-

P
brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector

Scientia Iranica B (2012) 19 (3), 454-462

PZIN
N4

Sharif University of Technology AN LG
R N LG

Scientia Iranica

Transactions B: Mechanical Engineering

www.sciencedirect.com

SCIENTIA
IRANICA

Effects of gas properties and geometrical parameters on performance

of a vortex tube

H. Khazaei®*, A.R. Teymourtash?, M. Malek-Jafarian "

4 Ferdowsi University of Mashhad, Mashhad, P.O. Box 91735-134, Iran
b Birjand University, Birjand, P.O. Box 97175-615, Iran

Received 4 July 2011; revised 6 October 2011; accepted 3 March 2012

KEYWORDS

Vortex tube;
Numerical method;
Standard k-epsilon;
Spalart-Allmaras;

Abstract In this paper, energy separation effects in a vortex tube have been investigated using a
CFD model. A numerical simulation has been undertaken, due to the complex structure of flow. The
governing equations have been solved by the FLUENT™ code in a 2D compressible and turbulent model.
Three turbulent models, namely, RSM, Standard k-epsilon and Spalart-Allmaras, have been used. The
Spalart-Allmaras turbulent model, which is the first equation, was not so bad in predicting temperature

RSM; results, although the Standard k-epsilon model better predicts the results in most regions. The effects of

Different gases.

geometrical parameters have been investigated. The results have shown that the hot outlet size and its

shape do not affect the energy distribution in the vortex tube, and a very small diameter will decrease
the temperature separation. Different kinds of gas have been examined for the vortex tube, and it was
concluded that using helium as a refrigerant produces the largest energy separation.

© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.

Open access under CC BY-NC-ND license.

1. Introduction

In recent decades, swirling flows have become an interesting
research topic, due to their various industrial applications. A
vortex tube is one whose operation is based on the existence
of swirling flow. In this equipment, air (i.e. operating gas),
at high pressure, enters the main tube tangentially via a few
nozzles and divides into two spiral and low pressure flows, with
higher and lower temperatures than the inlet temperature. This
phenomenon, i.e. the dividing of flow into two temperature
areas, is known as an energy separation effect. The schematic
diagram of the vortex tube has been shown in Figure 1 [1].

Vortex tubes have widely been used in various applications
where compactness, safety and low equipment cost are
basic factors, including heating and cooling applications, gas
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liquefaction, separation of gas mixtures, drying of gases, uses in
the chemical industry, electricity production, and snow making
etc.

Even though the Ranque-Hilsch vortex tube effect has
been the subject of numerous theoretical and experimental
studies [2,3], no indisputable physical explanation of its effect
has been found to this day.

Kurosaka invoked an acoustic streaming process. Stephan
etal. proposed Gortler vortices as the main transfer mechanism.
Amitani et al. explained it in view of the compressibility of the
working fluid [3].

Balmer [4], who investigated, theoretically, the temperature
separation phenomenon in a vortex tube, used the second law
of thermodynamics to show that the temperature separation
effect with a net increase in entropy is possible when incom-
pressible liquids are used in the tube. This was confirmed by
experiments with liquid water, which showed that temperature
separation occurs when an inlet pressure is sufficiently high.

In a vortex tube, the temperature of a cold stream drop
or temperature reduction is defined as the difference in
temperature between that of an inlet stream and that of a cold
stream:

AT. =T, — T,, (1)

in which T; is the temperature of the inlet stream and T, is the
temperature of a cold stream.
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Nomenclature

D Vortex tube diameter (m)

Cp Specific heat at constant pressure (kJ/kg k)

cop Coefficient of performance

T Temperature (K)

AT Temperature drop (K)

v Transported variable in the Spalart-Allmaras
model
Turbulent kinetic energy

e Dissipation rate of kinetic energy

T; Total temperature (K)

Ts Static temperature (K)

Vv Velocity magnitude (m/s)

Py Total pressure (Pa)

P Static pressure (Pa)

M Mach No.

Similarly, hot temperature differences are defined as:
ATy =T, — T (2)

Most experiments provide inlet data, such as pressure, P;,, tem-
perature, T;, and mass flow rate just before the nozzle. Unfor-
tunately, they cannot be used as input data for computations
which need the data at the nozzle exit stage. Little is known
about static pressure, temperature, T;,, and velocity at the noz-
zle outlet. Those values may be obtained by extrapolation from
their experimental profiles inside the tube to the nozzle exit
location. Thus, this practice is adopted for velocities, the total
temperature at the nozzle exit is obtained by assuming an adi-
abatic nozzle, so that the total energy is conserved throughout
the nozzle [5].

