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A computational fluid dynamics model is used to compare the effect of different
Reynolds averaged Navier-Stokes based turbulence models in predicting the tem-
perature separation and power separation in a Ranque-Hilsch vortex tube. Three
first order turbulence models (standard k-¢, renormalized group and shear stress
transport k-o model) together with a second order numerical scheme are surveyed
in the present work. The simulations are done in 2-D steady, axisymetric with high
swirl flow model. The performance curves (hot and cold outlet temperatures and
power separation vs. hot outlet mass fraction) obtained by using these turbulence
models are compared with the experimental results in different cold mass fractions.
The aim is to select an appropriate turbulence model for the simulation of the flow
phenomena. Because of large discrepancy between 2-D and experiment, validation
in 3-D model is also considered. The performance analysis shows that among all
the turbulence models investigated in this study, temperature separation predicted
by the renormalized group model is closer to the experimental results.

Keywords: Ranque-Hilsch vortex tube, temperature separation,
power separation, k- model, k- model, RNG k-& model

Introduction

Vortex tube or Ranque-Hilsch tube a simple, mechanical device with no movable part
can separate inlet compressed air into cold and hot temperature. The use of such device is in low
temperature industrial applications including cooling machinery, cooling food, etc. The appli-
cability of this device has been reported by Aronson [1] in high speed drilling mentioning a ten
time life improvement of the tool. As this device has no movable part it dose not need much
maintenance. Vortex measures 10-40 cm in length and is cost effective.
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Vortex tube can be classified, depending on its flow behaviour, into two types namely,
the counter flow or standard vortex tube and parallel or uni-flow type. Considering counter flow
vortex tube, cold and hot flows emit from the opposite ends but parallel type features same cold -
hot flow exit. The device consists of a simple tube, an inlet with one or more nozzles, two out-
lets, and a valve adjusting the pressure and mass flow and an orifice in the cold end. High pres-
sured air enters from the nozzles to the tube and due to the shape of nozzles it moves into azi-
muthal direction and makes a swirl flow with high angular velocity, followed by gas separation
into hot and cold flow which is called energy or temperature separation. The hot temperature
flow moves near the periphery to the hot end and the cold flow moves from core to the cold end
which is near the inlet in the standard type.

This effect was first discovered by Ranque [2]. He hypothesized that the layers in the
inner region expand and become cold while their pressure to the outer layers makes them grow
hot, but this theory was rejected by him when he stated that the friction between the layers re-
sults in migration of energy. After Ranque a German physicist, Hilsch [3], stated that air in the
cold region expands from high pressure to low pressure (near wall to core) and in this process
the layers transfer some amount of their energy to the periphery region. Fulton [4] explained that
the energy separation is due to the free and forced vortex generated inside the tube. The injection
of gas leads to a free vortex (V oc r) to form with low angular velocity near the wall and high an-
gular velocity near the core region. The inner friction changes this free vortex into a forced one
(V oc 1/r) causing inner layers to lose their kinetic energy and turn cold. The energy gained from
inner layers by the outer ones surpasses the energy loss near the wall leading to a higher gas tem-
perature near the periphery Kassner and Knoernschild [5], derived the laws of shear stress from
circular flow resembling theory of Fullton. They stated that the flow change from free to forced
vortex is due to shear stress. In addition turbulent transport in the presence of radial pressure gra-
dient results in temperature profile that makes the core colder than it was in forced vortex re-
gime. Scheper [6] measured static and total temperature, pressure, velocity in a vortex tube, us-
ing probes and visualization techniques and proposed a forced heat convection theory based on
his experiments. Ahlborn and Gordon [7] proposed a theory called “secondary circulation”
based on his experimental results which compare the amount of mass flow near the cold region
which works like a refrigeration device in a close loop and stated that this effect accounts for
temperature loss in the cold region. Stephan et al. [8] suggested the formation of Gortler vortices
near the wall of vortex tube deriving the flow motion. Gutsol [9], like Fullton, proposed a theory
in which turbulent vortex motion exists in different layers and this is why the energy exchanges
in vortex tube. Kurosaka [10], found a relationship between the forced vortex motion and acous-
tic resonance frequencies proposing that the energy separation occurs as a result of acoustic
streaming damping near the axis.

Mentioned theories can be fit into following classifications: (1) Adiabatic compres-
sion and expansion, (2) Heat transfer theory, (3) Effect of friction and turbulence, (4) Acoustic
streaming, and (5) Secondary circulation flow.

