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ABSTRACT

In this manuscript, both experimental and
numerical investigations have been carried 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 tested under different inlet
pressures. 3D numerical modelling using the k-¢
model used with code (Fluent 6.3.26). The results
show any increase in both cold mass fraction and
inlet pressure caused to increase ATc, and the
maximum ATc value occurs at P = 6 bar. The
coefficient of performance (COP) of two important
factors which are a heat pump and a refrigerator have
been evaluated, which ranged from 0.25 to 0.74. 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.

INTRODUCTION

The essential use of thermodynamics is
refrigeration, in this process, it can be considered the
heat is transferred from the low-temperature region to
the high-temperature region with the working fluid
named “refrigerant” (Dawoodian et al. 2014). One of
the non-conventional systems where natural matter
such as air is used as a working medium is the vortex
tube (Pourmahmoud et al. 2015a).
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with more in some designs, a vortex chamber, a
cold-end orifice diameter, a hot-end control valve.
The history of the vortex tube returns to early in the
twentieth century, where George Rangue was
proposing a study about a vortex tube in the subject
of dust separation cyclone George J. Ranque (1933).
After that R. Hilsch examined the influence of the
geometrical parameters and the inlet pressure of the
vortex tube (Hilsch 1947). The vortex tube has high
inefficient thermodynamically characteristics, which
used in the cooling of gas turbine rotor blades,
laboratory sample cooler, cooling electrical cabinets
(Pourmahmoud et al. 2013 and 2014a). Vortex tube
splits up a pressurized flow of air into two streams
hot and cold. In the vortex tube, the air is compressed
tangentially, where it separates into two lower
pressure streams; the external, and the internal. The
phenomenon of the vortex tube is shown in Fig. 1.
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Fig. 1. Schematic of Vortex tube behavior
(Pourmahmoud et al. (2015b))

The phenomenon mechanism of the temperature
separation accordingly to state gas or vapour come
back to a Ranque-Hilsch vortex tube is not
completely understood until now due to complexity,
although various investigators lay many efforts to
demonstrate the behavior happening through the
separation of energy in the vortex tube. They focused
on the geometrical and thermophysical in the
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Experimental study work. Pourmahmoud et al.

(2014b) estimate in numerical technique the influence
of the inlet pressure to enhance the cooling capacity.
Their CFD models used turbulent, compressible, and
using the standard k-¢ turbulence model.
Few researchers have been carried out to investigate
the temperature separation for both Kalal et al. (2008)
investigated both studies of the experimental and
CFD analysis using the k—e turbulence model on
parameters affecting vortex tube operations length
from(200- 1450 mm), cold end diameters (8, 10, 12
and 14 mm) and numbers of nozzles (2 and 4). The
results showed that for a length of 1000 mm and the
cold outlet diameter of 12 mm is optimum for the
maximum temperature difference Ye et al. (2014)
investigated the energy separation in the vortex
chamber in experimental and CFD analysis. The
study showed the distribution of the angular
momentum showed energy migration. Kirmaci and
Kaya (2018) presented a review on the effect of
various parameters such as working fluid, nozzle
number, and nozzle material investigated by both
experiments and simulation. 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. In this paper, the study will
include two methods, numerical study (CFD) and
experimental investigation. Analysis and simulations
are used to evaluate the presented theoretical
fundamentals, the flow field in the vortex tube
simulated numerically by using FLUENT ™ software
package simulation. The standard k-e turbulence
model applied to simulate the effect of turbulence in
the vortex tube flow. The counterflow vortex tube has
been designed to evaluate various parameters such as
cold and hot exit temperatures, isentropic efficiency,
cold mass fraction, and velocities. Using Simulation
and experiments to ensure efficient operation of
energy separation (temperature separation) over the
entire operating range.

EXPERIMENTAL SETUP

In the present manuscript, an experimental
investigation has been employed to estimate the
influence of working fluid parameters like inlet
pressure on the energy separation inside the vortex
tube. In the present work, the counter-flow vortex
tube has been designed, fabricated, and tested to
evaluate various parameters such as cold and hot exit
temperatures, refrigerating effect, and isentropic
efficiency. Fig. 2 shows the experimental apparatus
parts of the present counter-flow vortex tube and Fig.
3 illustrates the vortex tube parts used in this paper.
The compressed air is supplied across compressor
tank storage to ensure to get uniform pressure with
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minimum variation. The tank storage has a capacity
of 1000 liters, and the system is working
approximately half an hour before running the test to
allow system temperature to stabilize. The maximum
rated pressure of the compressor is 6 bars with inlet
pressure varied from (4-6 bars) and regulated by a
pressure regulator the pressure gauge. The
compressed air passed through a filter to clean air
from particles and residuals to ensure to use of
cleanly dry air. The vortex tube used counter-flow
with six inlet nozzles, vortex chamber, cold orifice,
hot side valve, cold and hot ends, as shown in the
schematic diagram in Fig. 3.