Saidi and Valipour [6], in their experimental work, examined
three types of gas (oxygen-helium and air), and investigated
that oxygen and air produce nearly the same cold temperature
difference and that helium produces more. They related this
phenomenon to their specific heat capacity ratio. Helium has
more specific heat capacity ratio than oxygen and air. So, they
believed that the cold temperature difference increased by
increasing the specific heat capacity ratio. Stephan et al. [7]
also use these three gases, and investigated that the energy
separation in the vortex tube is much more effective with
helium than that with air or oxygen. They also investigated that
there is practically no difference in distributions of the cold gas
temperature difference when air or oxygen is used as a working
medium. They believed that this is due to the fact that the
molecular weight of helium is much smaller than that of air or
oxygen. Aydin and Baki [8] experimented with air, oxygen and
nitrogen. The results obtained using nitrogen are found to lead
to higher temperature differences in the vortex tube.

As we reviewed the literature, there were no numerical anal-
yses to investigate the effects of gas type on the performance of
the vortex tube. There was no comprehensive numerical work
for studying the effect of vortex tube diameter; most were ex-
periments. One [9], who undertook his work numerically, just
investigated two different diameters and concluded that vortex
tubes have a better performance with smaller diameters. We do
not believe this is sufficient, so in the present work, 5 different
diameters have been used for studying in depth.

In the present work, different gases were used as a
refrigerant in a vortex tube, to understand which one produces
maximum cooling temperature differences. To do this, helium,

Direction of Hot outlet
energy transfer
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Cold
outlet
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Figure 1: Schematic diagram of vortex tube (counter-flow).
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Figure 2: Vortex tube with cone shaped hot outlet.

air, nitrogen, oxygen, carbon dioxide, ammonia and water were
selected. Also, the effects of varying the geometry of vortex
tube components, such as hot outlet and diameter size, on tube
performance, have been studied.

The hot outlet valve should be sufficiently far away from
the nozzle, D (about 50 R), so that the gas reaching it will
have lost most of its screw-like motion, because of internal
friction. Gao [10] experimentally investigated three different
types of hot end plug: spherical, plate-shaped and cone-shaped.
The parameters that characterized plug type were the number
of exhaust orifices, the diameter of the exhaust orifice, and
the ratio of the total exhaust area and the vortex tube cross-
sectional area in each type of plug. Energy separation effects
were also observed in the experiments without the hot-end
plug. It was concluded that the hot-end plug is not a critical
component in the RHVT, due to the few differences between
the results for different plugs. Aydin and Baki [8] investigated
the effect of the angle of the cone-shaped control valve on the
performance of a counter flow RHVT, changing the vane angle
from 45° to 60°. The angle of the control valve yielding optimum
performance was 50°.

Another comprehensive study was done by Markal et al. who
concluded that valve angle has a weak influence on vortex tube
performance [11].

In this study, different lengths of hot outlet, and, also, ones
with a 45° cone shape, have been studied, as shown in Figure 2.

Different experiments and analyses have different opinions
about the effects of tube diameter on the performance of vortex
tubes. Some of them state that smaller vortex tubes have better
performance.

Aljuwayhel et al. concluded that the reduction in energy
separation with increasing diameter is directly related to the
magnitude of the gradients of angular velocity. Because the
same inlet boundary conditions (the inlet area, stagnation
pressure, stagnation temperature, and velocity components)
are used, the magnitude of gradients in angular velocity
is much lower in larger diameter cases. Because angular
velocity gradients give rise to tangential work transfer,
the energy separation is reduced. They concluded in their
article that in general, smaller diameter vortex tubes will
provide more temperature separation than those with larger
diameter [9]. Keyes found that tube diameter is the most
important geometrical variable influencing vortex strength, as
the periphery Mach number increases with a reduction in
tube diameter. He reported that this improvement is due to a
decrease in the turbulent wall shear, as a result of the decrease
in the tangential peripheral Reynolds number. The vortex tube
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Figure 3: Computational domain of the flow system in vortex tube of Hartnett
and Eckert.

diameters used in the study were 16, 25 and 50 mm [12]. A very
large tube diameter would result in lower overall tangential
velocities, both in the core and in the periphery region, which
would produce a low diffusion of mean kinetic energy and, also,
low temperature separation [3].
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Some of them stated that the performance of the vortex tube
is better with a larger diameter.

