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ABSTRACT

In the present work, a Ranque-Hilsch vortex tube (RHVT) is modified by suggesting a novel vortex
chamber at inlet. The performance of the modified vortex tube is studied experimentally. Suggested
lengths for the vortex chamber are 10, 15, and 20 mm and the vortex chamber diameters are 12, 16,
and 20 mm. All vortex chambers with different lengths and diameters are tested experimentally at
variable inlet conditions. It's found that the vortex chamber diameter has a dominant effect on the
performance compared with the vortex chamber length. The results are compared with that obtained
by a conventional vortex tube. The results show that the vortex chamber gives an enhancement in
the isentropic efficiency reach to 15.9 %. The results for a vortex chamber of 15 mm length and 20
mm diameter has the best performance.

Keywords: vortex tube, vortex chamber.

1. Introduction

Vortex tube is a simple device, which splits the pressurized gas stream into two low
pressure streams (cold and hot streams). Vortex tube has different names as Rangue vortex
tube (first discoverer), and Hilsch vortex tube or Ranque-Hilsch, RHVT, who improved
vortex tubes performance after Ranque. Vortex tube is composed from inlet nozzles (1),
vortex chamber (2), cold orifice (3), hot tube (4), hot control valve (hot plug) (5), and hot
exit (6), as shown in figure 1.
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Fig. 1. Vortex tube components.
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In a counter-flow RHVT, compressed gas tangentially enters the nozzles to produce a
highly vortex flow. The gas flows toward the hot plug at which an amount of the hot gas
escaped from the peripheral of the tube. The remained gas returns back to the cold orifice
along the center of the cold exit, as shown in figure 2. In a uni-flow RHVT, the cold and
hot streams of gas exit from the central orifice and peripheral of the tube, at one end of the
tube, as in figure 3. Generally, the performance of the counter-flow RHVT would be better
than that of the uni-flow RHVT.
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Fig. 2. CounEgr-flow RHVT.
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Fig. 3. Uni-flow RHVT.

The RHVT has many advantages, such as no refrigerant, compact, low maintenance, no
moving parts, simple, low cost, lightweight, and instant cold and hot gas. Thus, the vortex
tube can be used in many applications as cooling, heating, drying, gas liquidfication,
separation of mixture, cooling of machinery during operation, cooling electrical devices, and
cooling vest. The only disincentive in the uses of the vortex tube is its small cooling capacity.

Experimental studies are focused on enhancement the performance of the vortex tubes.
Different geometrical vortex tubes are tested with different thermo-physical parameters [1—
3]. The aims of the theoretical studies are to obtain the velocity, temperature, and pressure
distributions of the flow structure inside the RHVT. The flow pattern is obtained by using
a commercial CFD packages.

Wau et al. [4] design a new nozzle to enhance the efficiency of the vortex tube. Dincer et
al. [5] studied the effect of position, diameter, and angle of a mobile plug located at the hot
outlet side. Aydin et al. [6] developed a new geometry of vortex generator at the cold end
side. Markal et al. [7] investigated the effects of the hot valve angle. Xue and Arjomandi
[8] examined the effect of vortex angle on the vortex tube performance. Valipour and Niazi
[9] studied the influence of uniform curvature of main tube. Eiamsa-ard et al. [10]
examined the effect of cooling a hot tube side. Eiamsa-ard [11] investigated the vortex tube
with multiple inlet snail enteries. Nimbalkar and Muller [12] studied the effect of the cold
orifice diameter. Chang et al. [13] examined the effect of the divergent in the hot tube side.
Gao et al. [14] used a special pitot tube and thermocouple techniques to measure the
pressure, velocity and temperature distribution inside a counter flow vortex tube with
Nitrogen. Xue et al. [15] and Aydin and Baki [3] studied the flow structure by the flow
visualization.

In this paper, an experimental study is carried out to study the effect of vortex chamber
geometry on the energy separation and on the vortex tube efficiency at different operating
conditions.
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2. Experimental setup

The schematic diagram of the test rig used in the experimental works is shown in figure
4. The compressor (1) supply the air through the dryer (2) and the filter (3) to trap the
moisture content from the air flow. Air tank (4) is used to insure continuously air flow to
the test rig. Air flow is controlled by valve (5) and its pressure is regulated by the pressure
regulator (6). Air pressure and temperature are measured at the inlet and the exit by digital
pressure manometers and thermocouples, respectively. Air flow rates at the cold and hot
exit are measured by digital flow meters (7). A conical plug (8) at the hot exit is used to
change the flow rate exit from the periphery of the hot exit. The thermocouples are located
50 mm before inlet and 60 mm after exit ends. The measuring instruments characterization
and uncertainty are given in table 1.

