International Journal of Heat and Mass Transfer 52 (2009) 3320-3333

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/ijhmt

Contents lists available at ScienceDirect

Simulation of gas species and temperature separation in the counter-flow
Ranque-Hilsch vortex tube using the large eddy simulation technique

Tanvir Farouk?, Bakhtier Farouk ®*, Alexander Gutsol

2 Department of Mechanical Engineering and Mechanics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA
b Chevron Energy Technology Company, Richmond, CA 94802, USA

ARTICLE INFO

Article history:

Received 7 August 2008

Received in revised form 10 January 2009
Accepted 10 January 2009

Available online 25 March 2009

Keywords:

Gas separation
Temperature separation
Ranque-Hilsch vortex tube
Modeling

Large eddy simulations

ABSTRACT

A computational fluid dynamic model is used to predict the species and temperature separation within a
counter flow Ranque-Hilsch vortex tube. The large eddy simulation (LES) technique was employed for
predicting the gas flow and temperature fields and the species mass fractions (nitrogen and helium) in
the vortex tube. A vortex tube with a circumferential inlet stream of nitrogen-helium mixture and an
axial (cold) outlet stream and a circumferential (hot) outlet stream was considered. The temporal evolu-
tions of the axial, radial and azimuthal components of the velocity along with the temperature, pressure
and mass density and species concentration fields within the vortex tube are simulated. Even though a
large temperature separation was observed, only a very minimal gas separation occurred due to diffusion
effects. Correlations between the fluctuating components of velocity, temperature and species mass frac-
tion were calculated to understand the separation mechanism. The inner core flow was found to have
large values of eddy heat flux and Reynold’s stresses. Simulations were carried out for varying amounts
of cold outlet mass flow rates. Performance curves (temperature separation/gas separation versus cold

outlet mass fraction) were obtained for a specific vortex tube with a given inlet mass flow rate.

© 2009 Published by Elsevier Ltd.

1. Introduction

The Ranque-Hilsch vortex tube was first discovered by Ranque
[1] in 1933 and was later revived and improved in efficiency by
Hilsch [2] in 1947. The Ranque-Hilsch vortex tube is a simple de-
vice with no moving parts that is capable of dividing a high pres-
sure flow into two low pressure flows of different temperatures.
The vortex motion in Ranque-Hilsch vortex tube is created by tan-
gential injection of a compressed gas. When compressed gas is in-
jected through one or more tangential nozzle(s) into the tube, a
strong vortex-like flow field is established, giving rise to a non-uni-
form temperature field. The gas closer to the axis is colder than the
incoming feed gas, and the gas near the periphery of the tube is
hotter. In the most common counter-flow vortex tube, a fraction
of the feed gas exits as a cold stream through an opening in the
central zone at one end near the tangential inlet, while the balance
of the feed gas exits as a hot peripheral stream through a throttle
valve at the opposite end which is away from the inlet. The differ-
ence in the temperature between the two gas streams is referred to
as the “temperature separation” effect and was first observed by
Ranque [1] when he was studying processes in a dust separation
cyclone. Since then an intensive experimental and numerical stud-
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ies of Ranque-Hilsch vortex tubes began and continues even today
[3-10].

The possibility of using vortex tube as separator for gas mixture
has also been investigated by several researchers [11,12]. In most
of the cases it is reported that very small amount of separation
takes place. Linderstrom-Lang [11] conducted detailed experimen-
tal studies to explore the possibility of using a counter-flow Ran-
que-Hilsch vortex tube as a gas separator. Three different gas
mixtures; oxygen-nitrogen, oxygen—carbon dioxide, and oxygen-
helium were used in the study. He reported very small amount
of gas separation and stated that gas separation took place only
due to centrifugal action. In addition his experimental findings
indicated no direct relationship between temperature and gas sep-
aration. According to his experimental findings small temperature
separation arise in short vortex tubes where the separation of
gases is best, while the best temperature separation are obtained
in long tubes where all traces of gas separation disappear. Kulkarni
and Sardesai [12] conducted gas separation experiments in a vor-
tex tube using methane-nitrogen as the inlet gas mixture. They
conducted experiments for varying inlet pressure and varying hot
exit pressure. However they do not report the hot exit pressure,
rather expresses it as ‘turns’ in the hot exit control valve. Their
experimental results also indicated very small amount of gas sep-
aration. Even though, several experimental studies have been con-
ducted by various researchers to study the possibility of gas
species separation in counter-flow Ranque-Hilsch vortex tube,
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Nomenclature

Cp specific heat at constant pressure (J/kg K)
Cs Smagorinsky constant

d diameter

D diffusion coefficient (m?/s)

e specific internal energy (J/kg)
ho specific total enthalpy (J/kg)

k thermal conductivity (W/m K)
m mass flow rate (kg/s)

M molecular weight (kg/kmol)

p pressure (Pa)

R universal gas constant (J/mol K)
S strain rate

t time (s)

T temperature (K)

u velocity vector (m/s)

Y mass fraction

Greek symbols

AThe temperature difference between hot and cold ends
Ve eddy viscosity (kg/m s)

p density (kg/m?)

T shear stress (N/m?)

Tij stress tensor component

Subscripts

c cold gas

h hot gas

He helium

mix mixture

N> nitrogen

r radial direction
axial direction

Y vortex tube

0 azimuthal direction

in inlet

inner core central region of the vortex tube
periphery outer periphery of the vortex tube

static static temperature

total total/stagnation temperature
Superscripts

T thermal

our extensive literature survey failed to provide any recent model-
ing studies in this area.

