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A three-dimensional numerical model of Ranque-Hilsch vortex tube has been developed using the com-
mercial CFD code (Star-CD) to analyze the flow parameters and energy separation mechanism inside the
tube. Investigations have been done on the variation of fluid properties and flow parameters as the fluid
particles progress in the flow field by tracking different particles exiting through the hot and cold end.
Fluid properties like stagnation temperature, static temperature, static pressure and total pressure and
flow parameters like axial, radial and swirl velocities are obtained along the axial and radial directions
to understand the flow behaviour inside the tube. The presence of free vortex zone inside the tube also
has been investigated. Possible energy transfer mechanisms are discussed and an estimate has been made
on the magnitude of energy transfer from the cold end exit flow to hot end exit flow. Effects of secondary
circulation and length of the tube on energy separation also have been evaluated.
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1. Introduction

Vortex tube known also as Ranque-Hilsch tube was invented by
Ranque [1] in 1933, while it was analyzed by Hilsch [2] in 1947.
The flow of any fluid rotating about an axis is called a vortex. In
the vortex tube, the vortex motion is created by tangential injec-
tion of a compressed fluid, which separates into two streams,
one hot and the other cold. When compressed gas is injected
through one or more tangential nozzle(s) into a scroll chamber, a
strong circular flow field is established, giving rise to a non-uni-
form temperature field. The gas layers closer to the axis are cooler
than the incoming feed gas and the peripheral layers of the gas are
hotter. In a counter flow vortex tube, a fraction of the feed gas exits
as cold core flow at the central zone of one end of the tube through
an orifice and the balance fraction of flow exits as hot peripheral
flow at the opposite end through a throttle valve. A large number
of investigators up to now have postulated that the peripheral
hot stream is a free vortex in which the angular velocity increases
with decreasing radius and the inner cold stream is a forced vortex
where the angular velocity is proportional to the radial distance.

Many theories [3-5] postulated to explain the temperature sep-
aration of the flow in the vortex tube, have a weak link and are not
able to convincingly explain the mechanism of energy separation
taking place between the core and the peripheral flows in the vor-
tex tube. Also, several numerical investigations [6-9] by using var-
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ious numerical models have been conducted to understand the
flow behaviour and the energy separation mechanism in Ran-
que-Hilsch vortex tube. No exact theory has come up till today.
The work reported here is an attempt to use CFD analysis to pro-
vide a clear insight into these mechanisms.

2. Numerical modeling

A three-dimensional numerical model of the Ranque-Hilsch
vortex tube has been developed using code system of Star-CD (fi-
nite volume approach developed by Computational Dynamics
Ltd.). The program has the provision for solving compressible and
turbulent flows. The conservation equations used for mass and
momentum in Cartesian coordinate (Star-CD Methodology and
User Guide [10]) are as below.

0 0

5P +6_x,-(puj) =Sm (1)
0 0 oP

at (pui) +aT(j(P”j”i —Tj) = *afxi* Si (2)

Considering high velocity (close to Mach 1) and compressible fluid
flow, the total enthalpy equations have been solved.

0 0 oP
3t (PH) +a—xj(pujH—th — UiTy) = 37+ Sitli + S 3)
where, H =h + lu?.

