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Abstract

A computational fluid dynamic model is used to predict the flow fields and the associated temperature separation within a Ranque–
Hilsch vortex tube. The large eddy simulation (LES) technique was employed for predicting the flow and temperature fields in the vortex
tube. A vortex tube with a circumferential inlet stream and an axial (cold) outlet stream and a circumferential (hot) outlet stream was
considered. The temporal evolutions of the axial, radial and azimuthal components of the velocity along with the temperature, pressure
and density fields within the vortex tube are simulated. Performance curves (temperature separation versus cold outlet mass fraction)
were obtained for a specific vortex tube with a given inlet mass flow rate. Simulations were carried out for varying amounts of cold outlet
mass flow rates. Predictions from the present large eddy simulations compare favorably with available experimental measurements.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The vortex tube is a simple device with no moving parts
that is capable of dividing a high pressure flow into two rel-
atively lower pressure flows with temperatures higher and
lower than that of the incoming flow. The device consists
of a simple circular tube, with one or more azimuthal noz-
zles for flow inlet and two outlets for flow exits. High pres-
sure air enters the tube azimuthally at one end and
produces a strong vortex flow in the tube. The gas is sepa-
rated into two streams having different temperatures, one
flowing along the outer wall and the other along the axis
of the tube. The gas streams leaving through the exits
located along the outer wall and along the axis are at
higher and lower temperatures, respectively, than the inlet
gas temperature. This effect is referred to as the ‘‘tempera-
ture separation” and was first observed by Ranque in 1931
when he was studying processes in a dust separation
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cyclone [1]. Intense experimental and numerical studies of
the Ranque–Hilsch vortex tubes began since then and con-
tinue even today [2–9]. Despite the simplicity of its geome-
try, the energy separation phenomenon is quite intriguing.
Various theories have been proposed in the literature to
explain the ‘‘temperature separation” effect since the initial
observations by Ranque [1]. In his pioneering work on the
vortex tube, Hilsch [10] suggested that angular velocity gra-
dients in the radial direction give rise to frictional coupling
between different layers of the rotating flow resulting in the
migration of energy via shear work from the inner layers to
the outer layers. Other investigators have attributed the
energy separation to work transfer via compression and
expansion. Several variations of this theory are described
in the literature, differing according to the mechanism that
drives the fluid motion. Harnett and Eckert [11] invoked
turbulent eddies, Ahlborn and Gordon [12] described an
embedded secondary circulation and Stephan et al. [13]
proposed the formation of Görtler vortices on the inside
wall of the vortex tube that drive the fluid motion. All these
theories treat individual particles as small refrigeration
systems, each undergoing thermodynamic cycles that are
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Nomenclature

cp specific heat at constant pressure (J/kg K)
Cs Smagorinsky constant
H total enthalpy (kJ/kg)
k thermal conductivity (W/m K)
m mass flow rate (m s�1)
p pressure (Pa)
R universal gas constant (J/mol K)
S strain rate
t time (s)
T temperature (K)
u velocity vector (m s�1)
ux velocity component in the x direction
ur velocity component in the r direction
uh velocity component in the h direction

Greek symbols

DThc temperature difference between hot and cold
ends

mt eddy viscosity (kg/m s)
q density (kg/m3)
s shear stress (N/m2)
sij stress tensor component

Subscripts

c cold gas
h hot gas
r radial direction
x axial direction
h azimuthal direction

Fig. 1. Schematic diagram of the Ranque–Hilsch vortex tube with
simplified representation of the flowlines for the hot and cold gas.
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powered by energy from the flow itself. Kurosaka [14]
reported the ‘‘temperature separation” to be a result of
acoustic streaming effect that transfer energy from the cold
core to the hot outer annulus. Gutsol [15] hypothesized the
energy separation to be a consequence of the interaction of
micro volumes in the vortex tube. Despite all the proposed
theories, none has been able to explain the ‘‘temperature
separation” effect satisfactorily.