Fig. 4. The schematic diagram of the experimental setup.

Table 1.

Measuring instruments characterization and its uncertainty.
Instrument Range Uncertainty
Thermocouple type (T) -185 to 400 °C +05°C
Digital pressure manometer 0 — 50 bar + 10 mbar
Volumetric flow meter 0 -500 SLPM + 0.1 SLPM
Pressure regulator model C70 0 — 20 bar -

Conventional vortex tube (conventional inlet nozzles) and modified vortex tube
(modified vortex chamber) are manufactured for the present work. The conventional
vortex tube with its dimensions is shown in figure 5. The vortex tube with modified vortex
chamber and its dimensions is shown in figure 6. Schematic diagram of the conventional
inlet nozzles and modified vortex chamber are shown in figures 7 and 8, respectively.
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Fig. 5. Conventional vortex tube.

The tested vortex tube specifications are given in table 2. Various vortex chambers with
different diameters and lengths are tested at inlet pressures range of 0.5 to 3 bar. The outer
surface of the vortex chamber, cold and hot exits, and hot tube are insulated.



1417

Mohamed S. El-Soghiar et al., Performance study of a modified ranque-hilsch vortex tube

020

Moo/ RR77es
= \ f
‘\ SECTION A-A
Fig. 7. Conventional inlet nozzles.

Fig. 8. Modified vortex chamber.

Table 2.

Tested vortex tube specifications.
Component Dimension material
Inlet nozzle (No. off 4), 2 x 2 mms brass
Hot tube diameter = 11 mm and length = 143 mm steel
Cold orifice 5.5 mm steel
Hot plug 60° steel
Modified vortex chamber D =12, 16, 20 mms, and L = 10, 15, 20 mms. brass

3. Analysis
Vortex tube performance evaluated by the following terms:

The cold mass fraction is defined as:
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me

Where 1. is the cold air mass flow rate in kg/s, my; is the inlet mass flow rate in kg/s .

The hot mass fraction is defined as:

my

Where m,, is the hot air mass flow rate in kg/s.
The cold temperature difference is obtained from Eg. (3).
AT, = T; — T, 3)
Where T; is the inlet air temperature in k and T, is the cold air temperature in °k.
The hot temperature difference is given by
ATy, = Ty —T; 4

Where Ty, is the hot air temperature in °k.
Coaling efficiency, defined as the cooling load divided by total inlet energy, is
expressed by Eg. (5).

mcf (Tc - Ti)

ne= 15— ©

Heating efficiency, defined as the heating load divided by total inlet energy, is given by

my (T, —T;)
M= L ©)
i

The isentropic temperature difference is expressed by Eq. (7)

AT;s = T; <1 — (’;—‘:)yy;l> )

Where, p, is the atmospheric pressure in kPa, p; is the inlet air pressure in kPa and y
is the specific heat ratio.

The isentropic efficiency is calculated from Eq. (8).

AT, T, — T.

Nis = = P

A (1 _ (%)T) ®)
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4. Results and discussions
4.1 .Effect of the Geometrical Parameters on the Vortex Tube Performance

4.1.1. Effect of vortex chamber length on cold and hot temperature differences, cold
and hot heating capacity and isentropic efficiency
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Fig. 9. Cold temperature differences AT, as a function of cold mass fraction ms,
for different values of L/D at P; = 3 bar for D=20 mm.

Figures 9 and 10 show the temperature differences for cold and hot streams as a
function of cold mass fraction my, at inlet pressure P; of 3 bar, and lengths of vortex
chamber compared with conventional inlet nozzles at D=20 mm. For all cases cold
temperature difference increases by increasing mg; in the vicinity of 35% then decreases by
increasing me due to the mixing of cold and hot streams. The Figs indicate that the vortex
chamber length enhances the vortex tube performance. This enhancement would be due to
the energy loss along the vortex chamber lengths. The performance increases by the length
increase up tol5 mm, and then the performance decays. This decay may be due to increase
the effect of the peripheral friction that worsens the energy separation.
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Fig. 10. Hot temperature differences ATy, as a function of cold mass fraction mes,
for different values of L/D at P;= 3 bar for D=20 mm.

