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Abstract – In this paper, a numerical investigation is carried out to realize the behavior of a fabricated
vortex tube. A computational fluid dynamics model is used to simulate the flow field structure in the tube in
order to study the effects of various parameters on the performance and temperature separation. Numerical
results such as temperature separation versus cold outlet mass fraction are obtained for a specific vortex
tube with given inlet thermo physical properties. The numerical results are obtained for various amounts
of cold outlet mass fractions. The calculated temperature distributions inside the Ranque-Hilsch Vortex
Tube (RHVT) are simultaneously compared with available experimental results and a good agreement
between them is noticed. It is found that increasing the inlet nozzle height improves the performance of
the RHVT. The results also indicated that small values of cold mass fraction give best result in cold exit
temperature difference.

Key words: Ranque-Hilsch vortex tube / cold mass fraction / temperature difference / temperature dis-
tribution / pressure distribution

Nomenclature

ρ Density (kgm−3)

μ Dynamic viscosity (kg.m−1.s−1)

μt Turbulent viscosity (kg.m−1.s−1)

K Conductivity coefficient (W.m−1.K−1)

cp Specific heat at constant pressure (J.kg−1.K−1)

R Specific constant of an ideal gas

Pr Prandtl number

p Pressure (Pa)

T Static temperature (K)

δij Kronecker delta

τij Stress tensor components

1 Introduction

Ranque-Hilsch vortex tube is a simple device with
non-moving parts, which is capable of separating a high-
pressure gas flow into two lower pressure flows of different
temperatures. As shown in Figure 1, this phenomenon
is occurred when compressed air flows tangentially into
the vortex chamber through the inlet nozzles. The de-
vice is consisted of a simple circular tube, with one or
more azimuthally nozzles for flow inlet and two outlets
for separated flow exits. High pressure air enters the tube

a Corresponding author: a.paykani@gmail.com

Fig. 1. Schematic drawing of the Vortex tube system.

azimuthally at one end and produces a strong vortex flow
in the tube. Then, the gas expands through the nozzle
and achieves a high angular velocity, causing a vortex-
type flow in the tube. Separating cold and hot airs by
using the principles of the vortex tube, can be applied
to industrial applications such as cooling equipment in
CNC machines, refrigerators, cooling suits, heating pro-
cesses, etc. The vortex tube is well-suited for these ap-
plications because it is simple, compact, light, quiet, and
does not use freon or other refrigerants (CFCs/HCFCs).
They are popular for their reliability (having non-moving
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parts), lack of maintenance and simple and inexpensive
construction.

There are two exits to the tube: the hot exit is placed
near the outer radius of the tube at the end away from the
nozzle, and the cold exit is placed at the center of the tube
at the nozzle’s chambers. The gas is separated into two
streams, one at higher and the other at lower tempera-
ture than the inlet gas temperature. This effect is referred
to as the temperature separation effect that reported for
the first time by Ranque in 1931 when he was studying
processes in a dust separation cyclone [1]. His design of
the vortex tube has later been improved by the German
physicist [2], who arranged a diaphragm at the cold gas
side. He suggested that angular velocity gradients in the
radial direction rises frictional coupling between different
layers of the rotating flow. Thus, the migration of energy
via shear work would occur from the inner layers to the
outer ones. Other investigators have attributed the energy
separation to work transfer via compression and expan-
sion. Several variations of this theory are described in the
literature, varying according to the mechanism driving
the fluid motion. Harnett and Eckert [3] invoked turbu-
lent eddies; Ahlborn and Gordon [4] described an embed-
ded secondary circulation. Stephan et al. [5] proposed the
formation of Gortler vortices on the inside wall of the
vortex tube that drive the fluid motion. Kurosaka [6] re-
ported the temperature separation as a result of acoustic
streaming effect that transfers energy from the cold core
to the hot outer annulus. Gutsol [7] hypothesized the en-
ergy separation to be a consequence of the interaction of
micro volumes in the vortex tube. Despite all the proposed
theories, none has been able to explain the temperature
separation effect satisfactorily.