Despite the simplicity of the vortex tube’s geometry, the energy
separation phenomenon is quite intriguing. Various theories have
been proposed in the literature to explain the “temperature separa-
tion” effect. In his pioneering work on the vortex tube, Hilsch [2]
suggested that angular velocity gradients in the radial direction
give rise to frictional coupling between different layers of the rotat-
ing flow resulting in the migration of energy via shear work from
the inner layers to the outer layers. Other investigators have attrib-
uted the energy separation to work transfer via compression and
expansion due to the flow. The different proposed mechanisms
that drive the fluid motion and result in energy transfer include
turbulent eddies [13], embedded secondary circulation [14] and
Gortler vortices [15]. Kurosaka [16] attributed the energy
separation to an acoustic streaming effect that transfers energy
from the cold core to the hot outer periphery. Gutsol [17] hypoth-
esized the energy separation to be a consequence of the centrifugal
separation of micro volumes with different azimuthal velocities in
the vortex tube. Despite all the proposed mechanisms, no exact
theory has been able to explain the “temperature separation” effect
convincingly.

In recent years, numerical modeling has been utilized to iden-
tify and explain the fundamental principles responsible for the en-
ergy separation in a vortex tube. Frohlingsdorf and Unger [7] used
a compressible fluid dynamics model which utilized the k-¢ model
to include the turbulent effects. Their numerical predictions qual-
itatively matched the experimental results of Bruun [3]. Behera

et al. [8] investigated the effect of different types and numbers
of nozzles on temperature separation in a counter-flow Ranque-
Hilsch vortex tube using both numerical modeling and experi-
ments. They used compressible fluid dynamics model together
with a “Renormalization Group” (RNG) k-¢ model for their calcula-
tions. Aljuwayhel et al. [9] also studied the energy separation
mechanism and flow phenomena in a vortex tube using both the
standard k-¢ model and RNG k-¢ model. They report that the en-
ergy separation exhibited by the vortex tube is due to work trans-
fer caused by a torque produced by viscous shear acting on a
rotating control surface that separates the cold flow region and
the hot flow region. Their predictions using the standard k- model
was found to be in better agreement with the experimental mea-
surements compared to that of RNG k-: model. Similar results
were also reported by Skye et al. [10]. The simulation of energy
separation in a vortex tube was also reported by Eiamsa-Ard and
Promvonge [18] using the standard k-¢ model and an algebraic
Reynolds stress model. Their computations showed that results
predicted by both turbulence models generally were in good agree-
ment with measurements but the algebraic Reynolds stress model
was better. Apart from the work of Eiamsa-Ard and Promvonge
[18] most of the computational studies reported in the literature
used simple or first order turbulence model.

In modeling turbulence, the Reynolds averaged Navier-Stokes
simulation (RANS) method attempts to model turbulence by per-
forming time or space averaging. The averaging process wipes
out most of the important characteristics of a time dependent solu-
tion. The direct numerical simulation (DNS) technique on the other
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Fig. 1. Schematic of the computational domain. The origin of the coordinate system is located at point a.



3322

hand attempts to solve all time and spatial scales in the velocity
field. As a result, the solution is accurate but numerically very
intensive. Large eddy simulation (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 accurate prediction of the coherent structures in turbu-
lent 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. Over the years LES technique has been suc-
cessfully utilized for simulating complex turbulent flows [19-22].
Hu et al. [20] studied a methane-air diffusion flame by LES using
second order moment and simplified subgrid scale combustion
models, Smagorinsky-Lily and dynamic kinetic energy subgrid
scale stress models. Compared to subgrid scale stress models, pre-
dictions from the dynamic kinetic energy stress models were found
to be in better agreement with the experimental measurements.
The effect of inner wall rotation on heat transfer in annular turbu-
lent flow was studied using LES by Lee et al. [22]. They solved the
compressible filtered Navier-Stokes equations using a second or-
der accurate finite volume method and used a dynamic subgrid
scale stress model for the subgrid scale turbulence. The simula-
tions indicated that the modification of the turbulent structures
was closely related to the increase in the Nusselt number and
the wall friction coefficient. In our previous work [23] we had re-
ported the development of a LES model using subgrid scale stress
model for simulating temperature separation and flow phenomena
in a counter flow Ranque-Hilsch vortex tube. The predictions indi-
cated the LES model to be more accurate compared to the standard
k-¢ model.

The present work presents an axisymmetric numerical investi-
gation of flow, temperature and gas separation (nitrogen-helium
mixture) in a counter-flow Ranque-Hilsch vortex tube using a com-
pressible Navier-Stokes model together with the LES technique.
The aim of the work is to understand the mechanism responsible
for temperature and gas species separation in a counter-flow Ran-
que-Hilsch vortex tube. The paper is organized as follows: Section
2 of the paper provides a description of the system being modeled
in this study, a brief description of the model is presented in Section
3, followed by results and discussions in Section 4 and a summary
with conclusions in Section 5.

2. Schematic of the problem geometry

The computational domain used for the simulations is similar
to that used in our previous study [23]. Description of the com-
putational domain was reported in [23], however we report it
here for the sake of completeness and convenience. Fig. 1 depicts
the computational domain. An axisymmetric flow field is consid-
ered where circumferential inlet and outlet (for the hot stream)
are considered. This simplification results in considerable
reduction in the computing time for the LES predictions, preserv-
ing the three-dimensional features of the flow field. Due to sym-
metry only half of the geometry is simulated. The line a-h is the
axis of symmetry. The boundary a-b is the cold gas outlet hav-
ing a radius of 3 mm. 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 having

Table 1
Fixed parameters for the vortex tube simulations.
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Table 2
Variable parameters for the vortex tube simulations.

Case Hot exit pressure P, (kPa) (absolute) Cold mass fraction Y,
1 191.325 0.57
2 161.325 0.28
3 171.325 0.39
4 181.325 0.48
5 201.325 0.64
6 206.325 0.69

a width of 1.5 mm on a diameter of 20 mm. 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 velocity at the inlet consists of a radial component
of 20 m/s and an azimuthal component of 200 m/s. The cold exit
pressure was fixed to atmospheric pressure for all the simula-
tions. Nitrogen-helium gas mixture having 0.90 and 0.10 mass
fraction of nitrogen and helium, respectively (that corresponds
to 9/16 and 7/16 in molar fractions) was considered to be the
working fluid. The mixture components were chosen such that
one component of the mixture is sufficiently heavier than the
other. The molecular weight of nitrogen is heavier by a factor
of seven than that of helium. The only parameter varied during
the simulations was the hot gas outlet pressure. This results in
the variation of mass flows in the cold and the hot exit streams.
Details of the boundary conditions considered for the simula-
tions are discussed in the following section.

