted value of Tc at the cold-exit location agrees well with the measured value (Behera et al., 2005;
Raﬁee and Sadeghiazad, 2014). Using a grid volume of 1.20 million
shows the smallest variation in Tc . Because further increase in
the mesh size caused no signiﬁcant change in temperature, therefore, 1.2 million mesh size was adopted in all cases.
The mesh independence test results of this study differ signiﬁcantly from those of Skye et al. (2006). However, this large difference is mainly due to the following two reasons.
•

•

Skye et al. (2006) used a 2D model for the computational analysis, while a 3D VT model was employed in the present study.
Skye et al. (2006) used a structured grid, while a hybrid mesh
was generated in the present study. The grid structure was varied by selecting the tetrahedral and prism elements, and the
grid structure in the boundary layer was not varied, because the

Fig. 5. (a) VT mesh generation; (b) mesh arrangement at the cold inlet and hot exit.
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Table 6
Range of velocity and Reynolds number values.

Table 4
Boundary conditions in equation form.
Location

Equation

Type

Inlet
Outlet
Wall

P (r, θ , 0) = 50 0,0 0 0,T (r, θ , 0) = 21.2
P (r, θ , 0.106) = Pi
−k ∂∂Tx (0.0114, θ , z) = 0

Pressure and temperature
Variable pressure
Adiabatic

Table 5
Validation of 3D CFD results.

1.
2.
3.
4.

Velocity (m/s)

Reynolds number (Re)

4.39
3.29
2.19
1.097

2765
2072
1379
691

controls the VT performance and is obtained as follows.

Study

Cold mass fraction

࢞Tc/K

Skye et al. (2006)
Kandil and Abdelghany (2015)
Present work

0.26
0.26
0.26

43.31
44.13
45.17

k- turbulence model uses a wall function within the boundary
layer.
2.4. Boundary conditions
The boundary conditions required for the computational domain are presented as equations in Table 4.
For the nozzle at the inlet, compressed air at 0.5 MPa and
294.2 K is applied. At the hot exhaust and cold exit of the computational domain, variable pressure boundary conditions are assumed. The pressure is varied to adjust the cold mass fraction. An
adiabatic condition is utilized on the wall (negligible heat transfer between the VT surface and the ambient air). Hence, the convective heat transfer effects are ignored. A non-slipping boundary
condition is used between the rotational ﬂow inside the VT and
the wall.

α=

m˙ c
m˙ i

(9)

The cooling eﬃciency depends on the cold air ﬂow, which is
regulated by the hot control valve. In this study, α = 0.26 was
used. Further increasing the cold mass fraction is unpractical, as
it results in a very low ﬂow rate of air from the hot outlet and a
decreasing cold mass fraction, reduces the temperature increase at
the hot outlet. Therefore, an optimal design of the throttling valve
is desired to achieve a high performance of the VT cooling system.
A velocity streamline plot shows the compressed air vortex motion inside the VT. Lower velocities are observed at the nozzle intakes, and higher values are found near the vortex chamber. Velocity streamlines and vector plot which presents the vortex ﬂow
inside the truncated cone control valve are shown in Fig. 6 which
is showing the ﬂow swirls longitudinally on both sides of the tube.
The generated recirculation area (vortices) may have different sizes
and properties depending on the control valve shape, nozzle inlet
pressures, and geometry (Raﬁee and Sadeghiazad, 2017). Furthermore, Table 6 presents the values of the velocity and the corresponding Reynolds numbers on the surface of the VT shown on a
line through dots in Fig. 6(a).
3.1. Effect of control valve shape on VT performance

3. Validation of 3D CFD results through experimental data
The 3D numerical results are validated through experimental
data reported by Skye et al. (2006) and Kandil and Abdelghany
(2015). The experimental studies utilized for validation employed
the same geometrical conditions and similar operating conditions.
Table 5 presents CFD results, which agree well with the experimental data. The difference between the numerical and tested values for the cold-temperature difference, ࢞Tc , is 4.12% at a cold
mass fraction of 0.26 for the cone-type control valve for Skye et al.
(2006), and approximately 2.3% for (Kandil and Abdelghany, 2015).
The smaller error in Kandil and Abdelghany (2015) case is due to
the improvements in the measurement equipment used while conducting the experiment.
4. Results and discussion
Simulations are conducted by employing different control valve
shapes to assess the cooling capacity of the VT. The cooling and
heating capacities of the VT air separator are represented by Tc
and Th and are deﬁned as follows.