Hilsch concluded that smaller values of D would certainly
be less favorable. If they were chosen, the rotating flow would
decrease too quickly, on account of the small rate of flow and the
more important contribution of friction between the gas and
walls. Larger values of D would result in such large rates of flow
that it could not be carried by the tube without increasing the
pressure, p;, to too large a value. This would make the expansion
ratio, %, unfavorable [13].

Negam et al. stated that the vortex tube performance
depends only on Reynolds number for geometrically similar
tubes and under the same operating conditions. They found that
a vortex tube diameter gives the maximum cold temperature
drop at different inlet pressures of 16 mm. Their findings
agree well with the Hilsch experiments conducted on 4.6,
9.6 and 17.6 mm tube diameters. They concluded that tube
performance improves with an increase in its diameter [ 12]. For
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Figure 4: Radial distribution of total temperature and swirl velocity for different gases.
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Figure 5: Radial distribution of total temperature and swirl velocity for air.

fixed inlet conditions (supply pressure) a very small diameter
vortex tube would offer considerably higher back pressures,
and, therefore, the tangential velocities between the periphery
and the core would not differ substantially, due to the lower
specific volume of air (still high density), while the axial
velocities in the core region are high. This would lead to a low
diffusion of kinetic energy, which also means low temperature
separation [14].

The vortex tube of Hartneet and Eckert has been chosen
because of the availability of experimental data with air.
Moreover, when comparing our results with experimental
data, we used the numerical results of Eiamsa-ard and
Promvonge [14], with the k-epsilon turbulence model. The
FLUENT™ software package was used to create the CFD
model of the working length of the vortex tube, pictured in
Figure 3. The model is two-dimensional, axisymmetric (with
swirl), steady state, and employs the Standard k-epsilon and
Spalart-Allmaras turbulence models. Input data values needed
in the present calculation are given in [14].

2. Governing equations

The Spalart-Allmaras model is a relatively simple, one-
equation model that solves a modeled transport equation for
the kinematic eddy (turbulent) viscosity.

The transport equation for v (The transported variable in the
Spalart-Allmaras model) is:

% o+ == o) = 6+~ [ iy
— (pV) + — (pVu;) = —— V) —
ot PV T O T T o [T P e

2
+ Cr2p (87\)) -Y, + 5, (3)
3Xj

where, G, is the production of turbulent viscosity and Y, is the
destruction of turbulent viscosity. oy and Cp, are constants, v
is the molecular kinematic viscosity and Sy is a user-defined
source term.

The Standard k-¢ model, based on the transport equations of
the turbulent kinetic energy, k, and its rate of dissipation, ¢, was
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Figure 6: Radial distribution of total pressure at x = 0.0254, x = 0.1524 and
x = 0.4572 for air.

employed to solve the vortex flow. This model is valid for fully
turbulent flows that can be found in the vortex tube. Transport
equations for the k-¢ model are obtained as follows [15]:

8(k)+ 8(ku)
ar PO oy PR

a dak
A [e2)
8X,‘ Ok

]+Gk+cb_pS_YM+Sk’ (4)
an
9 9 9 w de
3 (pe) + % (peuj) = o |:<M + a) E)x]]
2
(3)

& &
+ C]sE(Gk + C3sGb) - CZSIOI + Ss~

Gy represents the generation of turbulent kinetic energy caused
by the mean velocity gradients. This term can be calculated
from Gy = u,S?, where S is the modulus of the mean rate-of-
strain tensor. Gy is the generation of turbulent kinetic energy
due to buoyancy. For an ideal gas, this term is calculated
from buoyancy effects on the generation of k, which buoyancy
effects are included for a non-zero gravity field and a non-
zero temperature gradient. Yy, is related to the effects of
compressibility on turbulence. This can be obtained from
Yy = 2peM,?, where M; is Mach number. Cy,, Gy, and Cs, are
constants and are given at 1.44, 1.92 and 0.09, respectively. Sy
and S, are the turbulent Prandtl numbers for k and e, which are
given at 1and 1.3, respectively. These five values are the default,
which are referred to from experiments with air for turbulent
shear flows. S; and S, are user-defined source terms, and u, is
the turbulent viscosity [15].
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3. Boundary condition

The inlet is modeled as a mass flow inlet; the total mass
flow rate, stagnation temperature and direction vector were
specified. The hot exit is represented as pressure outlet using
atmosphere static pressure. A no-slip boundary condition is
enforced on all walls of the vortex tube. The dynamic viscosity,
generally, is a function of the temperature. However, in the
present computations, it is assumed to be uniform throughout,
because the temperature change in the vortex tube is not large.
The computational domains of the flow system are shown in
Figure 3.