3. Mathematical model

The compressible turbulent flows for multiple chemical species
(e.g. N,—He mixture) in the vortex tube are governed by the conser-
vation of mass, momentum and energy equations. The equation for
the conservation of mass is as follows:
op
—+V.(pu)=0 1
o TV (o) (M
where p is the density of the fluid mixture (p = py, + py,), U is the
fluid velocity vector and V is the gradient operator which has the
following expression in the cylindrical co-ordinates:

5 0

0 210
V=lr§+10F%+lz& 2)

The equation for the conservation of momentum is as follows:

I(pu)
ot

where p is the density of the fluid mixture, u is the fluid velocity

vector, p is the static pressure and 7 is the viscous stress tensor.
The energy conservation equation is as follows:

d(ph 0

9Pho) G (puhy) = PP 4 9. (ki VT) - V.(T.0) (4)
ot ot

where h, is the specific total enthalpy of the fluid mixture, T is the

gas temperature, and k., is the thermal conductivity of the fluid

mixture. The specific total enthalpy is expressed as follows:

V- (pu) = —Vp+ V- (1) (3)

Cold exit pressure P. Inlet radial Inlet azimuthal Inlet pressure P;, Inlet temperature  Inlet N, mass Inlet He mass Inlet gas mixture

(kPa) (absolute) velocity u, velocity u, (ms™1) (kPa) (absolute) Tin (K) (total) fraction Yy, fraction Yy density pi, (kg m—3)
(ms™)

101.325 —20.00 200.00 401.325 300 0.90 0.10 2.817
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65+ i
where ey, is specific the internal energy of the mixture (e, + e, ), &
and u,, u, uy, are the velocity components in cylindrical co- o B0 . i
ordinates. ‘g' 550 ° i
The total gas temperature Ty is expressed in the following 3
expression: g 50F ]
1 L a5t ° 1
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p 2 40t 4
where ¢, is the specific heat. E -
For species conservation equation, we have for species ‘He’: £
2
(pYy up l
% + V- (puYue) =V - (pDye—n, VYhe) + V - (pDTV(ln T)) 25
(7) 20 1 1 1 1 1
where Yy is the mass fraction of helium, Dy,_y, is the binary diffu- 0 20000 40000 Nurnsg?g?cells 80000 100000 120000
sion coefficient and D" is the coefficient of thermal diffusivity. The
first term on the right-hand side of Eq. (7) represents Fickian diffu- Fig. 2. Grid size dependence study on total temperature separation (case 1).

sion and second term represents Soret diffusion.
For a two component mixture, the remaining species (N,) mass

fraction is obtained from the following expression: are computed from a turbulence model known as the sub-grid

Yy, =1— Yy (8) scale model. The sub-grid scale stress model used in the present
calculation is the Smagorinsky model [24]. According to the

The density of helium and nitrogen is obtained from: Smagorinsky model the sub-grid scale Reynolds stress tensor

Pre = PYhe, Py, = oYn, 9) is given by:

. . . . ou; ou; 2 0u
State equations used for the pressure is expressed in the following Tj = W <_ i _"> (12)
way: an ox; 3 Oxy

R where v, is the eddy viscosity.

p= pMmix T (10) The eddy viscosity is expressed in the following way:
where, R is the universal gas constant, M,,;, is the mixture molecular V= (CSA)2| §| (13)
weight expressed as:

where C; is the Smagorinsky constant (=0.1), A is the filter width
Mopix = 1 (11) (=0.06 x 1073) and S is the local strain rate which is expressed in

% ;;Iﬂ the following way in cylindrical co-ordinates:
He Ny

o (0w fou\t L (u\ | (ur  ou\®  (Oug  ow\®  [(Ouy  ou\’
'5'—%(&) +2<W> +2<@) +<W+W> +<@+W) +<ra—o+w) (14)

3.1. Turbulence model

The resulting filtered Navier-Stokes equations are solved for the
The LES technique is used to take into account the effect of large scale motion which is responsible for most of the momentum
turbulence in the vortex tube flow. The application of the LES and energy transport.
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 special
model is used to evaluate the small scales. The small scales

Time averaged total temperature, TTmal (K)

[ I .
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Fig. 3. Time averaged total temperature contours for the vortex tube in the r-x plane (case 1). Time averaging was performed between 0.4 and 0.8 s.
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3.2. Boundary conditions

The boundary conditions used are similar to our previous
work [23], the only difference being nitrogen-helium gas mix-
ture at the inlet. The total mass coming into the vortex tube ex-
its through the cold and hot exits. At the inlet a 0.90 mass
fraction of nitrogen (Yy,) and 0.10 mass fraction of helium
(Yyge) were set to be the inlet mixture. A radial velocity of
—20ms~! and an azimuthal velocity of 200 ms~! was provided
at the inlet. The total temperature at the inlet was set to
300 K. The pressure at the inlet was set to 401.325 kPa. Atmo-
spheric pressure was specified at the cold exit of the vortex tube.
The pressure boundary condition at the hot exit was varied in
order to control the mass flow rates between the two exits. Zero
gradient boundary conditions were specified for all the variables
at the outflow boundaries. The tube walls were considered to be
adiabatic and impermeable with no slip boundary condition for
the velocity. Details of the boundary conditions are presented
in Tables 1 and 2.