Recent efforts have utilized modeling to explain the fun-
damental principles behind the energy separation produced
by the vortex tube. Ahlborn et al. [4] showed the depen-
dence of vortex tube performance on normalized pressure
drop with a numerical model. Frohlingsdorf and Unger
[6] used a fluid dynamics model that included the compress-
ible and turbulent effects. Their numerical predictions qual-
itatively matched the experimental results of Bruun [2].
Aljuwayhel et al. [8] utilized a fluid dynamics model of
the vortex tube to understand the process that drive the
power separation phenomena. They report that the energy
separation exhibited by the vortex tube is due to the work
transfer caused by a torque produced by viscous shear act-
ing on a rotating control surface that separates the cold
flow region and the hot flow region. Skye et al. [9] used a
model similar to that of Aljuwayhel et al. [8]. They also
measured the inlet and outlet temperatures of the vortex
tube and compared with the predictions from the fluid
dynamics model. The temperature separation predicted
by their model for a commercially available vortex tube
was found to be in reasonable agreement to the experimen-
tal measurements. Behera et al. [7] conducted both numer-
ical and experimental studies towards the optimization of
the Ranque–Hilsch vortex tube. Their numerical study
resulted in obtaining the optimum parameters (cold end
diameter, length to diameter ratio) for the maximum tem-
perature separation. All of these models used the compress-
ible form of the Navier–Stokes equation, and the
turbulence effects were included using either the standard
k–e or the renormalization group (RNG) k–e model.
In the present study, a compressible form of the Navier–
Stokes equation together with the large eddy simulation
(LES) technique has been used to simulate the phenome-
non of flow pattern and temperature separation in a Ran-
que–Hilsch vortex tube with a circumferential inlet port,
and a cold axial and a hot circumferential outlet ports
(as shown in Fig. 1). This arrangement is a bit different
from the geometry used by Aljuwayhel et al. [8] where
the flow enters the tube from the top surface with axial
and angular components of velocities rather than the cir-
cumferential outer wall (as considered in the present study)
with radial and angular components of velocities.

The Reynolds averaged Navier–Stokes simulations
(RANS) method attempts to model the turbulence by per-
forming time or space averaging. The averaging process
wipes out most of the important characteristics of a time-
dependent solution. The direct numerical simulation
(DNS) technique on the other hand attempts to solve all
time and spatial scales in the velocity field. As a result,
the solution is accurate but numerically very intensive.
LES is considered somewhere in between DNS and RANS
with respect to both physical resolution and computational
costs. LES inherits the universality of DNS, allowing accu-
rate prediction of the coherent structures in turbulent
flows. The computational cost for LES is lower than that
for DNS because the resolution requirements for LES are
of the same order as those for RANS.
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LES of the vortex tube flows have not been reported in
the literature. The main objective of this work is to apply
the LES technique in predicting the flow field and temper-
ature separation in a vortex tube. With the chosen geome-
try, an axisymmetric formulation is used for the prediction
of the velocity and temperature fields in the vortex tube.
For a given inlet flow rate, the exit pressure at the hot exit
port is varied to study the ‘temperature separation effect’
between the two outlet streams.

2. Schematic of the problem geometry

Fig. 2 depicts the computational domain for the vortex
tube geometry considered in this study. An axisymmetric
flow field is considered where a circumferential inlet and
a circumferential outlet (for the hot stream) are considered.
This simplification results in considerable reduction in the
computing time for the LES predictions, while preserving
the three-dimensional features of the flow field. In addition,
due to the radial symmetry only one-half of the geometry is
considered as the computational domain.

The computational domain used for the simulations
(Fig. 2) is similar to that of the past study of Skye et al.
[9]. The length and the radius of the vortex tube are set
to 100 mm and 10 mm, respectively. The tube length of
the cold gas exit is set to 25 mm. The line a–h is the axis
of symmetry. The boundary d–e is the gas flow inlet having
a dimension of 3 mm. The boundary f–g located at the
right most end of the vortex tube is the hot gas outlet hav-
ing a width of 1.5 mm. The boundary a–b is the cold gas
outlet having a radius of 3 mm.
Fig. 2. Schematic of the c

Table 1
Variable and fixed parameters for the vortex tube simulations

Case Variable parameter Fixed paramet

Hot exit pressure
(kPa)

Cold exit pressure
(kPa)

Inlet radial vel
Ur (m s�1)

1 105 101.32 �20.00
2 60
3 70
4 80
5 90
6 100
7 110
8 115
The inlet pressure and the cold exit pressure were fixed
at 400 kPa and 101 kPa, respectively, for all the simula-
tions. The velocity at the inlet high pressure flow consists
of a radial component of 20 m s�1 and an azimuthal com-
ponent of 200 m s�1. The only parameter varied during the
simulations in this study was the hot gas outlet pressure.
This results in the variation of mass flow rates in the cold
and the hot exit streams. The variable and fixed parameters
for the numerical study are listed in Table 1. Details of the
mathematical model and the boundary conditions consid-
ered for the simulations are discussed in the following
section.
3. Mathematical model