Fig. 2. Experimental parts

¥

Fig. 3. Parts of vortex Tube in the present study

The air is extended in the vortex chamber and split
into the cold and hot air flows. The cold stream in the
central region flows out of the tube through the center
orifice nearby to the inlet nozzle, while the hot stream
in the external annulus departs the tube across
another outlet away from the inlet. The flow rate of
the inlet air is adjusted with flow rates while the inlet
and outlet temperatures of the streams are calculated
with multiple thermometers. The schematic of the
current vortex tube setup has been depicted in Fig. 4.
The material used in the vortex tube is manufactured
of stainless steel 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. 5. Since the present
paper is experimental research, therefore, the
uncertainties of  measured and  calculated
temperatures have been displayed in figure 6.
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Fig. 4. Schematic diagram setup

Fig. 5. 2D cross-section of the vortex tube.
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NUMERICAL MODELING AND
GOVERNING EQUATIONS

The rapid development of computational fluid
dynamics (CFD) provides a convenient and faster
way to study these variables in a vortex tube
(Sadaghiyani et al. (2018), Khodayari and Kim
(2018)). Numerical modeling is the most precise

technique to study the phenomenon of the vortex tube.

So it's necessary for the choice of a suitable
turbulence model. The software is capable of solving
a set of equations numerically by using numerical
iteration techniques. The software is a powerful tool
that can allow compiling multiple equations while
allowing easy access to fluid properties (Matveev and
Leachman, 2019). The numerical simulation of the
flow field will be assumed by using the FLUENT
software package. The equations are solved as
consider the flow to be 3D compressible (Promvonge
and Eiamsa-ard, 2005) and to solve the equation of
continuity equation, momentum, and energy which
are as follows:

Continuity equation:

0 - (1)
- (pu))=0

i
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Momentum (the rate change of momentum) is the
sum of the forces on the fluid particle (Newton’s

second law):
i ®

Energy equation is equal to the sum of (rate of heat
added to and the rate of work done) (1% law of
thermodynamics):
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The motion of the fluid in the vortex tube is
described with the governing equations (mass,
momentum, and energy conservation), so among
unknown are three thermodynamic variables: p, p,
and T. The relationships between the thermodynamics
variables can be obtained through an assumption of
the thermodynamic equilibrium. Even though the
properties of fluid-particle change rapidly from place
to place, the fluid can thermodynamically adjust itself
to new conditions so quickly that changes are
effectively instantaneous. So the state equations for
pressure as following as:

p=pRT (4)

The standard k-¢ has two model equations:
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PG (PkU) e I) +Gy=pe-Yy (6)
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VORTEX TUBE PHYSICAL
MODELING

The CFD models of the present study are
considered based on this new experimental analysis,
3D with a standard k-e turbulence model will be
investigated numerically under different geometrical
parameters such as inlet pressure. As inlet air is
assumed as a compressible so all these parameters are
constant values (dynamic viscosity, specific heat, and
thermal conductivity). To solve the momentum and
energy equations, SIMPLE algorithm will be used


https://www.sciencedirect.com/science/article/pii/S0140700719303792#!
https://www.sciencedirect.com/science/article/pii/S0140700719303792#!

and due to non-linear and coupling virtue is very high
of the governing equations, for the p, P, body forces,
k, & and turbulent viscosity components, lower
under-relaxation factors will take ranging from 0.1.
To reduce the computations only 1/6 sector of the
flow domain CFD model will be assumed. The 3D
model shows in fig.7. To recognize the temperature
distribution inside the vortex tube, fig. 8 shows the
temperature contours in the longitudinal section for
the chosen models

Fig. 7. 3D CFD Model of Vortex Tube
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Fig. 8. Temp. distribution in longitudinal section for P;
=6Dbarand a=0.3

BOUNDARY CONDITION

The boundary conditions in this numerical
work are based on the present experimental study,
which mentioned above. 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 (4-6 bars), 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.

RESULTS AND DISCUSSION

Comparison of CFD Results and Experimental
Data for Temperature Separation
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Where mC and min stand for cold and inlet mass

flow rates, respectively. The cold and hot exit
temperature differences (AT and ATh respectively)
are defined as follows:

ATic=Ti-T¢ (9)
AThi=Tnh=T; (10)

As below, Tables 1 and 2 show the experimental data
and the CFD simulation, respectively. It can be
noticed a good agreement between the results. It can
be seen from the results, as the inlet pressure
increases, the AT and AT. increases, and a
maximum value occurs at Pi = 6 bar. The CFD model
and the experimental data Comparisons are shown in
terms of the inlet pressure and the 3D CFD results
can well predict the experimental results. In this
investigation, CFD results close well with
experimental data with a deviation of the predicted
and measured data is less than or equal to 7.79% for
the cold temperature difference.

Table 1. The experimental data at cold mass fraction
0.3

Pi T, Ty AT, ATy

(bar) | (K) ) ) )

4 250.67 | 305.92 | 42.32 12.92
5 24793 | 307.82 | 45.06 14.82
6 243.44 | 310.48 | 48.34 17.48

Table 2. The CFD results at cold mass fraction 0.3.