Most of the past works were based on theoretical studies and have unsuccessfully ex-
plained the energy separation effect in vortex tube. Some efforts have also been made based on
computational fluid dynamic (CFD) to explain this effect. Frohlingsdorf and Unger [11], simu-
lated a vortex tube numerically by using the code CFX (finite volume program) and validated
their result with the experimental data presented by Bruun [12]. Promvonge [13], simulated a
strong swirling compressible flow by two turbulence models in a uni-flow vortex tube to investi-
gate its characteristics. Behera et al. [14] simulated a vortex tube with renormalized group
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(RNG) k-¢ model using Star-CD code to investigate the effect of nozzles (shape and number of
nozzles) on temperature separation in a counter-flow vortex tube. Aljuwayhel et al. [15], used
two turbulence models (k- and RNG k-¢) for his simulation. He divided the vortex tube in three
regions, hot flow, cold flow, and re-circulating flow region to determine the rate of work and
heat transfer between these regions. Skye et al. [16], measured the inlet and outlet temperatures
experimentally and numerically with k- and RNG model in a commercial vortex tube. Sohn,
C.-H., et al. [17] investigation included experimental internal flow phenomena to indicate stag-
nation point in a vortex tube by surface tracing method. Xue et al. [18] numerically studied the
variation of velocity, pressure, and temperature inside a vortex tube and compared their result
with the experimental data of Skye et a/. [16] and they emphasized on the mechanism of hot pe-
ripheral flow and a reversing cold inner core flow formation. Akhesmeh et al. [19] discussed
pressure, viscosity, turbulence, temperature, secondary circulation and acoustic streaming to
present a critical review of different explanations on the working concept of a vortex tube. In or-
der to optimize the number of nozzles of a vortex tube, Kirmaci [20] used Taguchi method in his
study. Hossein Nezhad and Shamsoddini [21] also analyzed the mechanism of flow and heat
transfer in a 3-D CFD model. Bramo and Pourmahmoud [22] numerical study on the effect of
length to diameter ratio (L/D) revealed the occurrence of stagnation point because of its impor-
tance in flow pattern. Farouk and Farouk [23] used CFD-ACE+ code to investigate energy sepa-
ration by Large eddy simulation (LES) technique comparing their result with the experimental
result of Skye et al. [16]. They reported that temperature separation predicted by this model was
more accurate than k-¢ model; however, they significantly changed the diameter and inlet
boundary condition of Skye's vortex tube. Dutta et al. [24], comparing four different turbulence
model, proposed that standard k-¢ model simulation was closer to the experimental result com-
pared to, k-¢ standard, RNG k-¢, and shear stress transport (SST) k- model. Skye et al. [16] also
mentioned that between k-¢ standard and RNG £-¢, the former can provides a more accurate pre-
diction. On the other hand, Aljuwayhel [15] had a completely reverse idea regarding these two
models.

Computation of complex flow phenomenon is a challenging task. This simulation in-
volves high swirling compressible turbulent flow with energy separation. The present work pro-
vides a comparison of results by using three turbulence Reynolds averaged Navier-Stokes
(RANS) models (k-¢ standard, RNG k-g, SST k-0 model) aiming at finding a suitable, less ex-
pensive, turbulence model. The compressible equations are numerically solved to simulate a
vortex tube. The governing equations are discretized by the second order upwind scheme. Tem-
perature separations predicted by this study are compared with the experimental and numerical
k- results of Skye et al. [16]; however, due to large discrepancies between 2-D and experiment,
validation in the 3-D model is also considered. More advanced turbulence models such as
Reynolds stress equations, LES, and Direct numerical simulation (DNS) were investigated, but
these models could not be made to converge for the present simulations.

CFD analysis of the vortex tube

The flow in vortex tube is assumed steady-state. The 2-D model is shown in fig. 1. The
CFD domain in this position considered as an axis-symmetric one so only half of the domain
needs to be considered, causing the calculation time to reduce. The inlet and hot exit outlets are
modelled circumferentially.V, = 0.25V,, V, = 0.97V,.. The hot exit outlet in 2-D simulation is
also modelled circumferentially. The hot exit area is 95 mm? so the width /, (width for outlet)
can be calculated as 4, = D/, and for the inlet, the equivalent width of slot is calculated from
conservation of mass as was mentioned in Skye et al. [16].
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(b)

Figure 1. (a) Velocity's components direction (b)
Vortex tube modelling in 2-D dimensional forms

In 3-D domain the nozzles consists

Cold outlet

Figure 2. 3-D model of vortex tube

of 6 slots. The model uses a rotation periodic

which means simulation of a 60° sector of flow, fig. 2.