Recent efforts have successfully utilized computational
fluid dynamics (CFD) modeling to explain the fundamen-
tal principles behind the energy separation produced by
the vortex tube. Frohlingsdorf and Unger [8] modeled the
flow within a vortex tube using a CFD solver that in-
cluded compressible and turbulence effects. The numeri-
cal predictions qualitatively predicted the experimental
results presented by Bruun [9]. Ahlborn et al. [10, 11]
indicated the dependence of vortex tube performance
on normalized pressure drop with a numerical model.
Aljuwayhel et al. [12] employed a fluid dynamics model
of the vortex tube to understand the process that drives
the temperature separation phenomena. They reported
that the energy separation exhibited by the vortex tube
is due to the work transfer caused by a torque produced by
viscous shear acting on a rotating control surface, which
separates the cold flow region and the hot flow region.
Skye et al. [13] used a model similar to that of [12]. They
also measured the inlet and outlet temperatures of the
vortex tube and compared with the predictions from the
fluid dynamics model. The temperature separation pre-
dicted by their model for commercially available vortex
tube was found to be in reasonable agreement to the ex-
perimental measurements. Akhesmeh et al. [14] carried
out a computational fluid dynamics analysis in order to
predict the flow fields and the associated temperature

separation within a Ranque-Hilsch vortex tube. Simula-
tions were carried out for varying amounts of cold outlet
mass flow rates. Shamsoddini et al. [15, 16] investigated
the effects of the nozzles number on the flow and power of
cooling of a vortex tube using a three-dimensional CFD
model. They showed that as the number of nozzles is in-
creased, power of cooling increases while cold outlet tem-
perature decreases. The further expounded the correla-
tions for the velocity magnitude to the normal velocity
using CFD. They indicated that the proposed method is
a proper one for optimization of cooling performance of a
vortex tube. Pourmahmoud et al. [17,18] investigated the
effect of length to diameter ratio on the fluid flow char-
acteristics and energy separation phenomenon inside the
Ranque-Hilsch vortex tube. The results indicated that the
temperature difference between hot and cold gas flow can
be improved by increasing the length of vortex tube such
that stagnation point is located far from the nozzle inlet
and within the tube. They conducted another research
work to study the effect of helical nozzles on both energy
separation and refrigeration phenomena in the Ranque-
Hilsch Vortex Tube by CFD techniques. They found that
temperature separation was increased due to increase of
nozzle numbers; however the coefficient of performance
(COP) does not change significantly. Avci [19] carried out
an experimental study to investigate the effects of nozzle
aspect ratio and nozzles number on the performance of a
vortex tube. The obtained results revealed that the nozzle
aspect ratio has a great effect on the energy/temperature
separation mechanism. The results also showed that the
vortex tube with a single nozzle yields better performance
than the vortex tube with 2 and 3 nozzles.

A few experimental and numerical parametric studies
have been conducted in recent years on performance of
a vortex tube. In the present study, since the flow field
inside the vortex tube is assumed to be axisymmetric
and steady state, only a section of tube is taken into ac-
count for analysis with cyclic boundary condition. The
standard k-ε turbulence model is applied to the com-
pressible Navier-Stokes equations for numerical analyz-
ing of computational domain. Discretizing of derivatives
terms is performed using second order upwind along with
Quick numerical schemes, respectively. It has been used
to simulate the flow patterns and temperature separation
phenomenon in a Ranque-Hilsch vortex tube (RHVT),
which has two convergent circumferential nozzles. Numer-
ical results such as temperature separation versus cold
outlet mass fraction are obtained for a specific vortex tube
with given inlet thermo physical properties. Moreover, an
experimental investigation is conducted to validate the
numerical results. Both numerical and experimental re-
sults are obtained for various amounts of cold outlet mass
fractions.