3.3. Numerical model

The CFD-ACE+ code [25] was used for the large eddy simula-
tions 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
[26] is used. A Crank-Nicolson scheme is used for the time
derivatives in the continuity, momentum and energy equations.
Time-step size of 10us was chosen for the Crank-Nicolson
scheme. Details about the spatial grid distribution are discussed
in the next section. The implicit calculations within a given time
step are continued for a convergence criteria of 107* for the
solving variables. The time marching calculations were termi-
nated when a pseudo steady-state behavior was observed,
which corresponds to steady fluctuations in velocity, tempera-
ture, pressure and density. In the present calculations the pseu-
do steady-state behavior became evident after 0.2 second
(Fig. 6).

4. Results and discussion

The fixed and variable parameters for the numerical study are
listed in Tables 1 and 2, respectively. Six different simulations
were carried out by varying the hot exit pressure boundary val-
ues. To eliminate the errors due to coarseness of grid, analysis
has been carried out for four different grid sizes 300 x 80
(24,000 cells), 400 x 120 (48,000 cells), 500 x 160 (80,000 cells)
and 550 x 180 (99,000 cells) for the base case (case 1). This
was done to ascertain that grid independent solutions were
achieved. For the base case the hot exit pressure was set to
191.32 kPa. Following Behera et al. [8] the total temperature
difference was considered to be the defining parameter for
the grid-independence study. The total temperature difference
is defined as the difference between the spatially and temporally
averaged total temperatures at the hot and cold exits
(AT wotatne = Teotatn — Teotate) Where, Ty is the time averaged total
temperature defined as Teo = 1 Sﬂ"” T dt, averaged over the
exit areas. The time averaging was performed between 0.4 and
0.8 s. It can be clearly seen that increasing the number of cells be-
yond 80,000 (500 x 160 grid size) does not result in significant
increase in the accuracy (Fig. 2). A grid size of 500 x 160
(80,000 cells) was therefore utilized for all the simulations con-
ducted in the present work.

Fig. 3 shows the time averaged total temperature
(Trota = 2 . ‘f:t?*“ Tt dt) in the r—x plane for the case 1. The sepa-

ration of the total temperature fields into regions of high energy
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Fig. 5. Time averaged helium mass fraction contours for the vortex tube in the r-x plane (case 1). Time averaging was performed between 0.4 and 0.8 s.

(high total temperature) along the tube wall and low energy along
the tube axis is evident. A distinct warm peripheral and a cold
inner core flow can be seen. The predicted total temperature in
the warm peripheral flow and cold inner core flow was ~335K
and ~265 K, respectively. For a hot exit pressure of 191.325 kPa a
maximum hot gas total temperature of 352.5 K and a minimum
cold gas temperature of 262 K were predicted where the inlet gas
total temperature was 300 K. Time averaged radial profiles of the
total Trowq and static T temperature at different axial locations
(x=50 mm, x=75mm and x =100 mm) for case 1 are shown in
Fig. 4. At an axial distance of 50 mm, the maximum and minimum
total temperatures were found to be 337 K and 263 K, respectively.
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. The minimum total temperature region is found to
span over a distance of ~2 mm, this coincides with the region of
minimum azimuthal velocity (see Fig. 10). The entire cold region
having a total temperature less than 300 K was found to exist up
to a distance of 5.2 mm from the tube center. Similar to the total
temperature, the static temperature also had the minimum near
the tube axis. The minimum static temperature was found to be
close to the minimum total temperature. At the tube wall the static
temperature had a maximum value of 330 K. In comparison to the
total temperature the static temperature was found to have a shar-
per gradient near the tube wall. The difference between the total
and static temperature profiles is a consequence of the kinetic en-
ergy distribution in the vortex tube. Conversion of kinetic energy
into the thermal one near the wall results in appearance of a sharp
peak of static temperature on the wall. On the other hand, radial
heat flux due to thermal conductivity increases the total tempera-
ture value near the wall. The azimuthal velocity component, which
is the dominant velocity component, has two minimums equal to
zero at the tube axis and at the wall, and the maximum near the
tube wall (to be shown). This results in a minimum kinetic energy
near the tube axis and a maximum Kkinetic energy near the tube
wall. With an increase in the axial distance both the total and static
temperatures in the cold and warm region was found to increase.
At an axial location of 75 mm the total and static temperatures
had a minimum temperature of 266 K and 265 K and a maximum
temperature of 342 K and 334K, respectively (Fig. 4(b)). In addi-
tion the span of the cold region was found to decrease from
5.2 mm at x =50 mm to 4.8 mm at x = 75 mm. Similar trends were
observed at an axial location of 100 mm (Fig. 4(c)). The total and
static temperatures had inner core minimums of 270 K and 268 K
and peripheral maximums of 345 K and 339 K, respectively. The
cold region at this location spanned up to a distance of 4.5 mm
from the tube center. Both the total and static temperature pro-
files predicted from the simulations are in very good qualitative
agreement to the measurements of Eiamsa-Ard and Promvonge
[18].

The time averaged helium mass fraction contours in the r-x
plane of the vortex tube are presented in Fig. 5 (case 1). It was ob-
served that very little mass separation occurred. At the periphery
the helium mass fraction was 0.100032 and at the center it was
0.099915, which resulted in a separation, Yue periphery — Y He inner-core
of 1.17 x 10~%. It is worth mentioning that simulations were also
conducted without the Soret diffusion term in Eq. (7). It was found
that without the Soret diffusion term the slightest gas separation
(Fig. 5) ceased to occur. The absence of a distinct gas separation
agrees favorably to the experimental findings of Linderstrom-Lang
[11]. It is necessary to note, that another mechanism of gas separa-
tion can exist: establishing of barometric distributions for different
gases in a strong centrifugal field. In that case concentration of the
heavier gas should increase in the radial direction faster than that
of the lighter gas. This principle is the basis of the isotope separa-
tion method in gas centrifuges [27,28]. Establishing this distribu-
tion is also a diffusion process like the Soret diffusion, therefore
typical rates of these processes should be the same. Though we
do not consider the equations that can describe the centrifugal sep-
aration, considering the results with including the Soret diffusion
we can conclude that any diffusion processes cannot result in sig-
nificant gas separation in a vortex tube.