There are approximately 30,000 cells. The use of a higher
number of cells is shown not to make much difference to
simulation results.

We have considered steady-state, axisymmetric compress-
ible flow in the vortex tube with negligible body force and with-
out an energy sources.

The vortex tube is well insulated from its surroundings.
The gas flowing through the vortex tube is considered as an
ideal gas. The governing equations, continuity, momentum and
energy, are solved using the pressure-based solver of Fluent 6.3,
with ideal gas assumption for air.

4. Results

The results will be introduced in this section. These include
the effects of gas properties, turbulence models and geometrical
parameters on the performance of a vortex tube.

4.1. Effect of gas and turbulence models

Total temperature is defined as:

2

T—T+V
¢ = 1s 2,

(6)

The properties of different gases are listed in Table 1 to help
evaluate the effect of specific heat capacity ratio and molecular
weight on energy separation in a vortex tube.

Total temperature differences (T — T;) and tangential
velocity (w) profiles were provided at 3 axial locations, namely,
x = 0.0254, 0.1524 and 0.4572 m (or x/D = 0.333, 2 and 6,
respectively), from the nozzle for different gases, and the results
have been shown in Figure 4.

It can be seen that helium has the maximum energy
separation, which can be attributed to its maximum value of
specific heat capacity ratio and minimum molecular weight.

e —————

| [ [ | [T

272 274 276 278 280 282 284 286 288 290 292 204 296 208 300
Figure 7: Contours of total temperature.
258 262 266 270 274 278 282 286 290 294 208

Figure 8: Contours of static temperature.
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Table 1: Properties of different gases.

Gas Specific heat capacity ratio (k) Molecular weight
Helium 0.1520 4,003
NH; 0.0247 17.031
Water (vapor) 0.0261 18.015
Nitrogen 0.0242 28.013
Air 0.0242 28.966
Oxygen 0.0246 31.999
CO, 0.0145 44,001

As clear from Figure 4, the cold temperature difference in-
creases by increasing specific heat capacity ratio and decreas-
ing molecular weight. Air and nitrogen have the same specific
heat capacity ratio and molecular weight, so, they are expected
to have the same energy separation, which appears true from
Figure 4.

It can be seen from Figure 5 that the total temperature
difference is nearly proportional to the tangential velocity
magnitude. The gas in the middle region of the tube has a lower
velocity and temperature than the inlet gas, and the gas near
the tube wall has higher velocity and temperature than the
inlet gas. The rotating air stream produces a region of increased
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Figure 11: Radial distribution of radial, axial and swirl velocity at x =

0.0254, x = 0.1524 and x = 0.4572 for air.

pressure near the wall inside the cylinder, and a region of
decreased pressure near the axis. The temperature separation
obtained from the present calculations with air was compared
with the experimental results of Hartnett and Eckert, and
the computational results of Eiamsa-ard and Promvonge [14]
as seen in Figure 5. Maximum relative error for velocity
distribution is shown in Table 2.

Our results under-predicts the separation effect in the vortex
tube. However, the shape of the curve and the qualitative trends
agree very well. The radial profile of the swirl velocity indicates
a free vortex near the wall, and the values become negligibly
small at the core, which is in conformity with the observations
of Gutsol [16].

At the tube wall, the total temperature is found to decrease.
This is due to the no slip boundary condition at the tube wall.
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Figure 12: Effect of hot orifice on temperature separation and swirl velocity.

Table 2: Maximum relative error for velocity distribution in three axial
positions.

Promvong Standard  Spalart-Allmaras RSM

k-epsilon
x=0.0254 0233333 0.333333 0.125 0.4706
x=0.1524  0.280303 0.280303 0.356 0.4375
x=0.4572  0.503448 0.510345 0.586 0.3793

The total pressure for the compressible fluid of constant ¢,
can be defined as:

Y
—1 y—1
Py = P, (1 + X : M2> , (7)

Figure 6 shows the variation of total pressure in a radial
direction along the hot tube, at x = 0.0254,x = 0.1524 and
x = 0.4572. This clearly illustrates that the flow with high

pressure is near the wall, and the flow with low pressure is in
the central area, where the high inlet flow pressure is expanded,
lowering the flow temperature.

Figures 7 and 8 show the contour plots of the predicted
total temperature and static temperature, respectively, which
are in good agreement with the results of Eiamsa-ard and
Promvonge [ 14].