The following assumptions should be at-
tended for computation [16]: The gas in vortex
tube is ideal, and specific heat capacity C, is
constant. The cone shaped valve used as a dis-
charge control at the hot exit is replaced with a
block valve. The dimensions are based on
Skye et al. [16] model.

Physical modelling

An Exair 708 slpm (25 scfim) vortex tube
was used to collect all the experimental data re-
ported by Skye et al. [16]. Figure 3 shows that
the theoretical uncertainty in the measurement
(that is based on the characteristics of the in-
struments) as well as the measured energy bal-
ance error (which is calculated from experi-
mental data) as a function of the cold mass
fraction, follow a similar trend. Cold mass frac-
tions with energy balance error less than 10%
are used for validation of CFD results. Thus, 11
cold mass fractions were considered for valida-
tion. Table 1 provides the geometry summery
of the vortex tube used for the experiment.

Grid dependence study

A grid independence study was carried out
to eliminate the errors due to coarseness of
grids for different average unit cell volumes.
Difference between hot and cold temperature
(temperature difference) as a key parameter is

25

;‘3" | * Measured non-dimensional energy balance krror]
= * | — Theoretical unc in energy sep |
5 20 f i

@
2 = I Dalta range used for |
£ | CFD comparison |
= 15 1 I
E I I
5 | |
F L\l |
w 10 T T
\ |
N [
5 Rab )
-
| T @ . _"___—:T'_-_ |
| B |
0 -
0 01 02 03 04 05 06 07 08 08
Cold fraction

Figure 3. Theoretical uncertainty in the energy
balance and the measured, non-dimensional
energy balance error as a function of the cold
fraction [16]

Table 1. Geometry of the experimental
Skye's ef al. vortex tube [16]

Measurement Value
Hot exit area 95 mm?
Hot exit diameter 11 mm
Cold exit area 30.3 mm?
Cold exit diameter 6.2 mm
Nozzle inlet area 8.2 mm?
Nozzle width 1.41 mm
Working tube length 106 mm
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shown in fig. 4. Finer mesh was considered near
the outlets, inlet, and walls. It can be seen that
there is not much demerit in reducing the aver-
age cell volume size below 0.045 m? (25,000
cells) and 0.0145 m? (200,000 cells), for 2-D
and 3-D simulations, respectively.

Boundary conditions

In the CFD model the cold outlet boundary
assumed pressure outlet. The inlet is modeled as
a mass flow inlet where the total mass flow rate
and inlet temperature were fixed at 8.35 g/s and
297 K, respectively. The cold exit and inlet
static pressure were specified according to ex-
perimental measurements. The hot outlet also
assumed as pressure outlet boundary. The hot
exit static pressure is adjusted in a way to vary
the cold mass fraction. No slip, adiabatic
boundary was considered for tube walls.

Governing equation
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Figure 4. Grid independence study on
temperature separation

For 2-D compressible flow, the conservation of mass, momentum and the state equa-

tion can be written as:

0 —~
— (pu;) =0 (1)
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Turbulence models

k-¢ standard turbulence model

For k-¢ model, the turbulence kinetic energy & and the dissipation rate ¢, with egs. (1-3)
are solved numerically by a control volume method. The &k and & equation can be written as:

Sk o,
Dt 0x;

Dt Ox;

oe

+“—*J%}+G—pg (4)
o ) Ox;

K g g2

Y |—|+C,,—G-C,.p— 5
ijax/} e 25Pk (5)

In egs. (4) and (5), G is the kinetic energy generation of turbulence kinetic energy term
and oy, — the turbulence Prandtl number. In compressible case, € term will be divided into two
terms: solenoidal dissipation rate of £, &, and dilation dissipation rate of &, &:
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cold exit static pressure as a function of the the effect of swirl on turbulent intensity. The
cold fraction k-¢ equations can be written as:
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where C,, and C,, are coefficients given as 1.45 and 1.83. o and o, are inverse effective
Prandtl numbers of k and ¢. The differential equation for turbulent viscosity is:

Hetr
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SST k-o turbulence model

The SST k-w was developed to accurate formulation of the k-@ in the near wall re-
gions. To achieve this, the k- model is converted into a k- formulation which gives:

Dk _ 0 \p Ok | g, _ (10)
Dt Gx, Ox ;
Dpw) _ 0 |y %@ |, G _y 4p, (11)
Dt ax_]. ax_].

where G represents the generation of turbulence kinetic energy, Y, and Y, represents the gener-
ation of k and @ and D, represents the cross diffusion term.