In order to understand the temperature separation and the lack
of gas species separation we systematically investigated the com-
puted time-dependent flow, temperature and species fields in the
domain. Temporal variation of the axial u,, azimuthal u, and radial
u, velocity for the base case at the half radius region of the vortex
tube (x=75mm, r=5mm) are shown in Fig. 6(a), (b) and (c),
respectively. The period of time shown is between 0 and 0.8 s. After
~0.2 s, the system reaches a pseudo steady-state. The initial large
variation diminishes but steady fluctuations are still observed.
The LES scheme successfully captures the inherent velocity fluctu-
ations in the flow field. During the pseudo steady state, the axial u,,
and radial u, velocity was observed to fluctuate in between
+15.0m s~ ! and 3.0 m s}, respectively (Fig. 6(a) and (c)). The azi-
muthal velocity was found to fluctuate in between 140.0 and
150.0ms~! (Fig. 6(b)). The temporal variation of temperature,
pressure and density (not reported here) also showed similar pseu-
do steady behavior after about 0.2 s.

Fig. 7 shows the instantaneous stream lines in the r-x plane at
0.4 s for the base case. The instantaneous axial u, and radial u,
velocity components were used to calculate the streamlines. It
can be seen that there exists two regions in the vortex tube; a
peripheral flow region and an inner core flow region. The periphe-
ral flow leaves through the hot flow exit and the inner core flow
leaves the vortex tube through the cold exit. A reversal of the flow
in the inner core was found to be present. Vortex structures were
observed throughout the tube. Small non-stationary vortices were
observed to exist mostly in the inner core (cold) region of the tube.
These vortices were not observed by other researchers [7-10,18],
where simple and first order turbulence models were utilized.
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A small stationary vortex was also observed close to the inlet. The
small vortex observed near the inlet is similar to the secondary cir-
culation observed by Aljuwayhel [9] and Behera [8]. The presence
of small vortices suggests the presence of the eddy heat flux and
Reynold’s stresses, which exists due to the fluctuating component

of temperature and velocity. The time averaged streamlines in the
r-x plane from the same case are shown in Fig. 8. The streamlines
were obtained from the time averaged axial ii, and radial i, veloc-
ity components. The time averaged streamlines clearly show two
distinct regions, an outer peripheral flow and an inner core flow re-
gion. The small vortices that were present in the instantaneous
streamlines ceased to exist in the time averaged streamline pro-
files. The vortical structures observed throughout the vortex tube
at a given instant in time (Fig. 7) could be attributed as a temporal
phenomena. The time averaged streamline patterns (Fig. 8) indi-
cates that the outer peripheral flow happens to occur over a small
region (~2 mm in the radial direction) whereas the inner core flow
occurs in the bulk of the tube (about 8 mm in the radial direction).
The peripheral flow leaving through the hot exit is seen for the flu-
ids entering through the lower part of the inlet (near point ‘e’ in
Fig. 1). A small secondary circulation was seen to form near the
cold end exit. The presence of the secondary circulation near the
cold exit is due to the non-optimum cold exit diameter to vortex
tube diameter ratio d./d, of the vortex tube [8]. The d./d, ratio for
the present simulations is 0.30 which is lower than the optimum
d./d, (=0.58) value reported by Behera et al. [8]. The secondary cir-
culation is a performance degrading mechanism in vortex tubes
[8]. The secondary circulations result in enhanced mixing and in-
crease in the cold exit temperature. By selecting an optimum cold
exit diameter the formation of the secondary circulation can be
prevented.

The time averaged radial profiles of the axial u,, azimuthal i,
and radial u, velocity at different axial locations (x=50 mm,
x=75mm and x = 100 mm) are shown in Figs. 9-11, respectively
(case 1). The predicted velocity profiles are similar to that observed
in our previous study [23], where air was considered as the work-
ing fluid. The time averaged axial component of velocity i, is given
as, oy =4 [°"* udt where t,=0.4s and At=04s. The time
averaged axial velocity profile, shows a peripheral flow with a po-
sitive value and an inner core flow with a negative value. The po-
sitive and negative values of the axial velocity denote the
direction of the flow. The maximum axial velocity is found to exist
near the tube wall and the direction of the flow near the wall is to-
wards the hot end exit. The direction of the flow along the axis is
towards the cold end exit and has a lesser magnitude than that
at the periphery. The maximum value of the axial velocity in the
periphery was found to decrease with increasing axial distance.
Similar trends were observed for the axial velocity at the inner
core. The axial velocity profiles show that the flow reversal takes
place at ~6.5 mm from the axis of the tube for the base case
(Y.=0.57).

Comparing the velocity components, it is observed that the azi-
muthal velocity has the highest value (Fig. 10). The peak value of
the azimuthal velocity is larger by a factor of 2.7 than that of the
axial velocity. Similar to the axial velocity the magnitude of the
azimuthal velocity decreased towards the hot end exit. At axial
locations of 50, 75 and 100 mm the magnitude of the azimuthal
velocity was 228 ms~!, 211ms~' and 198 ms~!, respectively
(Fig. 10). The radial profile of the time averaged azimuthal velocity
indicates the formation of a small free vortex near the tube wall.
The magnitude of the azimuthal velocity at the inner core was
found to be negligibly small. The predicted azimuthal velocity pro-
files do not show the presence of a forced vortex through out the
inner core flow as claimed by Behera et al. [8] and Gutsol [17].
The time averaged values of the radial velocity component i,
(Fig. 11) is significantly smaller in magnitude compared to the ax-
ial and azimuthal velocity components. Compared to the axial and
azimuthal velocity the peak radial velocity was lesser by one and
two orders of magnitude, respectively. The radial velocity was
found to be mostly negative in the whole section (directed towards
the center) with positive values near the tube wall. The time aver-
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Fig. 7. Instantaneous streamlines for the vortex tube in r-x plane at 0.4 second (case 1).

