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1. Introduction

Abstract. In this paper, the effect of inlet pressure on the performance of a vortex tube
device is investigated using Three-Dimensional (3D) simulation and Computational Fluid
Dynamics (CFD) technique by fluent software. The flow inside the device is considered to
be compressible and turbulent. In order to understand and investigate the effect of inlet
pressure, different inlet pressures are added to the device, and the results are extracted and
analyzed. The main objective of this study is to achieve a minimum cold exit temperature
and maximum swirl velocity in the vortex tube. This paper demonstrates that an inlet
pressure of 4.8 bars is an optimal inlet pressure, which is justifiable in terms of economy
and the amount of produced cooling. The CFD results show that an increase in inlet
pressure leads to an increase in the entropy production and, subsequently, the system
disorder. Finally, the existing gaps in the previous studies will be filled by examining the
inlet and exit exergies in the vortex tube device. Inlet exergy has not made considerable
changes in terms of a and has a constant value. In addition, at & = 0.3691, the minimum
exergy efficiency occurs according to the calculations.

(© 2021 Sharif University of Technology. All rights reserved.

simplicity of vortex tube geometry, its fluid dynamic
process and thermodynamics can be very complex [2].

The vortex tube or Ranque-Hilsch vortex tube is a
mechanical device with relatively ordinary geometry
and without any complexities in the number of com-
ponents, which can convert the compressed inlet air
into two separate hot and cold parts [1]. The vortex
tube divides the input gas flow to the tube into two
separate flows: One is warmer and the other is cooler
than the input flow. A remarkable note about this
device is the absence of any moving parts, electrical or
chemical components, or input power to it. Despite the
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Many laboratory, theoretical, and numerical stud-
ies have been carried out to investigate the temperature
separation phenomenon in the vortex tube so far.
Clearly, the application of the Computational Fluid
Dynamics (CFD) technique reduces the complexity and
cost of empirical works [3-7]. Figure 1 shows the
operation of a vortex tube with its components.

The vortex tube was accidentally discovered in
1930 by a French physics student named George
Ranque [9]. Following him, Rudolf Hilsch [10], a
German physicist, began studying the vortex tube
throughout a paper.

With the advent of computers and their entry
into the field of science and the expansion of the use
of numerical methods, the use of CFD techniques has
expanded more than ever among researchers in the
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Figure 1. Vortex tube device and its operation [8].

field of vortex tube. The application of numerical
studies reduces the complexity of laboratory works,
in addition to the attractiveness of the subject, and
greatly helps understand the physics of the flow and
the problem [11,12]. Extensive works have been done
in this field. The following are some of the most
important numerical studies that are relevant to the
subject of this paper.

Behera et al. [14] performed the most comprehen-
sive numerical research on the shape of the profile and
the number of nozzles. According to the results of their
research, the vortex tube with 6 convergent injection
nozzles has the best performance and makes the highest
temperature separation due to the proper radial sym-
metry of the flow field inside the vortex chamber and
high swirl velocity achievement. In 2010, Shamsoddini
and HosseinNezhad [15] numerically investigated the
effect of the number of nozzles. They showed that an
increase in the number of nozzles increased the cooling
power, which corresponded to a decrease in cold exit
temperature; however, this increase is negligible.

In 2014, Pourmahmoud et al. [16] numerically
investigated the effect of the geometric nozzle param-
eter on the energy separation. According to their
results, increasing the outlet pressures of nozzles’ hole
value enhanced the machine’s cooling capacity in most
operating conditions. In 2015, Pourmahmoud et al. [17]
examined the effect of length on the location of the
stagnation point. They investigated the location of
stagnation point along the tube on temperature sepa-
ration in the vortex tube using a numerical model with
different lengths. They concluded that the location of
the stagnation point was closer to the hot exit at a
length of 106 mm in comparison with other models, and
this model produced the highest temperature difference
between the cold and hot exits.