TCooling = TInlet − TCold

(7)

Theating = THot − TInlet

(8)

where, Tc is the temperature difference between the inlet and
cold outlet, and Th is the temperature difference between the hot
outlet and inlet.
The cold ﬂow fraction is an imperative parameter that is deﬁned as the ratio of the cold ﬂow rate to the inlet ﬂow rate. It

Four different hot-control-valve shapes (cone, spherical, plate,
and truncated) were utilized to study the effects of the VT geometry on the cold and hot exit temperature distribution. The CFD
simulations are conducted at a constant inlet pressure of 0.50 MPa.
As shown in Fig. 7, the truncated cone control valve appears to be
the best option, followed by the cone, plate, and spherical control
valves. The highest value of Tc occurred at a cold mass fraction
of 0.26 and an inlet pressure of 0.5 MPa for six nozzle slots. The
cold-temperature difference value decreases with the increase in
the cold mass fraction.
3.2. Inﬂuence of cone geometry as throttle valve on VT performance
The geometry of a cone presented by Raﬁee and Sadeghiazad
(2014) considered the length of the cone only and not the width.
In the current study, the length as well as the width of the cone
are speciﬁed through a trigonometric relationship, as presented in
Fig. 8.
There are several reasons why the truncated cone control valve
is the best option. Primarily, maximum vortices are generated for
the plate valve geometry, and minimum vortices are generated for
the truncated cone valve. Second, the distance between the stagnation point and the hot control valve is the smallest, as discussed
by Raﬁee and Sadeghiazad (2017). Finally, the turbulent viscosity is
the lowest for the truncated cone control valve.
Truncated cone control valves with a conical angle of 39° with
four different cone widths (w = 2.52, 5.04, 7.56, and 10.04 mm) and
four different cone lengths (ψ = 0.88, 1.76, 2.64, and 3.52 mm) of
the throttle valve are tested by using a ﬁxed working tube length
of L = 106 mm. The number of nozzles at the intake is N = 6.
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Fig. 6. (a) Velocity streamlines; (b) vector plot presents the vortex ﬂow inside the truncated cone control valve.

Fig. 8. Geometry of the hot control valve.
Fig. 7. Effects of different shapes on the VT performance.

Fig. 9 shows the variations in Tc for a variable cone geometry for a control valve at an inlet pressure of 0.50 MPa. The highest
Tc is 45.17 K for ψ = 1.76 mm and w = 5.04 mm (truncated cone
control valve) at a cold mass fraction of approximately 0.26. This is

signiﬁcantly higher than that for ψ = 0 mm and w = 0 mm (cone
control valve), by approximately 36.23%. The cold-temperature difference improvement decreases with the increase in the cold mass
fraction. The maximum cold-temperature difference improvement
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Fig. 9. Effects of the length and width of the control valve on the cold-temperature difference.
Table 7
Performance comparison on the basis of the VT geometries used by various researchers.
L [mm]

Present work
Skye et al.
Raﬁee
Hilsch

106
106
250
300

D [mm]

11.4
11.4
18
17.6

Dc [mm]

6
6.2
9
6.5

N

6
6
6
1

Tc max [K]

% Improvement in Tc

Cone

Truncated

33.13
40.1
15.17
—

45.17
47.54
20.21
—

36.34
18.55
33.18
—

5. Conclusions
A numerical study was conducted to test the performance of a
VT based on the experimental work of Skye et al. (2006), which
contains different control-valve shapes. The following results were
obtained.
•

•

•

•

Fig. 10. Truncated cone control valve cooling capacity increases with the increase
in the nozzle intake pressures.

occurred at a cold mass fraction of 0.26. This value is 9.2% higher
than the improvement obtained by Raﬁee and Sadeghiazad (2014),
as shown in Table 7.

•

Among the different control-valve shapes, the truncated cone
control valve gives the highest cold-temperature difference Tc
for the cold exit and hence the highest cooling capacity.
The highest Tc is 45.17 K for ψ = 1.76 mm and w = 5.04 mm
(truncated cone control valve) at a cold mass fraction of approximately 0.26, which is higher than that of ψ = 0 mm and
w = 0 mm (cone control valve), by approximately 36.23%.
The cold-temperature difference can be improved by increasing
the nozzle inlet pressure.
Published experimental work was utilized to validate the CFD
results. A maximum absolute error of 4.12% was found between
the numerical and measured values for the cold-temperature
difference for a 2D and 2.3% for a 3D case respectively.
This shape optimization technique will be implemented for the
CFD modeling and analysis of an N2 -based VT corresponding to
the energy-eﬃciency enhancement of an N2 -based liquefaction
process for LNG production.

3.3. Inlet pressure effect on VT performance

Acknowledgments

The cold-temperature difference Tc is plotted against the cold
mass fraction α for different inlet pressures (0.4, 0.5, and 0.6 MPa)
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that increasing the intake nozzle pressure is beneﬁcial for enhancing the VT refrigeration capacity. The maximum cold-temperature
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