Fig. 8. Time averaged streamlines for the vortex tube in r-x plane (case 1). Time averaging was performed between 0.4 and 0.8 s.

aged radial profiles of the radial velocity at different axial locations
(Fig. 11a-c) also indicates that significantly higher positive values
of the radial velocity occurred near the hot periphery. Apart from
the time averaged azimuthal velocity, both the axial and radial
velocity profiles predictions were in good conformity with those
reported by Gutsol [17].

Careful study of the data in Figs. 8-11 can explain formation of
vortex structures visible in Fig. 7. First of all, Fig. 10 shows that in
almost the entire volume the radial distribution of azimuthal
velocity satisfies the Rayleigh stability criterion [29] d(u, 1)/
dr > 0. Only in the cylindrical boundary layer where the azimuthal
velocity decreases faster than in a free vortex, this stability crite-
rion is violated. So, the radial distribution of azimuthal velocity
cannot be a reason of formation of the vortex structures that are
in the inner region of the tube. Profiles of the axial velocity u, dem-
onstrate very steep growth in the region 6 mm < r <9 mm. And this
shear stress is a reason of vortices in this region where the central
flow changes its direction of axial motion and an average axial
velocity is close to zero. Vortices in the central region, where there
is no significant shear stress in any direction, are coming from the
closed “hot” end of the tube (boundary g-h, Fig. 1). It is necessary
to note, that in real devices the throttle valve at the hot end usually
has a shape that prevents formation of such vortices that it is pos-
sible to see near the “hot end” in Fig. 7. Flat surface (boundary g-h,
Fig. 1) of the “hot end” is the area where strong rotation inside the
tube (that causes a strong radial pressure gradient) is terminated
by the flat boundary layer. Therefore in this region there are sev-
eral flows that have different directions in x-r plane: strong flow
to the “hot” exit (f-g, Fig. 1) along the cylindrical surface (e-f,
Fig. 1); inward-directed radial flow in the flat boundary layer
caused by strong axial pressure gradient; and large (in cross-
section) but slow flow of the gas that turns to the “cold” exit. Small
fluctuation in this region immediately results in formation of vor-
tices, and then the reversed “cold” flow moves these vortices which
slowly dissipate their energy along the axis. Another region for the
existence of strong shear stresses is the wall c-d (Fig. 1). However
fluctuations in this region do not have time to form vortices be-
cause of strong radial flows that remove these fluctuations to the
“cold” exit or mix them with the incoming flow.

In order to understand the temperature separation and the lack
of mass separation mechanisms we also calculated the correlations
between the various fluctuating components of the flow fields,
temperature fields and mass fraction (ul,u},u), Ty, and Y,).

X Yo
! ! / H !

The Ll; static» u;'Tstatic and u;ITstun'c correlatlons (u;:x‘r_()Ts[atic

1 qt=to+At " _ =

=2t Jimtg UiexroT staric dt Where t,=0.4 s and At = 0.4 s) are shown

in Fig. 12 as contour plots in the r-x plane of the vortex tube (case

1). The eddy heat flux pcp(Ui—xroTiqic) [30,31] is comprised of den-

. . — a7 . ; 7
sity, specific heat and the u;_, , T correlation. The ui_,  ,Tqqpe

correlation is the only term that takes into account the effect of

the fluctuating component. The contour plots of uj_,  Ti.; can

therefore indicate the effect of the eddy heat flux in temperature

separation. It can be seen that T, have large positive values
at the inner core and small negative values at the outer periphery

(Fig. 12(a)). In addition u,T,,,;. was found to decrease with an in-
crease in the axial distance; having the maximum near the cold

exit. This is a consequence of the decreasing axial velocity with

increasing axial distance (Fig. 9). The u,T,,,;. correlation indicates
the axial component of the eddy flux to be directed from the cold
end exit towards the hot end exit, which results in having a war-

mer inner core fluid near the hot exit (Figs. 3 and 4). Compared

to U, Thgiics U Tyaie Was found to be an order of magnitude smaller

(Fig. 12(b). The u, T, Was found to have the minimum value of
~—20m s~ ! K at the outer periphery of the tube, indicating an in-
ward direction towards the center radial eddy heat flux. In this re-

gion with negative radial gradient of circulation u, r, fluctuations

are caused by the Rayleigh instability [29]. At the core u.T:

r* static
had negligibly small values of ~—0.5 ms' K. The w/ T, contour

plots indicate the transfer of the eddy heat energy in the radial

direction. The values of u,T;, . were found to be comparable to

static
that of u,T,,,;.. A similar trend as that of u,T,,,,. was also observed

with the maximum magnitude being at the inner core (Fig. 12(c)).

The large positive value of u} T, at the closed end (near the hot

exit) is due to the presence of high temperature there (Fig. 3).

The u)T,,, also indicates significant eddy heat flux in the azi-
muthal direction.

Strong correlations observed in the axial areas in Fig. 12a and
c are in agreement with the mechanism proposed in [17]. If the
turbulent gas that has negative fluctuation of azimuthal velocity
near the inlet migrates fast to the axis because of centrifugal
separation [17] (due to the Rayleigh instability [29]), it brings
to the axis region negative fluctuation of azimuthal velocity to-
gether with fluctuation of static temperature. Fluctuation of sta-
tic temperature will be negative or very small if the gas comes
from the inlet and arrives directly to the cold exit area. If it
comes from the cylindrical boundary layer, that is warm, and ar-
rives to the central region of the tube, the temperature fluctua-
tion will be positive. This explains the negative correlation of
u,T,qic i the central region. The gas also brings positive fluctu-
ation of axial velocity as it comes from the area with higher ax-
ial velocity. This explains the positive correlation of u]Ty,. at
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the same region. Similar effect exists at the narrow cold exit
tube, where inward migration of azimuthally retarded “hot”
gas accelerates the axial flow (negative correlation of u,T};.
on the axis of the cold exit tube).
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Fig. 10. Radial profiles of time averaged azimuthal velocity u, = f;t‘(;”m u,dt, at
(@) x=50mm (b) x=75mm and (c) x=100 mm (case 1). Time averaging was

performed between 0.4 and 0.8 s.