In general, the number of published numerical
articles in the field of inlet pressure in the vortex tube is
negligible. Ameri and Behnia [18] conducted one of the
CFD works in this field. They showed that an increase
in inlet pressure increased the efficiency of the vortex
tube; however, from 6 bars, an increase in inlet pressure
decreased the efficiency. Zhidkov et al. [19], Skye et
al. [20], and Pourmahmoud et al. [21] concluded that
an increase in pressure increased ATj..

No satisfactory theory has been presented to
explain the temperature separation phenomenon in the
vortex tube so far. Some researchers have attributed
energy separation to the transfer of work along with

compression and expansion, and others have proposed
the effect of turbulent vortices. The secondary rota-
tion has been expressed as another factor in energy
separation. The items mentioned above (often a large
range of inlet pressures) and only the cold and hot
exit temperatures have been considered as parameters.
However, this study attempts to reduce the intervals
between the inlet pressure values and investigate ad-
ditional parameters such as swirl velocity and Mach
number. In addition, the innovation of the present
work lies in considering the Mach number inside the
4vortex chamber and its variations due to the changes
in the inlet pressure, which has not been studied in
other papers so far. Besides, one can find new results in
the area of inlet and outlet exergies through the vortex
tube machine.

2. Numerical model and governing equations

The numerical model is based on a model presented by
Skye et al. [20]. This model is equipped with six air
inlet nozzles and hot and cold exits. Figure 2 shows
the geometry of the problem. The exact geometric
dimensions of the modeled vortex tube are presented
in Table 1.

The numerical model of the vortex tube has been
simulated by fluent software package. The fundamental
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Figure 2. Schematic outline of the examined vortex tube
and its dimensions [20].

L—28 mm

Table 1. Geometric dimensions of the modeled vortex
tube.

Parameter Value
Length of tube 106 mm
Diameter of tube 4.11 mm
Depth of nozzle 0.97 mm
Width of nozzle 1.41 mm
Total area of nozzle’s inlet 8.2 mm?
Diameter of cold exit 6.2 mm
Diameter of hot exit 11 mm
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Figure 3. The meshing profile of 3D model by displaying
the computational field of problem.
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Figure 4. The meshing profile of 3D model by displaying
the computational field of the problem.

equations have been solved using the code of this
software in a 3D compressible and turbulent field.

Structured mesh elements have been used for the
meshing of 3D model. Figure 3 shows the generated
mesh for the considered 3D model.

Due to the presence of a high gradient at the
inlet and exits, finer grids have been used in these
areas, which are evident in the figure. Further, due
to the periodic shape of the vortex tube, only é of the
total shape has been modeled to reduce the volume
of calculations and shorten the execution time of the
program, as shown in Figure 4.

Considering that the flow in the vortex tube is
highly turbulent, a turbulence model must be used to
consider the turbulence effect besides the conservation
of mass, momentum, and energy and gas state equa-
tions for the numerical modeling of compressible flow
in the vortex tube.

The governing equations for the 3D flow field
include conservation of mass, momentum, and energy
and gas state equations.

In addition to the above equations, the equations
related to the k — & turbulence model must be solved
simultaneously. These equations can be found in
detail in [4,5]. Thus, they are not shown here for
abbreviations.

The assumptions used in this research are as
follows:

The flow is compressible;
The operating fluid is air;

The flow within the vortex tube is highly turbulent;

e o=

The geometric parameters of the tube such as
length, diameter, and nozzle dimensions are con-
stant.

The finite volume method is applied by the fluent
software to a 3D mesh, shown in Figure 4, along
with the boundary conditions expressed in the next
section. The second-order upwind method is used
to differentiate equations. The SIMPLE algorithm is
also used to solve momentum and energy equations
simultaneously.