Figures 11 and 12 show the non-dimensional cooling and heating loads, respectively, as
a function of cold mass fraction m¢, at inlet pressure of 3 bar, and lengths of vortex
chamber compared with conventional inlet nozzles at D=20 mm. It is demonstrated from
figures 11 and 12 that vortex chamber improve 1 and n, than the conventional vortex tube,
but the improvement in n. is larger than the improvement in np by 9.3 %. The vortex
chamber of 15 mm Length exhibits the highest 1. and 1.
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Fig. 11. Cooling efficiency n. as a function of cold mass fraction m¢, for
different values of L/D at Pi= 3 bar for D=20 mm.
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Fig. 12. Heating efficiency n, as a function of cold mass fraction m¢, for
different values of L/D at Pi= 3 bar for D=20 mm.
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Fig. 13. Isentropic efficiency ns as a function of cold mass fraction m¢, for
different values of L at Pi= 3 bar for D=20 mm.

Figure 13 show the effect of the vortex chamber lengths and conventional inlet nozzles
on the isentropic efficiency n; for D = 20 mm at 3 bar inlet pressure. From figure 13, it can
be seen that curves of L/D=0.5, 0.75, and 1 are fairly closed to each other, and curve of
conventional inlet nozzles is located under them.
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4.1.2. Effect of vortex chamber diameter on cold and hot temperature
differences, cold and hot heating capacity and isentropic efficiency
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Fig. 14. Cold temperature differences AT; as a function of cold mass fraction
mes, for different values of L/D at P;= 3 bar for L=15 mm.
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Fig. 15. Hot temperature differences ATy as a function of cold mass fraction me,
for different values of L/D at P;= 3 bar for L=15 mm.

Figures 14 and 15 show the temperature differences as a function of m¢, at inlet
pressure of 3 bar, and different diameters of vortex chamber compared with conventional
inlet nozzles at L of 15 mm. The Figs show that the effect of vortex chamber diameter in
cooling is better than in heating.
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Fig. 16. Cooling efficiency n¢ as a function of cold mass fraction me, for
different values of L/D at P; = 3 bar for L = 15 mm.
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Fig. 17. Heating efficiency n, as a function of cold mass fraction m¢, for
different values of L/D at P; = 3 bar for L = 15 mm.

Figures 16 and 17 show the non-dimensional cooling and heating loads, respectively, as a
function of my, at inlet pressure of 3 bar, and different diameters of vortex chamber
compared with conventional inlet nozzles at L of 15 mm. figures 16 and 17 show that vortex
chamber with L/D of 0.5 and 0.94 gave cooling efficiency higher than conventional nozzles.

From figures 11 and 12 and figures 16 and 17, it is seen that the effect of chamber
diameter is more pronounced than the effect of chamber length. Vortex chamber of 20 mm
diameter and 15 mm length gives the best performance for cooling and heating efficiency.

From figures 11 and 16, n increases by increasing the cold mass fraction up to 60% then
decreases with any increase in cold mass fraction. The rate of increase of n. up to 40% cold
mass fraction is higher than that rate of increasing in n. between 40% and 60% cold mass
fraction, and the higher rate can be contributed to the increase in AT, and m.. After 60% cold
mass fraction, the effect of decreasing in AT, overcomes the effect of increasing mg.
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Fig. 18. Isentropic efficiency nis as a function of cold mass fraction m, for
different values of L/D at P;= 3 bar for L = 20 mm.

Figure 18 show the effect of the vortex chamber diameters and conventional inlet
nozzles on n;s for L = 15 mm at P;= 3 bar. From figure 18 it can be seen that curves of
conventional inlet nozzles and D with 12 mm are fairly closed to each other, and curves of
L/D = 0.94, and 0.5 is located above them. The worse effect for L/D = 1.25 attributed to
the high back pressure in the vortex tube so, the tangential velocities in core and periphery
would not differ substantially, duo to the lower specific volume of air, while the core axial
velocities are high, this would lead to a low diffusion of kinetic energy, which also means
low temperature separation.
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4.2 .Effect of the operating parameters on the vortex tube performance
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Fig. 19. Cold temperature differencesm"A%Tc as a function of cold mass fraction
Mt , at Pi= 3 bar for L/D = 0.75.
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Fig. 20. Hot temperature differences ATmf{%as a function of cold mass fraction mcs,
at Pi= 3 bar for L/D =0.75.

Figures- 19 and 20 show the effect of inlet pressure on the temperature differences for
D=20 mm and L=15 mm. inlet pressure enhance the energy separation so temperature
differences increases when inlet pressure increased, but the rate of increase slows down.
This situation can be explained by the chocking of the flow whatever the increasing in
pressure the velocity and the mass at the outlet of the inlet nozzles don’t increase.
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Fig. 21. Cooling efficiency n. as a function of cold mass fraction me , at
different P;, for L/D = 0.75.
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Fig. 22. Heating efficiency mn as a function of cold mass fraction m, at
different P;, for L/D = 0.75.
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From figures 21 and 22 it is seen that any increase in the inlet pressure leads to an
increase in n. and n,, but the rate of increasing decreases with the increasing at the inlet
pressure as shown in figures 24-27.