Strong positive correlation u)T;,,. near the closed end of the

tube and strong irregularities in positive correlation u,T;,,,;, near
the axis at the same end, can be explained by the presence of
non-stationary but well developed vortices that move in these
areas (Fig. 7). The vortex formed near the closed end of the tube

in Fig. 7, independent on the direction of its circulation, brings
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to the almost stationary area near the axis and the end wall
(see Fig. 8) the gas near the cylindrical wall which has both high
azimuthal velocity and temperature. The vortices that are formed
near the “hot” end and move near the axis closer to the hot exit
(see Fig. 7) creates irregularities in positive correlation u/ T,
the inward flow at the boundary of these vortices splits near the
axis and can increase or decrease the positive fluctuation of the
axial velocity, while the temperature fluctuation is always positive.
At the opposite side of the vortex all fluctuations are just
opposite with the same gross result that creates irregularities in
the positive u, T, correlation. Flow of these vortices from the
“hot” end reduces the radius of the central regions with strong cor-
relations (Fig. 12a and c) and causes formation of areas around the
axis where the value of correlation u, T, drops and even changes
the sign (see Figs. 12a and c and 13).

Fig. 13 shows the profiles of u, T, .., U Tiie and u, Ty, along
the radial distance at different axial location (x =50 mm,
x=75mm and x =100 mm) for the base case. It can be seen that

w T, . and u)T, . are the dominant components which would re-

sult in significant eddy heat flux in the axial and azimuthal direc-

tion. In comparison v/ was found to be of negligible value.

T S[ﬂth

Small absolute values of u.T;,,,. show that the flow in the vortex
tube does not promote intensive turbulent heat transfer in radial
direction and indeed can be used for insulation of high tempera-

ture and reactive zones as it was claimed by Kalinnikov and Gutsol

[32] and Gutsol and Bakken [33]. The u,T,,,;. profiles indicated a
large positive peak at the inner core which diminished to very

small values within a distance of ~2 mm. The T, correlation

was found to have small negative values at the periphery. On the

other hand u,T,,,;. was predicted to have a large negative peak at
the inner core. This negative peak also decreased to very small val-
ues within a distance of ~2 mm from the tube center. It is neces-
sary to note, that because of the axial symmetry of the system,
fluctuation of the azimuthal velocity at the axis are equal to zero,

and this is a reason why the minimum of the correlation u,T;.

is not on the axis. In real systems (in the case of 3-D simulation)
precession of the gas rotation axis should cause significant fluctu-

ations of azimuthal velocity and correlation )T, should have a

static
minimum at the system axis. Similar to T, UyTeqic Was also
observed to have small negative values adjacent to the tube wall.
Apart from the small inner core and outer periphery region
T, ... was found to have small positive values in the bulk, which

spanned from ~2 mm to 8 mm. With an increase in the axial dis-
; . .
tance both u,T,,,;. and T, were found to decrease in magni-

tude. An exception was observed at an axial distance of 100 mm,

a significant positive peak for ujTy,,;. was found (Fig. 13(c)). As ex-

plained earlier, the strong positive correlation u)T,,,; near the
closed end of the tube is a result of well developed vortices formed
in this area (Fig. 7) in combination with the fact that the high tem-
perature zone exists near the closed end (Fig. 9). In addition, the
azimuthal component of velocity has large fluctuations due to

the presence of the end wall. It is worth mentioning that through-

out the vortex tube the large magnitudes of T, and u,T,,. are
found to exist at the inner core which coincides with the cold tem-
perature region (Fig. 4).

The radial profiles of uju’, u,u, and uju; at different axial loca-
tions (x=50 mm, x =75 mm and x =100 mm) for the same case
is presented in Fig. 14. The Reynold’s stresses puj_, i/, com-
prises of density and the fluctuating components of the velocity.
The off diagonal components (i # j) of the Reynold’s stresses are
shear stresses due to eddies and have a major contribution in vis-

cous heating [31]. The uju’, ujuj and uju. correlations are therefore

X TX

indicative of the shear stresses generated due to the small eddies.
The radial profiles of w,u’, v u) and uju. show that u/uj is the dom-

xr7x

inant component. Both v, u. and u/uj are found to be of negligibly
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Fig. 11. Radial profiles of time averaged radial velocity u, = [ t“*“ u,dt, at (a)
x=50mm (b) x=75mm and (c) x=100mm (case 1). Tlme averagmg was
performed between 0.4 and 0.8 s.
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small values. The large magnitude of u,u), implies the presence of
large shear due to the two dominant velocity components; axial
u, and azimuthal u,. The magnitude of ujuj increases with increas-
ing radial distance till ~1.2 mm. Beyond 1.2 mm the magnitude
decreases with an eventual sign change at 2.1 mm. Apart from
the small inner core region, the u,u;, component is found to have
positive values in the bulk of the tube (2.1 mm-10 mm). The peak
magnitude of uju} is found to be present at the inner core. Similar
to the U, Ty qic, U Terarics Uo Traric (Fig. 13), the ujuj profiles show a de-
crease in the magnitude with increasing axial distance (Fig. 14a-c).
The explanation for having such a distribution profile of the u/u,
correlation is same as that for u,Ty,, and u)T. . correlation
distributions.