3. Boundary conditions

3.1. Inlet

The “Mass Flow Inlet” boundary condition was used
for the inlet boundary of the vortex tube according
to the CFD model used by Skye et al. [20], which is
determined by the total mass flow rate, the stagnation
temperature, and the direction of the inlet flow vector.
According to the experimental results, the boundary
conditions in the inlet are almost constant so that the
mass flow rate at the inlet and stagnation temperatures
are considered as 8.34 g/s and 294.2 K, respectively.
The inlet flow vector is considered perpendicular to the
inlet boundary.

3.2. Cold exit

The “Pressure Outlet” boundary condition is used in
cold exit. In other words, the static pressure is assumed
to be known in the cold exit and is fixed and determined
based on experimental results [20]. According to
experimental results, the pressure is assumed to be
very low in the cold exit. In this numerical study, the
pressure value has been determined to be 15895 Pa
based on experimental results.

Another remarkable note is that in the low mass
fraction in the cold exit, the CFD model shows a
backflow in the cold air exit. Therefore, the backflow
temperature must be determined. Various methods are
available to determine the backflow temperature, which
can be found in the references. In this numerical study,
the results of previous references in this field have been
used to calculate the backflow temperature [21,22]. On
this basis, the backflow temperature is assumed to be
the mean total temperature of the flow leaving the
cold exit. In this study, the backflow temperature is
considered to be 290 K.

3.3. Hot exit

The “Pressure Outlet” boundary condition has been
applied to the hot exit similar to that applied to the
cold exit. However, the difference is that the pressure
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in the hot exit is assumed to be variable as long as the
desired mass ratio is satisfied at the cold exit.

3.4. The vortex tube wall

The “Non-slip” boundary condition has been applied
to the solid surfaces. By applying this condition,
all velocity components at the walls are zero. These
surfaces are considered to be adiabatic. In the shear
sections, the periodic boundary condition is used due
to the symmetry of flow and geometry. All boundary
conditions are shown in Figures 3 and 4.

4. Results

4.1. Grid independency study

To eliminate and reduce any errors due to the coarse-
ness or inappropriate dimensions of the fluid field mesh
and the independence of the analysis results from the
effects of meshing, numerical modeling was conducted
with different mesh sizes to investigate the effect of
the number of meshes. The vortex tube model was
considered at a cold gas mass ratio of & = 0.3, and
the key parameters such as temperature separation at
the cold exit and swirl velocity in the vortex chamber
were considered as comparison criteria. In addition,
according to the conducted study, for the volume
of elements less than 0.0275 mm?® (the number of
elements more than 160,000), the change in the results
is mnegligible and, thus, has no considerable effect.
Therefore, according to the approximate stability of
results showing the independence of the analysis results
from the meshing effects, the same number of elements
was used to reduce the calculation time. Further, to
investigate other models that are exposed to changes
in the nozzle, elements with a mean volume of the
examined model were used to be independent of mesh
size. The results are shown in Figures 5 and 6.

55 .
1
| —u=— Temperature difference at
9 [10) R cold exit
o :
Q 1 1
£ : |
5 Pre--- N I
a:: 1 1
= : N\,
| O
® 40f-ccceaaa - -
=i 1 1
- 1 1
< 1 |
b 1 1
T :
5 : :
At ! |
T 30 f--cccoaoo- A, j
b H 1 1
& i i i
| 1 |
25 " h L
0.00 0.05 0.10 0.15 0.20

Average unit cell volume (mm®)

Figure 5. Grid independency study based on maximum
cold temperature separation.
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Figure 6. Grid independency study based on maximum
swirl velocity in the vortex chamber.

4.2. Examining the turbulence model

As mentioned earlier, the considered model is a rotary
3D model with axial symmetry. k& — ¢ and k — w
and SST turbulence models were used to simulate the
flow turbulence and investigate the effect of different
types of turbulence models on the modeling of energy
separation phenomenon of rotating and compressible
flow in the vortex tube. In addition, the problem was
modeled with other turbulence models such as RNG
k — ¢ and RSM. The application of these turbulence
models for the considered geometry was accompanied
by divergence in the soluble field.