The flow in the vortex tube is assumed to be steady and peri-
odic. The working fluid (air) has been modeled as ideal gas where
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Nomenclature
A tube cross-sectional area T temperature
G specific heat of air assumed to be constant and equal t time
t01.005 kJ/kg K u swirl velocity (ms~1)
d diameter U; fluid velocity component in xi-direction
D diameter of vortex tube v radial velocity
dT temperature gradient across the control volume bound- w axial velocity
ary w work
dv axial velocity difference across the control volume Xi cartesian coordinate (i=1, 2, 3)
boundary
dx finite distance of cell centroids on either side of bound- Greek symbols
ary normal to the boundary surface B coefficient used in Eq. (5)
Fpj diffusion thermal energy flux in xi-direction € turbulence dissipation rate
h static enthalpy o coefficient used in Eq. (5)
H total enthalpy Y specific heat ratio
K thermal conductivity u dynamic viscosity
Kete effective thermal conductivity (=K + K;) w angular velocity
k turbulence kinetic energy p density
L length of the vortex tube W stream function
M Mach number Tjj stress tensor components
m mass flow rate T shear stress
P piezometric pressure 0 angle
P, Prandtl number taken close to unity (0.9)
Q heat flux Subscripts
r radius C cold gas
b radial distance of control volume boundary from the h hot gas
axis i inlet in vortex tube
Si momentum source components t turbulent
Sh energy source st static
Sm mass source
p = f{T,P). Molecular viscosity, specific heat and thermal conductiv-
ity are considered to be constant. Prandtl number is taken as con-
stant and close to unity (P, =0.9).
The RNG k-¢ turbulent model in conjunction with law of the
wall function is employed to account for turbulence. This model
uses RNG (Re-normalization group) methodology of Yakhot and
Orszag [11] for the governing equation of turbulence and model
coefficients have been revalued. This model accounts the effect of m“'E'E
swirl on the turbulent intensity and calculates, rather than as-
sumes, a turbulent Prandtl number [7].
The equations involved in RNG k-¢ model for turbulence energy
and turbulence dissipation rate [10] with standard notations are
given as
d d - Mg O
T (pk) + ™ <pu]k s a_)g>
2 ou; ou;
:ut(P+Ps)—ps—§(uta—X:+pk)a—X: 4)
] 0 [ - U O & 2, oy ou;
&(ps) +6_Xj (PUJS—Eﬁ—Xj) = Celk {Htp—g(ﬂta—xiprk)a
€ &
+Cs k'utPB Cszp k Fig. 1. Three-dimensional model of vortex tube in 60° sector.
Ou CuP(1—n/no) pe
+ CAPéa—Xi T A4 pp k
() Hegr = 1+ Hy

where

Cg1, Cea, Cez and Cgy are co-efficients and given by 1.42, 1.68, 0.0
or 1.42 (if Pz > 0 and 0 otherwise) and —0.387, respectively. Cy, 1o,
og, 0 0 and p are empirical coefficients usually taken as con-
stants. S;; is element of mean strain and is twice of s;;.
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In the present studies we could not use LES model due to conver-
gence problems. Otherwise LES model could have captured tran-
sient flow patterns and temperature separation in Ranque-Hilsch
vortex tube. Farouk et al. [12] have successfully used the LES tech-
niques to predict the flow field and the temperature separation
more accurately as compared to k-¢ model and could show small
vortices in the core flow regime in Ranque-Hilsch vortex tube.
The temperature separation predicted by LES model is in good
agreement with the numerical and experimental results by Skye
et al. [8].

The geometry of the model is identical to the vortex tube used
for experiments [13]. Optimized parameters for a 12 mm diameter
counter flow vortex tube used in the analysis are,

L/D=30,d. =7 mm, A;/A=0.07
Number of nozzles = 6 (convergent)

The boundary conditions are derived from experimental mea-
surements at respective locations of the vortex tube. Dry and oil free

air is supplied to the vortex tube with a stagnation pressure of
0.55 MPa (absolute) and total temperature of 300 K at the nozzle in-
let. Hot and cold end outlets are applied with pressure boundary
condition measured from the experiments. Adiabatic walls are used
with no-slip conditions. Axi-symmetric flow assumption may not be
appropriate for vortex tube having finite number of nozzles. As the
flow inside the tube is periodic having six numbers of convergent
nozzles, a 60° sector is modeled with cyclic boundary conditions
as shown in Fig. 1. 3D modeling of the vortex tube will eliminate
the errors in the estimation of velocity components at the inlet
and exit locations and the area of air inlet. Hexahedral meshes con-
sisting of 0.89 million cells with refinement at inlet, outlet and wall
are used for the analysis. Mesh dependency study shows no appre-
ciable changes in results beyond this mesh density [13].

