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In this manuscript, both experimental and numerical investigations have been car-
ried out to study the mechanism of separation energy and flow phenomena in the
counter flow vortex tube. This manuscript presents a complete comparison between
the experimental investigation and CFD analysis. The experimental model was
manufactured with (total length of 104 mm and the inner diameter of 8 mm, and
made of cast iron) tested under different inlet pressures (4, 5, and 6 bar). The ther-
mal performance has been studied for hot and cold outlet temperature as a function
of mass fraction, a, (0.3-0.8). The 3-D numerical modeling using the k-¢ model
used with code (FLUENT 6.3.26). Two types of velocity components are studied
(axial and swirl). The results show any increase in both cold mass fraction and
inlet pressure caused to increase AT., and the maximum AT; value occurs at P = 6
bar. The COP of two important factors in the vortex tube which are a heat pump
and a refrigerator have been evaluated, which ranged from 0.25 to 0.74. A different
axial location (Z/L = 0.2, 0.5, and 0.8) was modeled to evaluate swirl velocity and
radial profiles, where the swirl velocity has the highest value. The maximum axial
velocity is 93, where it occurs at the tube axis close to the inlet exit (Z/L = 0.2).
The results showed a good agreement for experimental and numerical analysis.
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Introduction

The essential use of thermodynamics is refrigeration, where the heat is transferred
from the low temperature region to the high temperature region with the working fluid named
refrigerant. Traditional applications in both refrigeration and air-conditioning system are
vapour compression and vapour absorption, but the environmental troubles and changes in
the atmosphere due to unlike gases such as CFC refrigerants can cause ozone depletion and
global warming so that it is necessary to find other non-conventional systems, where natural
matter such as air is used as a working medium is the vortex tube [1]. Simply it consists of a
straight tube with orifice placed on a diaphragm close to one end, one inlet nozzle with more
in some designs, a vortex chamber, a cold-end orifice diameter, a hot-end control valve. The
history of the vortex tube back to early in the twentieth century. In 1931, Ranque [2], a French
metallurgist, and physicist was granted a French patent for the device in 1932, and a United
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States patent in 1934. Ranque [2] was proposing a study about a vortex tube in the subject of
dust separation cyclone. He observed an emits of cold air from one side and, hot air from
another side. The vortex tube has many applications such as personal air-conditioning, cutting
tools shrink fitting, cooling of gas turbine rotor blades, cooling electrical cabinets, cooling of
some equipment such as sewing needles, and cooling of hot operations [3]. Vortex tube was
desolated for many years until a German engineer Hilsch [4] revived the interesting of this
device, who wrote the results of his theoretical studies and comprehensive experimental
which led to improving the efficiency of the vortex tube. He studied the influence of the
geometrical parameters and the inlet pressure of the vortex tube on its performance also
proposed a possible analysis of the process of separation energy. Generally, the vortex tube
can be classified as a simple device, which can cause energy separation, i.e., produce two
separate flows (hot and cold flows from a single injection of air stream) [5]. In the vortex
tube, the air is compressed tangentially, where it separates into two lower pressure streams;
the external, and the internal. The rotation of the hot stream will happen near the outer radius
of the tube, while the cold stream flows at the core of the tube. The hot, outer part of the
compressed gas getaway out of the conical valve at the end of the tube. The residual gas
regress in an inner vortex and runs out through the cold exit orifice positioned at another end
of the tube close to the inlet. The phenomenon of the vortex tube is shown in fig. 1.

The phenomenon theory of the separation
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Figure 1. Schematic of vortex tube behavior secondary flow by using a novel Pitot probe to
calculate the axial and azimuthal velocities so