The comparison of numerical modeling results
shows a good correlation between k — & turbulence
model and experimental results. The temperature
separation obtained at cold and hot exits with different
turbulence models was compared with the experimen-
tal results of Skye et al. [20] in Figures 7 and 8§,
respectively. As shown in these figures, the calculated
temperature for the hot exit gas (T}) is in accordance
with experimental results in the majority of the tur-
bulence models. However, the results obtained for the
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Figure 7. Cold exit gas temperature for different
turbulence models.
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Figure 8. Hot exit gas temperature for different
turbulence models.

cold exit gas temperature (7.) with k — ¢ model show
the highest accordance with the experimental data.

Therefore, it can be concluded that the k — ¢
turbulence model enjoys higher accuracy and ability
than other models for the simulation of rotational flow
in the vortex tube, and this model can be used for the
design and numerical optimization of the vortex tube
with high accuracy.

4.3. Validation of numerical results

The numerical model results were compared with the
experimental results in [20], and all comparisons be-
tween the model and experimental data were reported
based on the cold mass fraction.

Figure 9 shows the comparison of temperature
separation performances at the cold exit. As can
be seen, the temperature separation resulting from
the numerical model at the cold exit at the lowest
cold mass fraction is about 37°C. By increasing the
mass fraction at the cold exit to 0.3, the temperature
separation at the cold exit increases to 44°C. Based
on this point, an increase in mass fraction at the cold
exit is accompanied by a reduction in the temperature
separation in this region.
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Figure 9. Temperature separation obtained at the cold
exit.

In the hot exit region shown in Figure 10, at a cold
mass fraction of 0.2, the lowest temperature separation
is observed at the hot exit. By increasing the cold mass
fraction, the temperature separation in the hot exit
region increases with an upward trend so that, in the
cold mass fraction of 0.81, the temperature separation
at the hot exit increases to 70°C. According to the
presented diagrams, acceptable agreement is observed
between the 3D model and the existing experimental
model, and the maximum error rate is about 10%. It
can be seen that the 3D model of the present analysis
is better than the two-dimensional model of Skye et
al. [20], and its results are closer to experimental
results, especially at the cold exit.

4.4. Investigating the effect of inlet pressure
on the performance of the vortex tube

In order to investigate the effect of inlet pressure,
the performance of the device has been studied in
a pressure range of 3.47 to 7.24 bars. It should be
noted that the equivalent pressure of the experimental
model of Skye et al. [20] is 4.8 bars. Thus, some inlet
pressures lower and more than the aforementioned
value have been investigated. Figures 11 and 12 show
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Figure 10. Temperature separation obtained at the hot
exit.
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Figure 11. Cold exit temperature for different inlet
pressures.
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the energy separation at cold and hot exits. The

presented results in this section include a mass ratio
of 0.3 at the cold exit.

According to Figure 11, at first, the cold exit tem-
perature decreases with an increase in inlet pressure,
which is in line with expectations and consistent with
the results of previous papers in this field. However,
with an increase in inlet pressure in the range of
4.8 to 5.71 bars, the cold exit temperature increases
instead of decreasing. However, from 5.71 bars of inlet
pressure, an increase in pressure decreases the cold exit
temperature and, thus, increases the cooling produced
by the vortex tube.

According to Figure 12, the overall trend of hot
exit temperature variation in terms of an increase
in inlet pressure is ascending. However, there are
fluctuations between 5.13 and 7 bars. As mentioned,
the vortex tube is used for cooling and not for
heating in most industrial applications. Therefore,
the temperature behavior of the cold exit is more
important than that of the hot exit.