" e 1 QF,
max ,
ot oo

(12)

The 2 is the mean rate of rotation and £, is the blending function, and * is given by:
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k
where Re, = pk/mw, R, = 6.0 and, a; =0024

Results

In the CFD models, the cold exit static pressures were specified at experimental data
and the hot exit pressure changes until the right cold fraction is obtained. Figure 2 shows that the
values of the hot exit static pressures are higher than experimental results. These values are the
same for three turbulence models. However, in 3-D model these pressures are the same with ex-
perimental results. This difference accounts for circumferential assumption of inlet nozzles.
Thus, the hot outlet pressure was imposed at a higher value than experiment to reach acceptable
cold mass fraction in 2-D model. The temperature separation obtained in this paper was com-
pared with the experimental results of Skye et al. [16].

As fig. 6 shows, the cold temperature separation for three turbulence models is close
to the result of Skye. Like Skye's results, all three turbulence models under predicted the cold
exit temperature difference, but the curves show the trend falls into good agreement with the ex-
perimental results and 3-D simulation model. At a cold mass fraction of approximately 0.37, the
peak values recorded for cold temperature separation are between 30-32 °C. Results obtained
using RNG k- and SST k- turbulence models are closer to experimental results.
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Figure 6. Cold exit temperature difference as a Figure 7. Hot exit temperature difference as a
function of cold mass fraction function of cold mass fraction

Figure 7 shows the hot exit temperature separation for three turbulence models. It is
seen that among these models, the RNG model is closer to the experimental results. The three
turbulence models follow similar pattern with no significant difference up to cold fraction 0.58.
The hot exit temperature difference between RNG and k-¢ is about 5-10 °C and the results of
SST k-w and RNG are the same except for the last two cold fractions. The difference between
hot exit temperature separation and experimental results is nearly 2-10 °C.

To ensure better results, performance of vortex tube should be determined by the rate
of energy separation which can be calculated by:
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Oy :mkcp(Th -T,)

O, =myc,

(14

-T.) (15)

In the absence of heat loss or heat gain, values of O, and O, should be equal. Figure 8
shows the power separation for three turbulence models. Although the results are less than ex-
perimental ones, the trends and variation by RNG and k-0 model are in good agreement with the

experimental results.

The cold and hot power separations in RNG model are close to each other compared to
the other models. All three models show maximum power separation with a cold mass fraction

at 0.65.
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Before cold mass fraction 0.31, the pressure
on the cold outlet is more than the inner pres-
sure near the axis. This pressure leads to revers-
ing flow phenomena which causes the cold out-
let to become hotter by heat transfer to the tube
as also mentioned by Skye et al. [16] (fig. 9).
For all turbulence models this phenomenon is
the reason for poor energy conservation at low
cold mass fractions. On the other hand, the heat
loss to the tube wall accounts for energy separa-
tion differences of experiments at high cold
mass fractions.
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The velocity field

Figure 10 shows the radial profile of the axial velocity at different axial locations (z =
=0.025,z=0.050,z=0.075 m) for cold mass fraction 0.37. It is seen that, the axial velocity of tur-
bulence models are different at the cold exit. The difference in axial velocities is nearly 5-10 m/s
and decreases by increasing the axial distance. The maximum axial velocity is near the tube wall.
The flow reversal takes place at about 3 mm from the center of tube. The direction of flow from
axis to this point is toward the cold exit and the rest of the flow has a positive direction to the hot
exit.

Figure 11 illustrates the radial profiles for the swirl velocity at different axial loca-
tions. A comparison of the swirl velocities reveals that the k~@ model predicts higher velocity
than RNG and k-¢ model. The difference between swirl velocities increases as approaching the
hot exit. Free vortex or potential vortex regime (V' oc 1/r) is formed in small regions near the
wall. The magnitude of the swirl velocity decreases near the hot exit.

The radial velocity is shown in fig. 12 for three axial positions. The difference be-
tween radial velocities for turbulence model is negligible. A comparison of velocity components
shows that the magnitude of swirl velocity is much greater than of axial or radial velocities;
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Figure 10. Radial profiles of axial velocity V,, Figure 11. Radial profiles of swirl velocity Vj,
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therefore, the swirl velocity plays an important
role in separation of energy or temperature.