2 Theoretical analysis

Flow is assumed compressible and turbulent and gov-
erning equations for fluid flow and heat transfer are as
follows:
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Continuity equation:

∂

∂xi
(ρui) = 0 (1)

Momentum equations:
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Energy equation:
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The first term on the left hand side of the energy equa-
tion represents the rate of total energy of the fluid element
lost by convection; the first and second terms on the right-
hand side of it represent conduction energy transfer and
viscous dissipation, respectively. It is noted that summa-
tion rule is used for repeated indices: i and j.
State equation for an ideal gas:

p = ρRT (4)

Flow in the vortex tube is highly turbulent. The steady
state assumption and practical considerations indicate
that a turbulence model must be employed to represent
its effects. The turbulence kinetic energy, k, and its rate
of dissipation, ε are obtained from the following transport
equations:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

[(
μ +
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σk

)
∂k

∂xj

]

+ Gk + Gb − ρε − YM (5)
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ε2

k
(6)

In these equations, Gk represents the generation of tur-
bulent kinetic energy due to the mean velocity gradients,
Gb is the generation of turbulence kinetic energy due to
buoyancy that is neglected. YM denotes the contribution
of the fluctuating dilatation in compressible turbulence to
the overall dissipation rate, and finally C1ε, C2ε, and C3ε

are constants values. σε and σk are the turbulent Prandtl
numbers for k and ε, respectively. The turbulent (or eddy)
viscosity, μt, is computed by combining k and ε as follows:

μt = ρCμ
k2

ε
(7)

where, Cμ is a constant.

Fig. 2. Three-dimensional CFD model of vortex tube.

3 Numerical modeling of vortex tube

The numerical modeling of the vortex tube has
been carried out using CFD package FLUENT (version:
6.3.26). The flow is assumed as 3-D, steady-state and
employs the standard k-ε turbulence model. According
to the three-dimensional computational domain shown in
Figure 2, Finite Volume Method with a three-dimensional
mesh is used and the boundary conditions are applied. Ba-
sic assumptions for all the computations of the particular
vortex-tube flows are made as following: two circumfer-
ential pressurized gas inlets and two axial orifices for cold
and hot stream, supersonic flow inside the vortex tube
and ideal gas (arbitrary air). Since the model is consisted
of two convergent nozzles, the CFD model is assumed to
be a rotational periodic flow and only a sector of the flow
domain with angle 180◦ needs to be considered through-
out and special treatment for the flow at the inlet must be
made for the computations. The diameter of the vortex
tube is set to 8.5 mm, the width of the slot at the nozzle
exhaust is fixed to 1 mm, whereas the length of the tube
and the height of the nozzle slot are different in different
cases, respectively. The cold and hot exits are axial ori-
fices, the cold exit diameter is fixed at 4 mm and the hot
exit area is the governing factor to achieve expected cold
mass fractions.

For all cases in this analysis, the simulation boundary
conditions for the model were identified based on the ex-
perimental measurements by Skye [13]. The inlet is mod-
eled as a mass flow inlet. The specified total mass flow
rate and stagnation temperature were fixed to 8.35 g.s−1

and 294.2 K, respectively. The static pressure at the cold
exit boundary was fixed at experimental measurements
pressure. The static pressure at the hot exit boundary is
adjusted in the way to vary the cold mass fraction.

3.1 Grid dependence study

To remove the errors due to coarseness of grids, anal-
ysis has been carried out for different average unit cell
volumes in the optimized vortex tube with L = 270 mm,
h = 2 mm and α = 0.2. The variation of total temper-
ature difference and maximum swirl velocity as key pa-
rameters are shown in Figures 3 and 4 for different unit
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Fig. 3. Grid size dependence study on total temperature dif-
ference at different average unit cell volumes.

380

390

400

410

420

430

440

450

51.01.050.00

Sw
ir

l v
el

oc
ity

 (m
/s

)

Average Unit cell Volume (mm^3)

Swirl genera�on

Fig. 4. Grid size dependence study on maximum swirl velocity
at different average unit cell volumes.

Table 1. The geometrical information of different cases.

L (mm) w (mm) h (mm) dc (mm) α Nin

Case 1 135 1 1 4 0.2 2

Case 2 270 1 1 4 0.2 2

Case 3 350 1 1 4 0.2 2

Table 2. The maximum temperature variations obtained for different tube lengths; compared with experimental data [13].