that the study observation showed the turn back stream at the core of the tube is very bigger
than the mass of cold which flows grew outside of the cold end. Promvonge and Eiamsa-ard
[7] proposed the experimental study of the temperature separation under different geometrical
parameters (inlet nozzle, tube insulation, cold orifice diameter, and isentropic efficiency). They
showed that the isentropic efficiency is about 30 °C and 33%, respectively, also the maximum
temperature separation occurred at four inlet nozzles and 0.5 cold orifice diameter in their work.
Aydin and Baki [8] describe design parameters such as the length of the vortex tube, ranged
from 250-750 mm, and the inlet nozzle diameter, 5-7 mm, under different inlet pressures with
three various working fluids (air, oxygen, and nitrogen). Their results appeared that a rise in the
inlet pressure causes a rise in temperature differences. Markal et al. [9] considered the influence
of the conical angle of the valve (30-75°) on the separation of the energy by designing a modern
geometry as a helical swirl flow generator. The effect of the valve angle under a different rate
of the inlet pressure, 3-5 bar, the helical swirl flow generators lengths are varied from 10 mm
to 30 mm, and the length to the diameter L/D ratio ranged from 10 to 40. Their results showed
that any decreases in the conical valve angle caused a positive effect on the energy separation.
Xue et al. [10] performed a new study to determine the dominant cause for the temperature
separation with a tube has a huge-scale with a length of 2 m, and 60 mm tube diameter which
manufactured to present 3-D velocity distributions using a TFI probe cobra with a precision of

[
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0.3 m/s. Their study showed good agreements between static pressure distributions were
measured, and the measured the distribution of pressure stated on the features of vortex forced
near the entrance and vortex free at the hot end. The position of the farthest axial velocity
showed the variation of the flow structure and supported the assumption of multi-circulation,
while the radial velocity distributions appear the external flow from the center nearby the hot
end. Aljuwayhel et al. [11] used a 2-D axi-symmetric CFD method to examine the vortex tube
parametric such as length 10-30 cm, and diameter 1.5 cm and 3 cm where the inlet situations
are steady at 300 kPa and 300 K with cold mass fraction 0.3. By using FLUENT software with
a mesh consisting of 75000 grids and two turbulence models, i.e., standard k-¢ and RNG k-¢ to
study the vortex tube behavior. The CFD models showed three regions of flow as control
volumes in the vortex tube: leaving a flow from the hot flow region, leaving a flow from the
cold flow region and the re-circulating region flow that circulates nearby the nozzle inlet which
is the secondary flow. The CFD model sub-dividing into the control volume related to fluid
streams as cold and hot, it can be shown the transfer of work-related with viscous shear happens
among the streams and is considerable for the vortex tube’s unique phenomenon. The results
show the energy separation increases as the length increases, and the angular velocities decrease
at the diameter of the vortex tube rises. Eiamsa-ard and Promvonge [12] used 2-D axi-
symmetrical solved by finite volume method by using the standard k- turbulence model, and
ASM is applied computations model to understand the physical behaviors of the flow,
temperature, and pressure in a vortex tube. The results showed that the diffusive transport of
mean Kinetic energy has a significant effect on the maximum separation of temperature
happening nearby the region of the inlet. Farouk and Farouk [13] proposed a CFD model with
LES method to suggest the flow fields as effects of a cold mass fraction on the temperature
separation. The results showed that the maximum separation of the hot end occurred at a cold
mass fraction of 0.78. Pourmahmoud et al. [14] used 3-D, k-¢ turbulence model, steady-state,
and compressible flow to analyze the effect of inlet gas pressure. The results showed that the
acceptable conditions of machine performance could be obtained when the inlet operating
pressure is appropriate both to the physical properties of the working fluid and mechanical
structure of the machine. Kandil and Abdelghany [15] designed a simulated axisymmetric
model using ANSYS FLUENT software to investigate the ratio of the length and the cold orifice
to tube diameter influence. The results expressed that the biggest cooling providers at the
minimum cold orifice to tube diameter ratio. Niknam et al. [16] investigated a 3-D model by
using the commercial CFD software ANSYS FLUENT 15 by a hexahedral mesh with
refinement near the outlet boundaries to analyze the operating parameters on the Mach number
and turbulent viscosity ratio. The results showed the increase in temperature is due to viscous
heating, which caused by large swirling flows with a high order of tangential velocity in the
circumferential flow. The previous works show the importancy of CFD and experimental
studies in the development of fundamental phenomena in thermal science [17, 18].