The correlation between the fluctuating components of he-
lium mass fraction and static temperature was also calculated
to determine if a strong correlation similar to u;_, T, Was
present. The radial profiles of Yy, T, at different axial location
(x=50mm, x=75mm and x=100mm) for the base case are
summarized in Fig. 15. The plots indicates that there does not
exist a strong correlation between Yy, and T;,.. Very small val-
ues of Y, Ty, Were present at the inner core, whereas at the
bulk it was almost close to zero. The weak correlation further
suggests why such small amount of gas separation was observed
in simulated cases due to Soret diffusion. The energy equation
(Eq. (4)) has an energy flux term and also the pressure work
and viscous heating as source terms. The species conservation
equation (Eq. (7)), however, does not have any source term

tatic

and has both Fickian and Soret diffusion as the dissipative term.
The terms in the species conservation equation proposes that gas
separation is only possible through diffusion. In a vortex tube
the gas having sufficiently high velocity reduces the gas resi-
dence time in the tube and thereby hinders the gas separation
through diffusion. The high turbulence in the vortex tube en-
hances the mixing rather than assisting separation.

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 and gas separation. This was achieved by varying
the outlet pressure at the hot exit systematically (see Table 2).
Following both our previous work [23] and that of Skye et al.
[10], the total temperature separation at the cold and hot exits
is the absolute difference between the inlet temperature and
the respective exit total temperatures. The cold exit and hot exit
temperature separation as a function of cold mass fraction is
present in Fig. 16a and b, respectively. The time averaged total
temperatures at the hot and cold ends were spatially averaged
to obtain the values plotted. For the cold exit temperature sepa-
ration, |Towrin — Ttotatcoldexie] (Fig. 16a) it was found that the tem-
perature separation increased until 0.39 cold mass fraction,
beyond which it decreased with an increase in the cold mass
fraction. A cold mass fraction of 0.39 is the optimum mass frac-
tion for obtaining the maximum temperature separation at the
cold exit. This operating point for the system (maximum cooling)
depends both on the geometric parameters and the inlet condi-
tions of the incoming flow. The maximum cold temperature sep-
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Fig. 12. Contours of (a) u, T, correlation (b) u, T, correlation and (c) Ty, correlation for the vortex tube in the r-x plane (case 1). The time average was performed

between 0.4 and 0.8 s.
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aration of 38.7 K was observed for a cold mass fraction of 0.39.
Unlike the cold exit temperature separation the hot exit temper-
ature separation |Tiporexic — Ltotalin] Was found to increase with
an increase in the cold mass fraction (Fig. 16b). A maximum
hot gas temperature of 41.8 K was observed for a cold mass frac-
tion of 0.69 (the largest value of the cold mass fraction used in
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simulation). The gas separation as function of cold mass fraction
is presented in Fig. 17. Following Linderstrom-Lang the gas sep-
aration is the difference between the species content at the hot
exit and cold exit (Yyepotexic — Y He.coldexit)- Similar to the tempera-
ture separation the time averaged helium mass fraction at the
hot and cold ends was also spatially averaged to determine the
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Fig. 14. Radial profiles of wju,u,u, and uju; correlation at (a) x=50mm (b)

x=75mm and (c) x = 100 mm (case 1). Time averaging was performed between 0.4
and 0.8 s.
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gas separation effect. The gas separation was noticed to increase
with an increase in the cold mass fraction (Fig. 17). This is a
consequence of the increased total temperature separation with
increased cold mass fraction. The higher total temperature sepa-
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ration resulted in increased diffusion due to the Soret effect. The
maximum gas separation was predicted to be ~1.0 x 107 for a
cold mass fraction of 0.69.
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5. Conclusions

Numerical simulations of gas species and temperature separa-
tion in a counter flow Ranque-Hilsch vortex tube for a nitrogen-
helium gas mixture were conducted. LES technique was used to
model the turbulence effects. The LES methodology is based on
direct solution of the large scales and sub grid scale approximation
for the dynamic viscosity. The simulations indicated the axial and
azimuthal velocities to be the dominant components. In the inner
core very negligible azimuthal velocity was predicted which is con-
trary to the general perception that in counter flow Ranque-Hilsch
vortex tube, the entire core flow is a forced vortex. The small
peripheral region was predicted to have free vortex like character-
istics. The radial velocity which had the smallest magnitude was
found to be directed towards the tube center through most of the
tube volume and towards the tube near the wall. The instanta-
neous streamlines showed the presence of small vortices through
out the vortex tube. However the small vortical structures were
found to be more prominent in the inner core regime.

The time averaged profiles indicated a hot peripheral flow and a
reversing cold inner core flow together with a small secondary circu-
lation near the cold exit. The time averaged species mass fraction
separation predicted in the simulation due to the Soret diffusion
was found to have very small value. Correlations between the fluctu-
ating components of velocity, temperature and species mass fraction
(ul, ul, uly, Ty @nd Yy,) were calculated to understand the separa-
tion mechanism. Large magnitudes of u, T, ;. and u,T,,,; were pres-
ent at the inner core, which suggested the presence of significant
eddy heat flux in the axial and azimuthal direction. The
wur, w ., and ujul correlations revealed w,uj, to be the dominant
component. The large values of ujuj at the inner core suggested
the presence of large Reynold’s stresses due to the axial and azi-
muthal velocity components. Very weak correlation was found to
be present for Yy, T, Which explains why such a small amount
of gas separation occurred due to Soret diffusion.

The effects of cold mass fraction on the temperature and gas
separation effect were studied. The cold mass fraction was varied
by varying the hot exit pressure. Apart from the cold mass frac-
tion range of 0.28-0.39 the cold exit temperature separation
was found to decrease with an increase in the cold mass fraction.
The maximum cold exit temperature separation of 38.7 K oc-
curred for a cold mass fraction of 0.39. Unlike the cold exit tem-
perature separation, the hot exit temperature separation was
observed to increase with increasing cold mass fraction. The max-
imum hot exit temperature separation of 41.8 K was for a cold
mass fraction of 0.69 (the largest value of the cold mass fraction
used in simulation). Over the entire cold mass fraction range very
small amount of gas separation was predicted. The gas separation
was observed to be in the range of 0.8 x 107%-1.0 x 10~* which is
negligible for any practical consideration. Since the Soret diffusion
was the governing mechanism for gas separation, the gas separa-
tion increased with increased cold mass fraction as a result of in-
creased temperature separation effect.
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