Pi | Vg, T, Ty AT, ATy

(bar) | (ms) | (K) (K) (K) (K)

253.98 | 309.95 | 39.02 | 16.95

250.44 | 31093 | 46.75 10

6 420 | 2459 | 313.62 | 47.10 | 20.62
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Numerical Results

To analyze the thermodynamical estimation of
rate of energy (power) separation with another
valuation as heating or cooling capacity of a vortex
tube. Regarding as refrigerator gains as eq. (12) and a
heat engine as eq. (13) by:

Qc :mc Cp(ri _Tc) (12)

Qh =m, c,(T, - T;) (13)
As shown in figures 9 and 10, QC it is maximum for
a = 0.65 and Q,is maximum for o = 0.37. The

energy separation varies from 0.055 to 0.155 kW. It
shows that in the vortex tube system, the essential
goals must be focused on the use of this instrument in
the heating or cooling process only; so that, the
criteria of the classical thermodynamics would not be
justified in various conditions. These results are in
good agreement with those of Behera et al. (2005).
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Fig. 9. Refrigeration power separation of the vortex
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Fig. 10. Heat power separation of the vortex tube with
different nozzles.

The large expansion happens at the end of the nozzle,
which made a rise in velocity. Just after extract of the
fluid across the nozzles to the tube. The gas extended
again, upward to the cold exit, where it falls to
atmospheric pressure, which causes rise velocity in
this region. The highest total pressure noticed nearby
the circumstance of the tube wall all simulated CFD
models. The profiles of the total pressure appears a
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rise of the pressure magnitude in a portion of the wall.
Both total and static pressures rise with increasing the
inlet pressures as shown in Figs. 11 and 12.
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Fig. 12. Radial profiles of static pressure at different
axial locations.

With changing the inlet pressure, radial profiles of
swirl velocity at various axial locations (Z/L = 0.2, 0.5,
and 0.8) for the cold mass fraction of 0.3 to 0.8 are
displayed in fig. 13. The comparison of the velocity, it
is very noticeable that the component which has the
highest value is a swirl velocity. The radial profile of
the swirl velocity points out a free vortex near the wall,
and the magnitude becomes negligibly small at the
core. The flow near the injection of a vortex tube as a
forced vortex can be expressed as:

W= (14)

\'
r
Where v is the velocity of the flow particle and r is the
radial distance from the centerline of the tube. In all
models with any rise, the distance from the inlet region
across the hot exit, the swirl velocity value came down.
And in the core of the vortex tube, the fluid has a
deficient kinetic energy result of the minimum swirl
fluid velocity at the core region of the tube. The radial
profiles for the axial velocity at Z/L=0.2, 0.5 and 0.8
are shown in fig. 14. For the Pi = 6 bar at axial
locations of Z/L=0.2, 0.5 and 0.8 the maximum axial
velocity was noticed 83, 44 and 41 m/s, respectively.
Therefore, the highest range of 83 m/s is seen at the
tube axis near the inlet zone (Z/L=0.2).
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CONCLUSIONS

Various studies of the mechanism of separation of
energy in the vortex tube from the last century had
been presented but until now, there is no
well-accepted demonstration for the physical analysis.
The reason for non-understanding this phenomenon is
a return to the fact of the complex internal flow. So,
the aims of this investigation will be concentrated on
the characteristics of the flow in the vortex tube and
the performance. A new apparatus was designed
experimentally and compared with CFD analysis. The
dimensions of the experimental equipment have a total
length of 104 mm and an inner diameter of 8 mm,
made of stainless steel. The parameters were tested
under three different inlet pressures (4, 5 and 6 bar)
with inlet stagnation temperature of 293 K and the
dimensionless cold mass fraction range (0.2-0.8). The
numerical investigation was performed by using 3D
CFD and a standard k-¢ turbulence model using
FLUENT software package. A good agreement was
found between the experimental investigation and the
CFD model with a deviation of less than or equal to
7%. ATcincreases with an increase of the cold mass
fraction and the highest value occur at a = 0.3. The
data from the experimental study showed an increase
of the inlet pressure causes increasing AT, where
maximum value occurs at P= 6 bar. Two types of
velocity were simulated (swirl and axial) with
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different axial locations ranged (0.2-0.8), the results

showed that the swirl velocity has the highest value.

Finally, the power separation rate as a heat pump and a

refrigerator was investigated and the results showed

that it changed from 0.055 to 0.155 kW. The future
research direction can be suggested as followings for
other researchers:

1. Investigation of the vortex tube with different
shapes and the number of nozzles on its
performance.

2. Studying the effect of boundary layer formation
along the tube.

3. Studying the current investigation with different
gases and checking the ability of the vortex tube to
separate a number of gasses into two outlet streams
with different gas concentrations.

4. Development of the vortex tube by adding the
effect of parameters (for example the effect of
secondary circulation).

5. Investigation about the convergent.-divergent
angle to increase the energy separation.

6. Using two types of phases (gas and liquid) to
understand the flow behavior.
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NOMENCLATURE
¢ Cold

Cp Specific heat capacity in constant P
D Diameter of vortex tube (mm)

h Hot

i Inlet

L Length of vortex tube (mm)

P Pressure (Pascal)

T Temperature (K)

mmass flow rate
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