3. Flow analysis

CFD analysis has been done to investigate the variation of static
and total temperatures, static and total pressures as well as
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Fig. 2. Velocity components of the tracked particle as it progresses in flow field: (a) particle exiting through hot end, (b) particle exiting through cold end after flow reversal

(+ve Z: particle moving in +ve Z-direction, —ve Z: particle moving in —ve Z-direction).
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Fig. 3. Radial profile of velocity components: (a) swirl velocity, (b) axial velocity and (c) radial velocity.

the velocity components of the particle as it progresses in the flow the particles to understand the flow phenomenon inside the vortex
field, starting from the entry through nozzle to the exit by tracking tube. Vortex tube with L/D ratio of 30 has been considered for
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analysis where the stagnation point lies within the tube reversal have been plotted in Fig. 5. Total pressure of the particle

length [13]. varies similar to that of velocity as it moves to the hot end exit

and the static pressure variation is minimal. Most of the expansion

3.1. Velocity components takes place within the nozzle, where the static pressure drops from

inlet pressure of 5.5 bar to about 2.7 bar, leading to near sonic

The variation of axial and swirl velocity components for typical velocity of the particle. Static pressure does not change much
particles exiting through hot and cold end after flow reversal near thereafter along the tube till hot end.

stagnation point are shown in Fig. 2. Both velocity components of The cold end exiting particle expands similar to hot end exiting

the particle decrease gradually as it moves on to hot end exit as particle till it reaches stagnation point. After flow reversal the par-
shown in Fig. 2a. Swirl velocity has much higher magnitude ticle further expands from 2.2 bar at stagnation point to nearly
(300 m/s) than axial (55 m/s) at the inlet zone but decreases rapidly atmospheric pressure at cold end exit leading to increase in nega-

as the particle progresses towards the hot end. Fig. 2b shows the var- tive axial velocity. Total pressure matches to static pressure during
iation of the axial and swirl velocity for the particles which move reverse flow but attains a higher value than static pressure towards
along with hot end particles till stagnation point and exits through exit due to increase in velocity.

cold end. It is observed that both the velocity components vary sim- Static pressure increases along radial direction at all Z cross-sec-
ilar to the particles exiting through hot end. The drag force caused by tions as shown in Fig. 6, leading to negative radial velocity of the
the difference of pressure between flow field and cold end exit will particle as shown in Fig. 3. Difference of pressure between periph-
continuously act on particles moving towards the hot end. When the eral layers to core layers decreases with increasing axial distance
particle is not left with any momentum to flow against this pressure from inlet.

gradient, its axial velocity ceases to zero and later on reverse its
direction of flow, by moving towards the cold end exit. Further acted 3.3. Temperature components
by the differential pressure, the particle expands causing to consid-

erable increase in axial velocity in negative direction. Temperature profile of the particle as it moves on from inlet to

Variation of velocity components along radial direction are hot end exit has been illustrated in Fig. 7a. Static temperature at
shown in Fig. 3a-c. As shown in Fig. 3a, the variation of swirl veloc- the nozzle exit drops down to 255 K from 300 K at the inlet as a re-
ity along the radial direction does not show any conclusive evi- sult of isentropic expansion of the particle in nozzle from 5.5 bar to

dence of the existence of free vortex zone inside the tube except 2.7 bar. This is the lowest static temperature in vortex tube. As par-
near the inlet zone. The same has been verified and found to be ticle progresses towards hot end, it gains thermal energy and tem-

so even for bigger diameter (D = 24 mm) vortex tube as shown in perature increases. Most of the energy interaction takes place
Fig. 4. Most of the flow inside the tube is governed by forced vortex within its initial 10D length of the tube. Small increase in temper-
regime where the swirl velocity is proportional to the radius. ature is noticed beyond this length. Static temperature slowly