The compressible turbulent flows in the vortex tube are
governed by the conservation of mass, momentum and
energy equations. The mass, momentum and the energy
conservation and the state equation solved are as follows:

oq
ot
þr � ðquÞ ¼ 0 ð1Þ

oðquÞ
ot
þr � ðquuÞ ¼ �rp þr � ðsÞ ð2Þ

oðqHÞ
ot
þr � ðqvHÞ ¼ op

ot
þr k

cp
rH

� �
�r � ðs � uÞ ð3Þ

p ¼ qRT ð4Þ

where q is the density of the fluid, u is the fluid velocity, p is
the static pressure, s is the viscous stress tensor, H is the to-
tal enthalpy, k and cp are the thermal conductivity and spe-
omputational domain.

ers

ocity Inlet azimuthal velocity
Uh (m s�1)

Inlet pressure
(kPa)

200.00 400.00
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cific heat of the fluid, respectively, R is the ideal gas con-
stant and T is the gas temperature.

The total temperature, Ttotal is expressed in the follow-
ing expression:

T total ¼ T þ 1

2cp

ðu2
x þ u2

r þ u2
hÞ ð5Þ

where, T is the static gas temperature, cp is the specific heat
and ux, ur, and uh the velocity component in the x, r, and h
directions.

3.1. Turbulence model

The LES technique is used to take into account the effect
of turbulence in the vortex tube flow. The application of
the LES techniques is aimed towards extracting greater
temporal and spatial fidelity. In the LES technique, small
scale turbulence is filtered out from the Navier–Stokes
equation, and a model is used to evaluate the small scales.
The small scales are computed from a turbulence model
known as the sub-grid scale model. The sub-grid scale
stress model used in the present calculation is the Smago-
rinsky model [16]. According to the Smagorinsky model
the sub-grid scale Reynolds stress tensor is given by:

sij ¼ mt
oui

oxj
þ ouj

oxi
� 2

3

ouk

oxk

� �
ð6Þ

where mt is the eddy viscosity.
The eddy viscosity is expressed in the following way:

mt ¼ ðCsDÞ2jSj ð7Þ

where Cs (=0.1) is the Smagorinsky constant, D is the filter
width (=0.06 � 10�3 m) and S is the local strain rate which
is expressed in the following way:
jSj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
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� �2

þ 2
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� �2

þ 2
ouh

roh

� �2

þ our

or
þ oux

ox

� �2

þ ouh

roh
þ oux

ox

� �2

þ ouh

roh
þ our

or

� �2
s

ð8Þ
The resulting filtered Navier–Stokes equations are solved
for the large scale motion which is responsible for most
of the momentum and energy transport.

3.2. Boundary conditions

The boundary conditions provided at the different
regions to simulate the vortex tube phenomena are as
follows:

� A radial velocity of �20 m s�1 and an azimuthal velocity
of 200 m s�1 was provided at the inlet. The total temper-
ature at the inlet was set to 300 K. The pressure at the
inlet was set to 400 kPa. The values for the inlet pressure
and temperature are similar to the experimental data of
Skye et al. [9]. The inlet velocities were chosen to match
the experimental inlet mass flow rate of Skye et al. [9].
� Atmospheric pressure was specified at the cold exit of

the vortex tube. Zero gradient boundary condition for
the temperature was used.
� The pressure boundary condition at the hot exit was var-

ied in order to control the mass flow rates among the
two exits. The temperature at the hot exit was assigned
a zero gradient boundary condition.
� The tube walls were considered to be adiabatic with no

slip boundary condition for the velocity components.