From the invention vortex tube, various explanations were suggested for energy
separation. However, because of the nature of the energy separation and complexity of internal
flow in the vortex tube, the energy separation phenomenon until now is still unclear. The
proposed hypotheses which have been mentioned before can be utilized to discuss the partition
of the phenomenon and they do not include all the parts of the temperature separation in the
vortex tube because there is not a full study of experimental and numerical analysis to express
the behavior. Since most of these studies are based on previous researches to model it or
comparison, therefore there has not been a good-reasonable explanation for the separation of
thermal still, and the flow behavior inside the vortex tube until now unclear. This paper presents
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full fundamental investigations on the Ranque-Hilsch vortex tube, to identify the dominant
factors underlying in the energy separation phenomenon based on both the experimental and
the numerical studies, which have shown a modern understanding of the flow phenomenon and
the process of separation.

Experimental set-up

An experimental investigation has been employed to estimate the influence of
operating fluid parameters like pressure on the energy separation inside the vortex tube. In the
present study, the vortex tube (counter flow) has
been prepared, fabricated, and examined to
evaluate various parameters such as cold and hot
exit temperatures, refrigerating effect, and
isentropic  efficiency. Figure 2 shows the
experimental apparatus set-up of the present
counter flow vortex tube and the schematic of the
current vortex tube set-up has been depicted in
fig. 3.

The compressing air is supplied across the
Figure 2. Experimental set-up and compressor storage tank to ensure to get steady
apparatus parts pressure with a lower variation. The tank storage

has a capacity of 700 L, and the system is working
approximately thirty minutes before running the experiments to allow system temperature to
stabilize. The highest-rated of the compressor pressure is 6 bars, in the experiments where for
inlet pressure varied from 4 to 6 bars, and regulated by a pressure regulator the pressure gauge.
The compressed air passed through a filter in order to clean air from particles and residuals to
ensure to use of cleanly dry air. Six inlet nozzles, vortex chamber, cold orifice, hot side cone
valve, cold and hot ends are used. In the present study, the material used in the vortex tube is
manufactured of cast iron with an inner diameter and the length of the tube is 8 mm, 104 mm,
respectively. The outlet diameter of the cold side is 5.5 mm as shown in the geometrical design

in fig. 4 and tab. 1.
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Figure 3. Schematic diagram of experimental set-up
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The air is extended in the chamber of the vortex and split into the cold and hot air
flows. The cold flow in the center part goes out of the tube across the center orifice nearby to
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Figure 4. The 2-D cross-section of the vortex tube

the inlet nozzle, whereas the hot flow in the Table 1. Detailed design parameters set-up
outward region departs the tube across another
outlet away from the inlet. The inlet rate of the
air is adjusted with flow rates whereas the
temperatures of inlet and exit streams are |Diameter of tube 8 mm
calculated with multiple thermocouples.

Parameters Value

Length of tube 104 mm

Diameter of the cold end 5.5mm
Numerical modeling and Width of the inlet nozzle 1mm
governing equations Depth of inlet nozzle 1 mm
The simulation of the stream field in the Number of nozzles 6

vortex tube will be prepared numerically by
using FLUENT software package and the flow is
considered to be a 3-D compressible, turbulent and steady-state by employing the standard k-¢
turbulence model as it is the best model convergent in turbulence simulation with a good
agreement with the experimental results [14]. Finite volume is a numerical technique is applied
with 3-D structured mesh for the governing equations of fluid-flow:

— continuity equation:

0
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6xj
— momentum equation:
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The fluid which considers as working an ideal gas so the state equation is present:
p=pRT (4)

As used the standard k-¢ turbulence model, so turbulence Kinetic energy, k, and its rate
of dissipation, ¢:
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where C1. and C.C,. are constants. These default amounts have been calculated from experi-
ments with water and air for essential turbulent shear streams containing homogeneous shear
streams and weaken isotropic grid turbulence. They have been established to make reasonably
well for an enormous domain of wall-bounded and free shear streams. As shown in the
equations, several factors and constants have a large influence on the standard k-¢ turbulence
model [1, 3]. These factors are shown in tab. 2.