Figure 11 shows that in the range of 3.47 to 5.71
bars, the lowest observed temperature at the cold exit
is related to the inlet pressure of 4.8 bars (the pressure
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associated with the Skye experimental model [20]),
which is 250.24 K. Now, if there is a temperature lower
than this value, we should increase the pressure to at
least 6 bars. It is known that the pressure increase
incurs greater costs, which may not be economical. For
example, if there is an increase in the inlet pressure by
50% compared to an inlet pressure of 4.8 bars proposed
by Skye et al. [20] and about 7.24 bars are reached, only
a 4.2 K increase in cooling will be observed, which is
not economically justifiable.

Figure 13 shows the total temperature distri-
bution across the tube for a model with an inlet
pressure of 4.8 bars. The maximum values for the total
temperature are observed near the vortex tube wall due
to the non-slip boundary condition. At the central core
of the tube, the temperature is lower than that close to
the wall. There is a gradual decrease in temperature
by moving the fluid flow from the hot exit to the cold
one. Moreover, an increase in temperature is observed
in the radial direction and toward the vortex tube wall.

The total temperature contour for the vortex tube
in a cold mass ratio of 0.3 indicates that the maximum
temperature of the hot gas exit is 311.5 K and the
minimum cold gas temperature is 250.24 K. Total
temperature variations indicate a decrease in the total
temperature gradient in regions close to the hot exit.

Pressure variations within the vortex tube lead
to changes in the Mach number. Therefore, checking
the Mach number inside the field can be effective in
understanding the flow, as shown in Figure 14. In
this figure, the Mach number variations within the
vortex chamber are displayed. This figure shows that
the flow in the nozzle inlet is subsonic, but with a
high Mach number (about 0.9). As the fluid moves
along the nozzle and enters into the vortex chamber,
the Mach number increases and the flow becomes
supersonic. As the fluid continues to move within the
chamber, the Mach number decreases after reaching
its maximum value and the flow suddenly becomes
subsonic. This indicates the shock occurrence inside
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Figure 13. Total temperature distribution throughout the vortex tube.
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the vortex chamber, which is accompanied by drops in
the system including pressure drops.

If the location of maximum Mach number (Fig-
ure 14) is considered as a core with a high Mach
number and the distance is shown from the center of
this core to the nozzle inlet with S, the results of this
study show that an increase in inlet pressure leads to
a gradual increase in the distance S; in this way, the
high pressure core is kept out of the nozzle and moves
towards the outlet of the next nozzle. These changes
are shown in Figure 15. Figure 16 shows the Mach
number variations in the radial direction in the vortex
chamber. It is evident from this figure that the radial
moving from the center increases the Mach number due
to an increase in r and, subsequently, an increase in
axial velocity.

Through the calculated velocity field, the path
lines for fluid elements in the cold mass fraction of
0.3 in 3D coordinates are shown in Figure 17. Fluid
elements evacuated from the cold exit progress with a
rotating motion towards the end of the vortex tube.
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Figure 16. Mach number variations along the radial line
passing through the vortex chamber.

U OO TTI~JTVXVHOOOOOOOOOH
CQWHONUOHEPATONUOHKAJTOWOO ON
[Clolicivicicicivivicicioivicicicivioicioliolic)
++++++++++++++r++tr+++++
[eleNoloBololoololololoRoNooNoolooNo oo
NNNNNNNNNNNNNNNNNNNNNNNNDN
Figure 17. Path lines for fluid within the vortex tube in

terms of total temperature.

A part of fluid element moves to the cold exit along
the initial length of the vortex tube, and other fluid
elements move to the end of the hot exit of vortex tube
and change their direction near the end of the tube
and start moving towards the cold exit, while their
rotating motion decreases during this path. Another
part of fluid elements flows toward the hot exit with a
rotating motion after entering the peripheral region of
the vortex tube. It can be seen that the interaction of
the flow at hot and cold exits occurs at a distance before
the hot exit. Therefore, the major energy separation
is generated before reaching this point. According to
the obtained path lines, it is clear that, at low mass
fraction at the cold exit, the return of flow to the cold
exit takes place near the hot exit of tube.