3.3. Numerical model

The CFD-ACE+ code [17] was used for the large eddy
simulations reported in this paper. The numerical scheme
for solving the governing equations is based on the finite
volume approach. For the convective–diffusive terms in
the mass, momentum and energy conservation equations
a second order upwind scheme [18] is used. A Crank–
Nicolson scheme is used for the time derivatives in the con-
tinuity, momentum and energy equations. The Kolmogo-
rov time scale calculated from the micro scale relations
was found to be 2 � 10�4 s. A 10 ls time-step size was cho-
sen for the Crank–Nicolson scheme, which is smaller than
the Kolmogorov time scale. Details about the spatial grid
distribution are discussed in the next section. The implicit
calculations within a given time-step are continued until
the variation in the variables is within 10�05% of the value
of the variable from the previous iteration. The time
marching calculations were terminated when a pseudo
steady-state behavior was observed.
4. Results and discussion

Simulations were carried out for the vortex tube for
eight different cases with varying hot end pressure values.
The operating parameters for the cases studied are listed
in Table 1. To achieve grid independent solutions, simula-
tions were carried out for different grid sizes for the base
case (Case 1). Simulations were carried out for four differ-
ent grid sizes 300 � 80 (240,00 cells), 400 � 120 (480,00
cells), 500 � 160 (80,000 cells) and 550 � 180 (99,000 cells).
In all cases, a time-step of 10 ls was used. Following
Behera et al. [7], the total temperature difference was con-
sidered to be the key parameter for the grid-independence
study. The total temperature difference is defined as the dif-



Fig. 5. Temporal variation of radial velocity, ur at a given location within
the vortex tube (x = 75 mm, r = 5 mm) (Case 1).

Fig. 6. Temporal variation of azimuthal velocity, uh at a given location
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ference between the spatially and temporally averaged total
temperatures at the hot and cold exit ðDT total;hc ¼ T total;h�
T total;cÞ where, T total is the time averaged total temperature
defined as T total ¼ 1

s

R t¼t0þs
t¼t0

T total dt, averaged over the exit
areas. The time averaging was performed between 0.5
and 1.0 s with 50,000 time-steps. For Case 1 the hot exit
pressure was set to 105 kPa. Increasing the number of cells
beyond 80000 (500 � 160 grid size) does not result in signif-
icant increase in the accuracy (Fig. 3). All the results
reported in this paper are thus for a grid size of 500 �
160 (80,000 cells).

The LES scheme was able to capture the inherent veloc-
ity fluctuations in the flow field. Temporal variation of the
axial velocity, ux for Case 1 at the axial and radial locations
of 75 mm and 5 mm, respectively, are shown in Fig. 4. The
period of time shown is between 0 and 1 s. The root mean
square (rms) value for the axial velocity was found to be
12.373 m s�1. After 0.2 s, the system was found to reach
a quasi-steady state condition. The initial large fluctuation
diminishes but steady fluctuations are still observed. Fig. 5
shows the corresponding temporal variation of the radial
velocity ur component (Case 1) at the axial and radial loca-
tions of 75 mm and 5 mm. The rms value of the radial
velocity was found to be 0.997 m s�1. Similar to the axial
Fig. 3. Grid size dependence study on total temperature separation (Case
1).

Fig. 4. Temporal variation of axial velocity, ux at a given location within
the vortex tube (x = 75 mm, r = 5 mm) (Case 1).

within the vortex tube (x = 75 mm, r = 5 mm) (Case 1).
velocity temporal variations, the fluctuations become
steady after 0.2 s. During the quasi-steady state the radial
velocity was observed to fluctuate between ±1.75 m s�1.
Fig. 6 depicts the variation of the azimuthal velocity com-
ponent uh (Case 1) at the above location as a function of
time. As observed for the axial and radial velocity compo-
nents, the azimuthal velocity component was also observed
to reach a quasi-steady state after about 0.2 s. The rms
value of the azimuthal velocity was found to be
144.273 m s�1. The temporal variation of the temperature,
pressure and density (not reported here) also showed simi-
lar quasi-steady behavior after about 0. 2 s.

Fig. 7 shows the time averaged radial profiles of the
axial velocity �ux at different axial locations (x = 50 mm,
x = 75 mm and x = 100 mm) for Case 1. The time aver-
aged axial component of velocity �ux is given as,
�ux ¼ 1

s

R t¼t0þs
t¼t0

ux dt where t0 = 0.5 s and s = 0.5 s also. The
maximum axial velocity is near the tube wall and the direc-
tion of the flow near the wall is towards the hot end exit
and the direction of the flow along the axis is towards
the cold end exit. It was observed that the maximum value
of the axial velocity decreased with increasing axial dis-
tance. At axial locations of 50, 75 and 100 mm the maxi-
mum axial velocity was found to be 78 m s�1, 71 m s�1

and 61 m s�1, respectively. The axial velocity profiles show
that the flow reversal takes place at about 7 mm from the
center of the tube. The axial velocity in the cold core is
directed towards the cold end exit. The axial velocity in
the cold core was found to increase with a decrease in the
axial distance.