The temperature field

Figures 13 and 14 illustrate the contours of
total temperature and radial profiles of total and
static temperature for the three turbulence mod-
els. Considering the same location, the total and
static temperature of k- model have higher val-
ues for z = 0.025m than RNG and k-0 which
explains lower cold temperature separation of
k-& model. On the other hand, atz=0.095 m the
RNG model has higher values among others
and this difference outstands for the cold mass
fraction range 0.67-0.82 which describes higher
hot temperature separation with this model.

Figure 13. Contours of total temperature (a) k-¢,
(b) RNG, and (¢) SST k-0
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Figure 14. Radial profiles of static and total temperature at two axial positions
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The difference between shape and profile of
total and static temperature is due to the swirl
velocity. The SST k-0 and RNG model have
higher swirl velocity than k-¢. It is seen that in
SST model the cold region expands more than
k-& and RNG model and the hot region concen-
trates near the hot end. Although SST k-w
model has higher values of swirl velocity, RNG
model provide a better prediction of hot temper-
ature than this model.

The radial profiles of total temperature show
that the maximum total temperature is near pe-
riphery and the total temperature increases by
adding to axial distance. Figure 15 shows the
contour of static temperature for the cold mass
fraction 0.37 and 0.81 for the K-¢ model. By in-
creasing the cold mass fraction the hot region
expands and the cold region compresses.

The pressure field

Variations of static pressure in three radial
sections are plotted in fig. 16. A closer look re-
veals that the pressures of the particles vary
similar to that of velocity as it moves to the hot
and cold outlet. Most of the expansion occurs
within the inlet nozzle, causing considerable
amount of swirl velocity but the static pressure
doses not change much along the tube up to the
hot end. On the other hand, the difference of
pressure near the axis along the axial direction
is considerable. The drag force caused by the
difference of pressure between the flow field
and cold end exit will act on particles moving
toward the cold end with high axial velocity so
the turbulence models show more axial velocity
variation in the reverse flow whereas they show
more variation in swirl velocity near the tube
wall.

Conclusions

A numerical computation model being
steady, axisymmetric with swirl has been done
to predict the flow field and temperature in a
standard vortex tube with three turbulence
models.
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Figure 15. Contours of static temperature (a) for
cold mass fraction 0.82, (b) for cold mass
fraction 0.37 for 2-D k-¢ model
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Simulations were conducted for different cold mass fractions and due to large discrep-
ancies between 2-D and experimental results of Skye, validation in the 3-D model is also consid-
ered.

Among these models, the result of RNG k-¢ model is closer to experimental results.
The results of SST k-w are so close to the RNG model except for the last two cold mass fractions.

The profiles of axial, radial and swirl velocities show that the magnitude of swirl ve-
locity is significantly greater than others so that the swirl velocity plays an important role in en-
ergy separation.

Contours of the total temperature and radial profiles of total and static temperature are
different in each model. In the SST k-w model the cold region expands and the hot region con-
centrates near the hot end compared to the others.

By increasing the cold mass fraction the hot region expands and the cold region com-
presses.

The drag forced caused by the difference of pressure will act of particles to move to-
ward cold and hot ends. The difference between turbulence models for static pressure happens
near the tube wall and the axis. Therefore, variation of swirl and axial velocity happen in these
regions.

Nomenclature
C, — specific heat capacity, [Jkg 'k '] |8 — radial velocity, [ms ']
D — diameter of vortex tube, [mm] Vv, — axial velocity, [ms ']
k — turbulence kinetic energy, [m* s Greek svmbol
kyy  — effective thermal conductivity, ymoors
[Wm 'K & — turbulent dissipation rate, [m”s™']
L — length, [mm] u — dynamic viscosity, [kgm’ls’ll
Iy — width of hot exit, [mm] Hy — turbulent viscosity, [kg m 's ']
m — mass flow rate, [kgs '] & — mass flow fraction
P — pressure, [Pa] p — density, [kg m™]
R — ideal gas constant, [Jkg 'K '] o — stress, [Nm™]
r, z, @ — components of cylindrical co-ordinate T — shear stress, [N m™]
system, [m] .
r - rz}lldial distance from axis, [mm)] Subscripts
T — temperature, [K] i — inlet gas
V — velocity, [ms™'] c — cold gas
v, — total velocity vector, [ms '] h — hot gas
Vo — tangential velocity, [ms™']
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