Table 2. Definition and values of parameters in the k-¢ turbulence model

The factor Represent Default value
Gk Generation of turbulence kinetic energy which caused by -
mean velocity gradient
Gb Generation of turbulence kinetic energy caused by buoyancy -
Ym Demonstrate the contribution of the fluctuating incompressible turbulence -
to the overall dissipation rate
Cue Constant 1.44
Gae Constant 1.92
Cs: Constant 1
Cu Constant 0.09
ok The turbulent Prandtl number for k 1.0
¢ The turbulent Prandtl number for & 1.3

The finite volume method with a 3-D structured mesh is used for solving the govern-
ing equations. It can be considered as one of the numerical techniques to characterize intricate
stream behavior in the vortex tube. Inlet working fluid (air) is assumed as a compressible, it
means that (specific heat, thermal conductivity, and dynamic viscosity) are put to be constant
over the procedure of the numerical analysis. To discretize convective terms, the second-order
upwind scheme is employed, whereas and SIMPLE algorithms are utilized to solve the momen-
tum and energy equations simultaneously. Due to considerable non-linear and coupling effects
of the governing equations, lower under-relaxation factors varied from 0.1 to their default value
are put for the pressure, density, body forces, momentum, %, ¢, turbulent viscosity, and energy
components to ensure the stability and convergence of the iterative calculations.

An important parameter in the vortex tube study is a which is defined as a cold mass
fraction:

a="t (®)
in

m
The cold and hot exit temperature differences (AT and ATy, respectively) are defined:
ATc=Ti—-Tc and ATh=Th—T; (€)]
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Vortex tube physical modeling
and boundary condition

The CFD models are considered based on this new experimental analysis 3-D with a
standard k-¢ turbulence model. As inlet air is assumed to be a working fluid and as a
compressible so the other parameters will be assumed as constant values (dynamic viscosity,
specific heat, and thermal conductivity) during this analysis. To solve the momentum and
energy equations, SIMPLE algorithm will be used and due to non-linear and coupling virtue is
very high of the governing equations, for the density, pressure, momentum, energy, body forces,
k, &, and turbulent viscosity components, lower under-relaxation factors will take varied from
0.1 to their default value to make sure the stability and convergence of the iterative calculations.
In order to reduce the computations, models are considered to be rotational periodic and only
1/6 sector of the stream domain CFD model will be considered, as demonstrates the 3-D model
in figs. 5(a) and 5(b). At inlets of the nozzle, the air is compressed into the tube with inlet gas
temperature (stagnation temperature) is fixed at 293 K, pressure inlet is varied from 4 bar to
6 bar, and the cold mass fraction 0.3 to 0.8. The pressure will be adjusted to vary with the cold
mass fraction ant the hot outlet. The no-slip velocity boundary condition is enforced on all of
the walls of the vortex tube, and it is assumed to be adiabatic.

(b)
Figure 5. (a) The 3-D CFD model of vortex tube, (b) a sector of the CFD model

GY

The CFD results and experimental data comparisons

Due to the importance of temperature separation in the vortex tube device; most re-
searches choose this parameter for validation of their CFD results [19]. As shown below, the
figs. 6 and 7 show the comparisons between the CFD simulation and the experimental data, It
can be noticed a good agreement between the results. As the results show, when the cold mass
fraction increase, the AT increases, and a maximum value occurs at o = 0.3. The comparisons
of the CFD simulation and the experimental results are shown in parameters of the inlet pressure
and mass-flow rate has a well predict with a deviation of calculated data is less than or equal to
7.79% for the cold temperature difference, as shown in figs. 6 and 7.

Experimental results

An approximation study was executed by Stephan etal. [20] for geometrical
parameters like straight nozzles vortex tubes and statement as the ratio of the actual temperature
drop of the cold air that departure from exhaust to the maximum temperature difference
(AT/ATcmax) may be specified as of cold mass fraction function:

AT,
AT,

C,max

- f(@) (11)
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Figure 7. Comparison of different inlet pressure
in the terms of hot exit temperature difference

For the vortex tube the ratio of ATc/ATc¢ max

is not dependent on the inlet pressures and may
be determined as a function of the cold mass
fraction. The similitude relation ATc/ATcmax @s a
function of o may be gotten and indicated in
fig. 8. It expressed:

AT
_2lc  _20.412a* — 48.03243 +

C,max

+39.7880% —14.396cr +2.8687  (12)
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Numerical results