Result L (mm) ΔT (K) ΔTh (K) ΔTc (K) Max temp.

separation (K)

Case 1
CFD 135 17.91 12.15 –5.76 46.98

Experiment 135 19.00 12.89 –6.11 49.85

Case 2
CFD 270 23.96 14.99 –8.96 47.17

Experiment 270 24.94 15.61 –9.33 49.11

Case 3
CFD 350 22.53 15.84 –6.69 44.39

Experiment 350 25.011 17.59 –7.42 49.27

cell volumes, respectively. It can be seen that there is no
much advantage in reducing the unit cell volume size be-
low 0.0286 mm3 corresponding to 0.296 million cells for
the studied configuration.

4 Validation

4.1 The effect of tube length

Three different tube lengths (135 mm, 270 mm and
350 mm) have been investigated. The main characteristics
of the geometry of the systems are indicated in Table 1.
The obtained results are compared with the experimen-
tal and computational results in reference [13], that both
models have similar geometry and boundary conditions.

Table 2 shows the maximum temperature variations
obtained for three different lengths. When the tube length
is increased from 135 mm up to 270 mm, the maximum
obtained temperature (ΔT ) increases, thus, the perfor-
mance improves, but for the increases from 270 mm up

to 350 mm, the maximum obtained temperature (ΔT )
decreases, where ΔT = Th − Tc, ΔTh = Th − Tin and
ΔTc = Tc − Tin. So we choose L = 270 mm as the opti-
mum tube length. The simulated ΔTh at both models are
close to the experimental results.

The results of comparison between experimental and
numerical results under the same operating conditions are
illustrated in Figure 5.

4.2 The effect of inlet nozzle

In order to study the influence of inlet nozzles, ac-
cording to Table 3, three different nozzle slot heights (1,
1.5 and 2 mm) have been investigated for the vortex tube
with fixed tube length of L = 270 mm. The results of this
study are given in Table 4.

As can be seen from Table 4, as the nozzle slot height
increases from 1 mm up to 2 mm, the cold exit temper-
ature difference (ΔTc) and maximum temperature differ-
ence (ΔT ) increase, so the performance improves. Conse-
quently we select h = 2 mm as the optimum slot height
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Fig. 5. Comparison between experimental [13] and numerical results for different tube lengths: (a) L = 135 mm; (b) L = 270 mm;
(c) L = 350 mm.

Table 3. The geometrical information of different cases to study the influence of inlet nozzle.

L (mm) w (mm) h (mm) dc (mm) α Nin

Case 1 270 1 1 4 0.2 2

Case 2 270 1 1.5 4 0.2 2

Case 3 270 1 2 4 0.2 2

Table 4. The maximum temperature differences obtained for different nozzle heights; compared with experimental data [13].

Result h (mm) ΔT (K) ΔTh (K) ΔTc (K) Max temp.

separation (K)

Case 1
CFD 1 23.96 8.96 –15.00 46.20

Experiment 1 25.52 9.55 –15.97 49.20

Case 2
CFD 1.5 56.07 9.78 –46.28 49.96

Experiment 1.5 58.64 10.23 –48.41 52.26

Case 3
CFD 2 60.15 8.69 –51.46 56.61

Experiment 2 64.72 9.35 –55.37 60.91

which results in best temperature difference and continue
our investigations with the optimized tube length and
nozzle height.

The comparisons between experimental and numerical
results are shown in Figure 6. The temperature difference
plots show a decrease of its values towards the periphery.
Also, temperature difference increases with increasing of
tube length especially at longer models.

4.3 The effect of cold mass fraction (α)

The influence of the cold mass fraction has also
been investigated numerically and experimentally in the
present study. Since we considered the optimum tube
length and the nozzle slot height to be constant; hence,
we studied the effect of the cold mass fraction variation
on the temperature separation. The main characteristics
of the geometry of the cases are indicated in Table 5.
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(a) (b) 

(c) 
Fig. 6. Comparison between experimental [13] and numerical results for different nozzle heights: (a) h = 1 mm; (b) h = 1.5 mm;
(c) h = 2 mm.

Table 5. The geometrical information of different cases to
study the influence of cold mass fraction.

L (mm) w (mm) h (mm) dc (mm) α Nin

Case 1 270 1 2 4 0.2 2

Case 2 270 1 2 4 0.35 2

Case 3 270 1 2 4 0.5 2

Case 4 270 1 2 4 0.65 2

Case 5 270 1 2 4 0.8 2

It can be concluded from Table 6 that the maxi-
mum cold exit temperature difference can be obtained for
α = 0.2, and as the cold mass fraction increases from 0.2
up to 0.8, the cold exit temperature difference decreases
reciprocally.