It can be seen from Figures 7 and 8 that on the left hand side,
between the inlet nozzle and cold outlet, the static temperature
is minimum, and the static temperature of fluid exiting the cold
outlet is higher than its upper. So, in this region, heat transfer
occurs from the cold outlet to the nozzle, which is useful, and
increases the COP of the vortex tube. But, as we proceed along
the tube to the hot outlet, the static temperature near the wall
become higher than the center region. This distribution reduces
the performance of the vortex tube.

In Figure 9, the radial profiles of static temperature have
been shown. The static temperature decreases by increasing
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Figure 13: Radial distribution of total temperature and swirl velocity at different tube diameters.

r at x = 0.0254 (near the inlet nozzle). This distribution
improves the performance of the vortex tube, because of the
energy transfer from the cold region of the vortex tube at the
axis to the hot region of the vortex tube at the periphery.

Because of centrifugal forces, fluid particles have a tendency
to move towards the wall. So, the regions near the axis will
have less static pressure in comparison to regions near the
wall, which is shown in Figure 10. Near the wall, regions gain
a considerably high temperature, as a result of the compression
formed. In spite of expansion near the axis regions, a good
mixing of flow always causes a homogeneous temperature in
the domain. So, static temperature is supposed to be uniform in
the radial direction.

It should be noted that because of the sudden velocity
decrease near the wall, conduction overcomes convection, but
it is vice versa near the axis regions. So, compression near the
wall regions could increase temperature. But, expansion causes
a uniform distribution near the axis regions. Total temperature
depends on the velocity, with an order of two, and static

temperature, with an order of one. Static temperature increases
near the wall, but, a significant decrease in velocity magnitude
causes a decrease in total temperature near the tube walls.

4.2. Comparing radial, axial and swirl velocity

From Figure 11, it is clear that the radial velocity is
significantly low in magnitude compared to axial and swirl
components, and its effect can be neglected. Also, it could
be concluded that swirl velocity has the most effect on the
temperature separation of the vortex tube.

4.3. Effect of hot outlet

From Figure 12, it is clear that the hot outlet dimension and
its shape have a negligible effect on temperature distribution
in the vortex tube, which is in good agreement with work that
has been done until now [2]. This behavior is a result of low
swirl velocity in the hot outlet section, which is a dominant
component of velocity, which causes temperature separation.
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4.4. Effect of diameter

In this study, the vortex tube of Hartnett and Eckert, with
different diameters, respectively, D, 2D, 0.5D, 0.25D, 0.125D,
have been studied in which “D” is the original diameter in
Hartnett and Eckert’s work. In the CFD analysis, all dimensions
(except diameter), T;,, and velocity components for all case
are the same. Total temperature differences (Tiotqr — Tin)
and tangential velocity (w) profiles were provided at 3 axial
locations, namely, x = 0.0254, 0.1524 and 0.4572 m (or x/D =
0.333, 2 and 6, respectively), from the nozzle, and the results
have been shown in Figure 13. It can be seen that the total
temperature difference is nearly proportional to the tangential
velocity magnitude, and very small diameters have the worst
performance, which can be attributed to low tangential velocity
in the tube. At very small tube diameters of tube, the rotating
flow would decrease too quickly, on account of the small rate of
flow, and the more important contribution of friction between
the gas and walls.

5. Conclusions

The effects of varying the geometry of vortex tube compo-
nents, such as hot outlet and diameter size, on tube perfor-
mance, have been studied, besides using different gases as a
working medium in a vortex tube. The results showed that:

e Cold temperature difference increases by increasing the
specific heat capacity ratio, and gas with lower molecular
weight causes more energy separation.

e Helium was found to have the most cold temperature
difference than other gases, which can be attributed to its
maximum value of specific heat capacity ratio and minimum
molecular weight.

e Results with air were in good agreement with experimen-
tal data and the numerical results of Promvong, with the
k-epsilon turbulence model. It is concluded that total tem-
perature difference is nearly proportional to the tangential
velocity magnitude.

e It was understood that the Spalart-Allmaras turbulent
model, shown in the first equation, is not so bad in predicting
temperature results. Although, in most regions, the Standard
k-epsilon model predicts better results.

e It is concluded that the hot outlet dimension and its shape
have a negligible effect on temperature distribution in a
vortex tube, because of low swirl velocity in the hot outlet.

e Very small diameters have the worst performance, which
can be attributed to low tangential velocity in the tube.
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