To eliminate and reduce any errors due to the coarseness 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 [21]. For this purpose, eight models are made in the number of different
elements and the results are based on the important parameter of the temperature difference and
are shown in fig. 9. The results indicate that for a total number of more than 151000 elements,
the change in results is negligible. As a result, due to the stability of the results and the inde-
pendence of the numerical results from the grid effects, the same number of elements is used to
reduce the computational time for all models. The temperature contours in the longitudinal sec-
tion for the chosen models show in fig. 10. The circumstance stream is hot, and the center
stream is cold and showing an increase of temperature radial direction.
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Figure 9. Grid independent study based on Figure 10. Temperature distribution in

hot exit temperature difference, ATc longitudinal section for Pi = 6 bar and & = 0.3

The maximum total pressure appears to close the peripheral of the tube surface in all
CFD models simulations of the vortex tubes. The total pressure profiles appear as a rise in the
pressure amounts towards the peripheral. Both total and static pressures rise with rising the inlet
pressures and o as present in figs. 11 and 12.

Figures 13, and 14 show (Z/L = 0.2, 0.5, and 0.8) for the cold mass fraction of 0.3-0.8
present a comparing of the velocity components, it is clear that swirl velocity has the largest
amount. The radial profile of the swirl velocity suggested a free vortex nearby the surface and
the amounts can be assumed very small at the center. Figure 13 indicates that the higher the
inlet pressure the higher the swirl. Increasing the distance from the inlet zone towards the hot
end the swirl velocity magnitude decreases in all models. The fluid at the core of the vortex
tube has deficient kinetic energy because the swirl velocity at the center region is minimum.
The radial profiles for the axial velocity at Z/L = 0.2, 0.5, and 0.8 are presented in fig. 14.

For the Pi = 5 bar at the axial position of Z/L = 0.2, 0.5, and 0.8 the axial velocity was
maximum at 93, 67, and 61 m/s, respectively. Therefore, a maximum amount of 93 m/s is view
at the tube axis nearby the inlet region (Z/L = 0.2).
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Power separation analysis

The performance features of the vortex tubes have been estimated by the COP. As
shown in figs. 15 and 16, COPy. decreases and COPy. increases with increasing « for different
inlet pressures. It may be noticed that the COP of the vortex tube varies from 0.25 to 0.74.
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Although even through years, various investigations for the separation of the energy
in the vortex tube have been presented but unfortunately without a well-accepted explanation
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for the physical process because the internal flow complexity so that the aims of this study will
be focused on the flow characteristics inside the vortex tube and optimizing vortex tube perfor-
mance with new experimental model investigation and CFD analysis. The experiment model
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was performed in the vortex tube with a total length of 104 mm and an inner diameter of 8 mm,
made of cast iron. Three different inlet pressures (6, 5, and 4 bar) with stagnation temperature
293 K were tested. The results of the experimental investigation of the vortex tube are for the
cold and hot air outlet temperatures with the dimensionless cold mass fraction (0.3-0.8) and the
air pressures as inlet parameters. The experiment model was tested and investigated with three-
dimensional CFD with a standard k- turbulence model using FLUENT software package to
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investigate the energy separation and the velocity distributions. The comparisons between the
experimental investigation and the CFD model have a good agreement with a deviation of less
than or equal to 7.79%. As increasing of the cold mass fraction, the AT, increases and a

0.8 08
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Figure 15. The COPr at different nozzles Figure 16. The COPre at different nozzles

maximum value occurs at a = 0.3, as well as increasing of the inlet pressure causes increasing
AT., where the maximum value occurs at P = 6 bar (AT. experimental = 48.34 K and AT;
numerical = 47.1 K). In all simulated CFD models for the vortex tube, the maximum total
pressure happened nearby the peripheral of the tube wall which an increase of the pressure
values profiles shows towards the periphery. A various axial location (Z/L = 0.2, 0.5, and 0.8)
and cold mass fraction of 0.3-0.8 was modeled in order to evaluate swirl velocity and radial
profiles with respect to different inlet pressures. The maximum axial velocity occurs at the tube
axis nearby the inlet exit (Z/L = 0.2) was found 93. The COP of the vortex tube ranged from
0.251t0 0.74.

Nomenclature

H —height of nozzle, [mm] Greek symbol
L - length of vortex tube, [mm]  — cold aas fraction
P —pressure, [Pa] g

T —temperature, [K] Subscripts
z

A

— axial direction along the tube

Tc —temperature difference between inlet and f] :ﬁgltd
cold end, [K] i _inlet
ATn — temperature difference between hot end
and inlet, [K]
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