Figure 7 shows the results for the above cases under
the same operating conditions and the comparison be-
tween experimental and numerical results. The significant
disagreement with the experimental data in Figures 7b
and 7c is because of the fact that the boundary condi-
tion for the temperature was set through the inside of
computational domain, but since the computational space
(grid) was low in the nozzle and the flow could not develop

completely, so the boundary condition may not work ef-
ficiently and numerical oscillations would be generated.
Figure 8 demonstrates the temperature distribution con-
tours in a longitudinal cross section of tube for different
cold mass fractions. It is evident that for lower α, the tem-
perature difference is dropped reaching 0 at x/L = 0.42,
but then it increases to higher values. For higher α, the
x/L that temperature difference becomes zero is reduced
and after that point the temperature difference is greatly
increased.

5 Results and discussions

5.1 The effect of stagnation point

The results of present study show that the perfor-
mance of vortex tubes is related to stagnation point lo-
cation. Furthermore, study on the tube length effect is
required to explore the stagnation point location along
the tube to acquire the highest energy separation. The
stagnation point position within the vortex tube can be
established from the velocity profile along the tube length
at the point where axial velocity ceases to have a nega-
tive value. Also, it can be established according to the
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(a)             

              
            (b) 

 

(c) 
Fig. 7. Comparison between experimental [13] and numerical results for different cold mass fractions: (a) α = 0.2; (b) α = 0.5;
(c) α = 0.8.

Table 6. The maximum temperature differences obtained for different cold mass fractions. Compared with experimental
data [13].

Result α ΔT (K) ΔTh (K) ΔTc (K) Max temp.

separation (K)

Case 1
CFD 0.2 60.13 8.24 –51.89 56.89

Experiment 0.2 65.48 8.98 –56.50 61.94

Case 2
CFD 0.35 68.12 19.03 –47.61 50.03

Experiment 0.35 74.05 20.68 –51.75 54.38

Case 3
CFD 0.5 78.30 34.22 –44.07 44.47

Experiment 0.5 81.82 35.77 –46.05 46.47

Case 4
CFD 0.65 89.36 46.11 –35.57 56.94

Experiment 0.65 94.18 48.60 –37.49 60.02

Case 5
CFD 0.8 98.42 69.46 –28.96 69.46

Experiment 0.8 103.93 73.35 –30.58 73.35

maximum wall temperature, where this point represents
the stagnation point described by Fulton [18]. It was as-
sumed that the wall temperature was representative of
the gas temperature that reported by Frohlingsdorf and
Unger [8]. Therefore, we measured the wall temperature
along the tube length in different positions at the opti-
mum tube length of L = 270 mm, for various inlet pres-
sures including p = 5, 6 and 7 bar, and then collected the
same types of data through numerical simulation models.

The variations of axial velocity along the center line of
the vortex tube are shown in Figure 9 where the Z/L is
represented as the dimensionless length of vortex tube. As
indicated in this Figure, there is an axial distance between
cold and hot ends that the velocity magnitude reaches
to zero. This point is specified as the stagnation point
position. Also, it can be inferred from Figure 9a that the
stagnation point moves closer to the hot end as the inlet
pressure increases.
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Fig. 8. Temperature
distribution counters
for different cases.

5.2 The effect of number of nozzles

In order to study the effect of type of inlet nozzle, three
different arrangements of nozzles are simulated, having 2,
3 and 6 intakes, with constant inlet cross-sectional area.
Variation of the cold and hot air and total temperature
difference versus the cold mass ratio are shown in Fig-
ure 10. As the number of nozzles increases, flow in the
main tube becomes more turbulent due to more interac-
tions of injected flows. Therefore, the energy and tem-
perature separation and consequently cold temperature
difference and efficiency increase. The result is that the
chamber with six intakes shows better performance than
two and three-intake nozzle from refrigeration efficiency
viewpoint.