Fig. 7. Radial profiles of time averaged axial velocity, �ux ¼ 1
s

R t¼t0þs
t¼t0

ux dt
at: (a) x = 50 mm, (b) x = 75 mm and (c) x = 100 mm (Case 1). Time
average was performed between 0.5 and 1.0 s.

Fig. 8. Radial profiles of time averaged azimuthal velocity,
�uh ¼ 1

s

R t¼t0þs
t¼t0

uh dt at: (a) x = 50 mm, (b) x = 75 mm and (c) x = 100 mm
(Case 1). Time average was performed between 0.5 and 1.0 s.
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Fig. 8 depicts the radial profiles for the time averaged
azimuthal velocity �uh at different axial locations (x =
50 mm, x = 75 mm and x = 100 mm) for Case 1. Compar-
ing the velocity components, it is observed that the azi-
muthal velocity has the highest value. The azimuthal
velocity has twice the magnitude of the axial velocity.
The magnitude of the azimuthal velocity decreases towards
the hot end exit. The radial profile of the azimuthal velocity
indicates a free vortex near the wall and the values become
negligibly small at the core. Our results thus do not show a
forced vortex near the axis of the tube as claimed by Gutsol
[15] and Behera et al. [7]. It is noted that there is no change
in the direction of rotation of the flow field in the entire
domain.

The time averaged values of the radial velocity compo-
nent �ur (Fig. 9) is significantly low in magnitude compared
to the axial and the azimuthal components. The radial
velocity component was found to be positive near the tube
wall but it was mostly negative along the tube radius. This
indicates possibilities of energy transfer in the radial plane.
The radial velocity was also observed to decrease with
increasing axial distance away from the entrance. The time
averaged axial and radial (but not the azimuthal) velocity
profiles obtained at different axial locations of the vortex
tube are in good conformity with those observed by Gutsol
[15] and Behera et al. [7] albeit for different geometries of
the vortex tube.

Fig. 10 shows the instantaneous streamlines in the r–x

plane for Case 1 at 0.6 s. The streamlines were calculated
from the instantaneous radial ur and axial ux velocity com-
ponents. It can be seen that there exists a reversal of the
flow in the inner region of the tube. Vortex structures are
observed through out the tube. Small vortices were
observed mostly in the cold (central) region of the tube.



Fig. 9. Radial profiles of time averaged radial velocity, �ur ¼ 1
s

R t¼t0þs
t¼t0

ur dt
at: (a) x = 50 mm, (b) x = 75 mm and (c) x = 100 mm (Case 1). Time
average was performed between 0.5 and 1.0 s.
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These vortices were not observed by Aljuwayhel et al. [8]
and Behera et al. [7]. For Case 1, the time averaged stream-
lines in the r–x plane for the entire vortex tube were also
obtained. The streamlines were calculated from the time
averaged radial �ur, and axial �ux velocity components. The
Fig. 10. Instantaneous streamlines for the vo
time averaging was performed between 0.5 s and 1.0 s.
The resulting time averaged streamlines are depicted in
Fig. 11. The time averaged flow inside the vortex tube in
the r–x plane has an outer peripheral flow, and an inner
core flow. The outer peripheral flow happens to occur over
a small region where as the inner core flow is observed to
occur in the bulk of the tube. The peripheral flow leaving
through the hot exit is seen for the fluids entering through
the lower part of the inlet (near point ‘e’ in Fig. 2). A small
secondary circulation was seen to form near the cold end
exit. The secondary circulation is a performance degrading
mechanism in vortex tubes [7]. The secondary circulation
will result in enhanced mixing and increase in the cold exit
temperature. The cold end diameter can be optimized to
prevent the secondary circulation from occurring. A sec-
ondary circulation near the cold exit was observed by Alju-
wayhel et al. [8]. Behera et al. [7] also had shown the
presence of secondary circulation near the cold exit for
the case of non-optimally chosen cold end diameter.