4.5. Investigating the second law of
thermodynamics for the vortex tube
According to the Clausius statement of the second law
of thermodynamics, heat transfer from a cold source
to a hot source is impossible without external work
being performed on the system. On the other hand,
as mentioned before, the vortex tube has no input
work, and a question arises as to whether this device
can satisfy the second law of thermodynamics. To
analyze this subject, considering m;, 1., and my as
the inlet air, the cold, and the hot exit mass flow rates,
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respectively, and based on the law of conservation of
mass, the following is obtained:

T = e + 1. (1)

Since there is no input or output heat transfer and
work, the first thermodynamic law for the system is
written as follows:

(mc + mh)hi = 1iche + mphy,. (2)

Since the air has been considered as an ideal gas from
the beginning, Eq. (3) is as follows:

(mc + mh)Ti = chC + th}u (3)

where T3, T,, and T}, are the inlet air, the cold exit,
and the hot exit temperatures, respectively. According
to the definition of a in Eq. (4) and placement in Eq.
(5) we have the following:

a=-e (4)

Min

T, =aTl, + (1 — a)Th. (5)

Entropy changes during the process are calculated
through the following equation:

AS = m 8. +mpsy — Mm;is;

= m.(sc — 8;) +mp(sp — i) (6)

Assuming the air as an ideal gas, we have the following
equations:

T, P,

Sc— 8 :cpln(f_)—Rln(E), (7)
T P

Sp — S; :cpln(?};)—Rln(?]:), (8)

where P;, P., and P, are the inlet air, the cold exit,
and the hot exit pressures, respectively. Eq. (13) can
be rewritten as follows:

AS Tc PC
As = o a{cpln <Tz> —Rln (R) }

camafon (D) mn(B)] e

It is known here that the air of vortex tube exits into
the environment; thus, P,= P.= P, and Eq. (16) can
be rewritten as follows:
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Figure 18. The created entropy difference in terms of
various inlet pressures of the vortex tube.

where C, and k have constant values of 1.004 and 1.4,
respectively. By inserting these values, for different
values of cold and hot exit temperatures and inlet
pressures, the values of A, are obtained according to
Figure 18. The figure shows that for all different inlet
pressures, all values of A; are positive and greater than
zero. It means that the second law of thermodynamics
for vortex tube is true and not violated. Figure 15
also shows that an increase in inlet pressure increases
the entropy production and, subsequently, the system
disorder.

5. Conclusion

In this study, Fluent software and finite volume method
were used to model the energy separation phenomenon
in the vortex tube. The purpose of this paper was
to study the effect of inlet pressure parameter. The
numerical solution was validated based on experimental
results. Investigations were carried out to find the op-
timal inlet pressure to reduce the cold exit temperature
(increase in cooling amount) and increase the hot exit
temperature (increase in heating amount). The results
showed that the proper inlet pressure increased the
cooling and heating amounts and, also, reduced the
costs. For the studied vortex tube in this paper, it is
recommended that 4.8 bars of inlet pressure be used.
The Mach number investigation in the vortex chamber
is also a confirmation of the occurrence of shock impact
wave phenomenon in this part of the vortex tube
device. The occurrence of this phenomenon causes
losses and irreversible changes in the system, which
can be reduced by strategies. As pressure increases,
the high pressure core deviates from the nozzle and
moves towards the outlet of the next nozzle. The cold
flow mass ratio is the key parameter in controlling the
temperature of cold and hot exits. An increase in
inlet pressure increases the entropy production and,
subsequently, causes system disorder. For cooling
purposes, the use of cold mass fraction of about 0.3
would result in a higher separation in the cold exit and,
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for heating purposes, a cold mass ratio of about 0.8
is recommended. The present obtained results showed
that the maximum exergy efficiency occurs at @ = 0.21.
In addition, the maximum and minimum exergy loss
occur at a = 0.3691 and a = 0.21, respectively.
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