Furthermore, it is important to have a high periph-
eral velocity in the portion of the tube immediately after
the nozzle to achieve the best energy separation and per-
formance inside the vortex tube. So, we have measured
peripheral velocity shown in Figure 11 through our nu-
merical modeling. Results of this Figure illustrated that
the peripheral velocity in the portion of the tube immedi-
ately after the nozzle increases while the number of inlet
nozzles increases. Hence, increasing of the number of noz-
zles enhances swirl velocity inside the vortex tube cham-
ber leading to the increasing of energy separation.

Correlation between the swirl velocity and tempera-
ture difference has been demonstrated in all of previous

research of vortex tube. Subsequently, numerical values
of temperature distribution in different cross sections of
tube are shown in Figure 12. It depicts the mentioned cor-
relation of swirl velocity and temperature counters. The
obtained results in this case are based on six-inlet nozzle
with maximum swirl velocity equal to 449 (m s−1).

Total temperature difference for the different number
of inlet nozzles throughout vortex tube length is illus-
trated in Figure 13.

For quick summery and comprehensive realizing of
cold mass fraction and number of nuzzles effect, the nu-
merical results are gathered in Table 7. It is clear that
maximum energy separation and swirl velocity are at-
tained in α = 0.2 and in the chamber with six nozzles
inlet. The economical power consumption to supply high
pressure gas for operation of vortex tube is important as
well as our goal of producing maximum cold temperature
difference. Vortex tube with six number of nozzle inlets
apparently produces maximum cold temperature differ-
ence. But it should be noted that power consumption is
also increased intensively. Hence, it is recommended to
use the vortex tube with 2 or maximum 3 number of noz-
zles, while the cold mass fraction in all cases must be fixed
to 0.2.

Takahama [20] suggested using of a tube length L �
100Dvt in order to obtain a better performance. In ref-
erences [5–7], the tube length was suggested to be longer
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(a) 

(b) 

(c) 
Fig. 9. Wall temperature and axial velocity curves: (a) p = 5 bar; (b) p = 6 bar; (c) p = 7 bar.
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Fig. 11. Velocity counters for
vortex tube with different num-
ber of inlet nozzles.

Fig. 12. Temperature distribution in different cross sections
of tube.
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Table 7. The comparison of temperature separation and maximum peripheral velocity in vortex tubes with different number
of nozzles.

Cold mass fraction Number ΔT ΔTh ΔTc Max
α of Nozzle (K) (K) (K) Velocity (m.s−1)

0.2

2 60.13 8.24 51.89 443
3 65.06 10.06 55.00 446
6 67.49 11.46 56.03 449

0.5

2 78.30 34.23 44.07 428
3 82.60 36.11 46.49 430
6 85.19 37.24 47.95 433

0.8

2 98.42 69.46 28.96 412
3 102.95 72.65 30.29 416
6 105.70 74.60 31.11 420

than 45Dvt. In this letter, the results of the study sug-
gested that a tube length of 270 mm is optimal corre-
sponding to L/Dvt about 32 (increasing of L/Dvt up to
41 obtained cold exit temperature difference decreasing).
The effect of the inlet nozzle height is very clear. Increas-
ing the inlet nozzle height improves the performance of
the RHVT. The measured results with different cold mass
fractions suggested that small values of this parameter
give best results in cold exit temperature difference. In
summary, the tube length, the geometry of the nozzle
(type and sizes) and the cold mass fraction are important
parameters.

6 Conclusions

In this paper, numerical study has been carried out to
predict compressible vortex tube flow. Axisymmetric ge-
ometry and steady state flow assumptions were taken into
account. Simulations were conducted for different tube
lengths, nozzle heights and cold mass fractions by chang-
ing the hot exit area. The effects of tube length, nozzle
height and cold mass fraction on the temperature sep-
aration were studied and the optimized values for these
parameters were determined. The cold mass fraction was
varied by varying the hot exit area. The general trends
of the total temperature separations (hot and cold exit)
predicted by the model were found to be in good agree-
ment with the experimental results. Furthermore, it was
suggested to utilization of the vortex tube with 2 or max-
imum 3 number of nozzles, while the cold mass fraction
in all cases was fixed to 0.2.
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