The instantaneous contours for the azimuthal velocity,
uh at time 0.6 s is shown in Fig. 12 for Case 1. The azi-
muthal velocity has the maximum magnitude near the noz-
zle inlet. The magnitude is found to decrease with an
increase in the axial distance. The azimuthal velocity has
the minimum magnitude near the hot gas exit. Along the
radial direction of the tube, the azimuthal velocity is
observed to have the minimum magnitude near the tube
axis. Small fluctuations near the tube wall are observed.
Time integration was done to obtain the time averaged azi-
muthal velocity �uh ¼ 1

s

R t¼t0þs
t¼t0

uh dt. The resulting time aver-
aged azimuthal velocity contours are shown in Fig. 13. The
time averaging smoothes out the small fluctuations
observed in the instantaneous velocity contours (Fig. 12).
Throughout the vortex tube, the inner core is observed to
have negligible azimuthal velocity values.

From the computed time-dependent velocity fields, par-
ticle traces (path lines) for two specific fluid elements that
exit the flow field via the cold and hot exits, respectively,
are shown in Figs. 14 and 15, respectively. The fluid ele-
ment that leaves by the cold exit advances towards the
end of the vortex tube with a swirling motion (Fig. 14).
The flow direction however reverses near the tube end
and the particle starts moving towards the cold exit, with-
out reversing the direction of rotation. As the particle starts
moving towards the cold exit, the swirling motion was
found to decrease. Fig. 15 depicts the particle trace (path
line) of a fluid element that exits via the hot exit. After
rtex tube in r–x plane at 0.6 s (Case 1).



Fig. 12. Instantaneous azimuthal velocity, uh contours for the entire vortex tube in the r–x plane at 0.6 s (Case 1).

Fig. 13. Time averaged azimuthal velocity, �uh ¼ 1
s

R t¼t0þs
t¼t0

uh dt contours for the entire vortex tube in the r–x plane. Time average was performed between
0.5 and 1.0 s (Case 1).

Fig. 11. Time averaged streamlines for the vortex tube in r–x plane. Time averaging was performed between 0.5 and 1.0 s (Case 1).
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entering the tube the particle advances towards the hot exit
with a swirling motion.

Contour plots of the time averaged total temperature
(T total ¼ 1

s

R t¼t0þs
t¼t0

T total dt) in the r–x plane is shown in
Fig. 16 (Case 1). The time averaging was performed in
between 0.5 s and 1.0 s with 50,000 time-steps. The periph-
eral flow is warm and the core flow is cold relative to the
inlet temperature. For a cold gas fraction of 0.65 (Case
1) a hot gas total temperature of 350 K and a cold gas total
temperature of 260 K were predicted where the inlet gas
total temperature was 300 K. Time averaged radial profiles
of the total temperature T total at different axial locations
(x = 50 mm, x = 75 mm and x = 100 mm) for Case 1 are
presented in Fig. 17. At an axial distance of 50 mm, the
maximum and the minimum total temperatures were found
to be 320 K and 270 K, respectively. The cold region was
found to exist up to a radial distance of 4.5 mm from the
tube center. The maximum total temperature was observed
to exist near the periphery of the tube wall. At the tube wall
the total temperature is found to decrease, this is due to the
no slip boundary condition at the tube wall. For an axial
location of 75 mm, the maximum and minimum total tem-
peratures were found to be 325 K and 274 K, respectively.
A maximum total temperature of 329 K and a minimum
total temperature of 276 K were observed at an axial loca-
tion of 100 mm. Time averaged radial profiles of the static
temperature T static at different axial locations (x = 50 mm,
x = 75 mm and x = 100 mm) for Case 1 are presented in
Fig. 18. The static temperature variation is essentially sim-
ilar to that of the total temperature albeit the static temper-
ature values are lower than the total values near the outer
periphery of the vortex tube. The predicted temperature
profiles are a result of the kinetic energy distribution in
the vortex tube. The fluid at the core of the vortex tube
has very low kinetic energy due to the minimum azimuthal
fluid velocity at the central zone of the tube. From the azi-
muthal velocity profiles (Fig. 8), it was observed that the
azimuthal velocity had almost negligible value at the core
of the vortex tube. The azimuthal velocity being the major
component, the kinetic energy at the inner core thus also



Fig. 14. Stream trace for the inner core fluid flow in the entire vortex tube
in three-dimensional space (Case 1).

ig. 15. Stream trace for the outer peripheral fluid flow in the entire
ortex tube in three-dimensional space (Case 1).
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has low values. Comparing the total temperature and the
azimuthal velocity profiles (Figs. 17 and 8), the low temper-
ature zone (about 2 mm near the axis) in the core coincides
with the negligible azimuthal velocity zone. The static tem-
perature profiles (Fig. 18) obtained thereby shows an
increase of the temperature values towards the periphery.