50

40

20

10

0

=20 mm, L

%

—=a— 1.5 bar
—&— 2 bar
—&— 2.5 bar
—==— 3 bar

=15 mm

et SR R N

0

20 40 60 80

mg, %

100

Fig. 23. Isentropic efficiency mis as a function of cold mass fraction mgs, at

different Pi, for L/D = 0.75.

Figure 23 show the effect of inlet pressure on the isentropic efficiency n;s for D = 20
mm and L = 15 mm. from figure 23 the highest value of ;s is 43.98 % at m s = 34.37 % for
D =20 mmand L =15 mm at 3 bar inlet pressure.

4.3.Effect of the geometrical parameters and inlet pressure on the cooling and
heating efficiency of the vortex tube
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Fig. 24. Cooling efficiency n as a functiion of inlet pressure P; at cold mass
fraction m¢s = 60% and D = 20 mm, for different values of L/D.
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Fig. 25. Heating efficiency n, as a function of inlet pressure P; at cold mass
fraction m¢s = 40% and D = 20 mm, for different values of L/D.
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Fig. 26. Cooling efficiency n as a function of inlet pressure P; at cold mass
fraction m¢s = 60% and L = 15 mm, for different values of L/D.

0.06 T

L=15mm,m,_

o.05| : /V/a,
0.04 | ?Q/I;

E
I
=
=)
&

0.03 Fvoivinnn

"=

T

=075
=0.94
=125

85

0.01 |

~moz.y 0.75
nven. noz.,.L/D =0.94

o

i
:

0.00
0.0 0.5 1.0 1.6 20 26 3.0 3.6

P

Fig. 27. Heating efficiency n, as a function of inlet pressure P; at cold mass
fraction m¢s = 40% and L = 15 mm, for different values of L/D.

4.4.Non dimensional parameters for vortex tube

Figures 28-30 illustrate the variation of non-dimensional cold temperature difference,
AT /T max, NON-dimensional refrigeration capacity, ne/Memax , and non-dimensional heating
capacity, nn/mnmax @S @ function of cold mass fraction, me, for different vortex chamber
geometries at different inlet pressures, respectively. It is depicted in these Figs. that the
parameters AT/ T max, Ne/Me.max @Nd My/Mhmax @re independent of vortex chamber geometry or
inlet pressurethey only depend on the cold mass fraction ms.

Empirical correlations may be introduced to the experimental data of figures 28-30 by
curve fitting as following:

AT/AT¢max =3.024 m.f® -6.073 m¢f + 2.993 m +0.513
Ne/Memax= 0.033 Me*-2.733 m*+3.565 mc; -0.191
N Mhma= -2.39 M +0.479 m*+1.417 m; +0.433
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5. Conclusions

An improvement in the design of the RHVT inlet is investigated. The improvement is to
add a vortex chamber to the vortex tube inlet. Comparison between the new design and the
conventional inlet nozzles is performed.

Variable vortex chamber lengths and diameters are investigated and tested
experimentally.

The results prove that RHVT performance under all operating conditions. The vortex
chamber diameter effect on RHVT performance is more pronounced than the vortex
chamber length.

A vortex chamber diameter and length of 20 and 15 mm respectively give the best
performance in case of cooling, where the cold temperature difference reaches 44.5 °C with
cold mass fraction of 34.37 % at 3 bar inlet pressure.

The isentropic efficiency also enhanced with the new design, where it reaches its
maximum value of 43.98 % at a mass fraction of 34.37 % and 3 bar inlet pressure.

A correlation equations have been deduced to demonstrate the relation of AT¢/T¢max
Ne/Memax @Nd Mu/Mnmax @gaINSt Mg irrespective with vortex chamber geometries and inlet
pressures.

NOMENCLATURE
D vortex chamber diameter (mm) ne Cooling efficiency
d  cold orifice diameter (mm) n,  Heating efficiency
L vortex chamber length (mm) AT Temperature difference (°C)
I length (mm) Subscripts
m  mass flow rate (Kgs™) a  ambient
m¢ Cold mass fraction ¢ cold stream
my:  Hot mass fraction h  hot stream
P pressure (bar) i inlet
T temperature (°C) is isentropic process
t total
Greek letters Abbreviations
y  Specific heat ratio RHVT  Ranque-Hilsch vortex tube
n  Efficiency (%) SLPM  Standard liter per min.
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