A parametric study was carried out to investigate the
effect of varying the mass flow rates at the cold and hot
exits on the temperature separation. This was achieved
by varying the outlet pressure at the hot exit systemati-
F
v

cally (see Table 1). Following Skye et al. [9], the total tem-
perature separation at the cold and hot exits is the abso-
lute difference between the inlet temperature and the
respective exit temperatures. For the hot exit temperature
separation, jT in � T out;hj (Fig. 19a) it was found that the
temperature separation increased with an increase in the
cold mass fraction. The time averaged total temperatures
at the hot and cold ends were spatially averaged to obtain
the values plotted. A maximum hot temperature separa-
tion of 62.3 K was observed for a cold mass fraction of
0.78. Fig. 19b shows similar results for the cold exit where



Fig. 16. Time averaged total temperature contours for the vortex tube in the r–x plane (Case 1). Time average was performed between 0.5 and 1.0 s.

Fig. 17. Radial profiles of time averaged total temperature
T total ¼ 1

s

R t¼t0þs
t¼t0

T total dt at: (a) x = 50 mm, (b) x = 75 mm and (c)
x = 100 mm (Case 1). Time averaging was performed between 0.5 and
1.0 s.

Fig. 18. Radial profiles of time averaged static temperature
T static ¼ 1

s

R t¼t0þs
t¼t0

T static dt at: (a) x = 50 mm, (b) x = 75 mm and (c)
x = 100 mm (Case 1). Time averaging was performed between 0.5 and
1.0 s.
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the cold exit temperature separation jT in � T out;cj is plotted
as a function of the cold mass fraction. Unlike the results
shown in Fig. 19a, jT in � T out;cj shows distinct maxima
where the cold mass fraction is near 0.41. This operating
point for the system (maximum cooling) depends both
on the geometric parameters and the inlet conditions of
the incoming flow.



Fig. 19. (a) Hot exit temperature separation jT in � T out;hj and (b) cold exit
temperature separation jT in � T out;cj as a function of cold mass fraction.
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The temperature separation obtained from the present
LES calculations were compared with the experimental
and computational (k–e model) results of Skye et al. [9]
for validation. As seen in Fig. 19, the hot exit temperature
separation predicted by the model is in good agreement
with the experimental results. Predictions of the cold exit
temperature separation is found to lie in between the exper-
imental and computational (k–e model) results of Skye
et al. [9]. Compared to the k–e model predictions, the hot
exit temperature separation simulated by both the models
were close to the experimental results. Though both the
models under predicted the cold exit temperature separa-
tion, the predictions from the present LES model were
found to be closer to the experimental results.
5. Conclusions

Numerical simulations of the temperature separation in
a Ranque–Hilsch vortex tube were conducted. LES tech-
nique was used to model the turbulence effects. The LES
methodology is based on direct solution of the large scales
and sub grid scale approximation of the dynamic viscosity.
Simulations were conducted for different cold mass frac-
tions by changing the hot end pressure. The time averaged
profiles indicated a hot peripheral flow and a reversing cold
inner core flow together with a small secondary circulation
near the cold exit. The radial velocity was found to be
directed towards the tube center through most of the radial
direction and towards the tube near the wall. The radial
velocity profile indicated that there existed a possibility of
energy separation in the radial direction. Particle traces
in three-dimensional space were obtained. The particle
traces indicated that the flow entering through the upper
part of the inlet constitutes the cold inner core flow and
the flow entering through the lower part of the inlet com-
prises the hot peripheral flow. The effects of cold mass frac-
tion on the temperature separation effect were studied. The
cold mass fraction was varied by varying the hot exit pres-
sure. The hot exit temperature separation was observed to
increase with an increase in the cold mass fraction. The
maximum hot exit temperature separation was found for
a cold mass fraction of 0.78. Apart from the cold mass frac-
tion range of 0.23–0.41 the cold exit temperature separa-
tion was found to decrease with an increase in the cold
mass fraction. The predictions from the numerical model
were compared with published experimental results and
k–e model predictions. Comparing the k–e and the LES
model predictions, it was found that the temperature sepa-
rations predicted by the LES model was closer to the exper-
imental results. The model however under predicted the
total temperature separation at the cold exit. Even then
the general trends of the total temperature separations
(hot and cold exit) predicted by the model were found to
be in good in agreement with the experimental results.
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