Fig. 3b shows the axial velocity magnitude and the thickness of catches the total temperature curve as the velocity of the particle
both the flow regions (in radial direction) moving in opposite reduces gradually towards hot end exit because of the conversion

direction. Thickness of cold end exit region comes to zero at axial of kinetic energy into thermal energy by the action of viscous
distance of 280 mm from inlet, which is the stagnation point. Ra- shear.
dial velocity represented in Fig. 3c is very small in magnitude. Par- As illustrated in Fig. 7b, even the particles exiting through the
ticles at all cross-sections are moving towards the axis expanding cold end follow the same trend of temperature increase during
from high to low-pressure zone. its flow towards stagnation point i.e temperature increases along
the tube length. Temperature of this particle drops drastically after
3.2. Pressure components flow reversal, loosing its energy to peripheral particles on its travel
to cold end exit.
Variation of static and total pressure of two particles, first one A closer look at the static temperature plot gives an insight to

exiting through hot end and the second through cold end after flow the cause of radial heat transfer. It can be seen from Fig. 7b that
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Fig. 4. Radial profile of swirl velocity for 24 mm diameter vortex tube.
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Fig. 5. Pressure of the tracked particle as it progresses in flow filed: (a) particle exiting through hot end, (b) particle exiting through cold end after flow reversal (+ve Z:

particle moving in +ve Z-direction, —ve Z: particle moving in —ve Z-direction).

the static temperature of particle moving towards stagnation point
is less than the static temperature on its way back to cold end exit
at the same Z cross-section. Though the total temperatures of
peripheral layers are higher than core layers, the static tempera-
ture is less due to higher kinetic energy part in it. Total tempera-
ture of a compressible fluid is represented by

T=Ty {1 ¥ /;—11\/12} (6)
The particle at the inlet with total temperature of 300 K and Mach
number equal to 1.02 will have static temperate of 248 K, which
is less than particle at core having static temperature of 256 K with
total temperature of 270 K and Mach number equal to 0.5.

Radial profile of static and total temperature is plotted in Fig. 8.

The decrease in static temperature in radial direction creates the
temperature gradient for the heat energy to flow radially. This tem-

perature gradient is maintained throughout the vortex tube length
by the velocity gradient in radial direction. Radial velocity differ-
ence and hence static temperature gradient is maximum near inlet
zone resulting in maximum heat transfer within the tube length of
L/D =10. However, by the action of shear created by the no slip
boundary condition at the wall, static temperature increases radi-
ally very near to wall. In this region heat transfer will be in nega-
tive radial direction i.e. radially inwards. The magnitude of heat
transfer has been discussed under Section 4.

4. Energy separation mechanism

Pressure at the inlet is the source of energy for energy separa-
tion in vortex tube. Core flow fluid particles are getting colder by
loosing energy to peripheral flow particles. With this energy gain
and conversion of kinetic energy to thermal energy by the action
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Fig. 6. Radial profile of static pressure.

of viscous shear, peripheral particles are getting heated up. Various
theories have been proposed so far to explain this radial energy
transfer. Secondary circulation flow proposed by Ahlborn and
Groves [4,14] can not be the energy separation mechanism as dis-
cussed in our previous paper [13]. Contribution of acoustic stream-
ing to energy separation [5] can be neglected as the energy
separation phenomenon in our studies has been executed numer-
ically with considerable agreement with experimental results
without simulating acoustic streaming effect. Validity of intensive
turbulent pulsation theory proposed by Hartnett and Eckert [15] is
under serious doubt as the existence of free vortex zone in entire
vortex tube can be discarded. In a very short span of time and
length, free vortex becomes forced or quasi-solid vortex by the ac-
tion of tangential stresses as stated by Gutsol [3]. Centrifugal sep-
aration of stagnant elements as stated by Gutsol is evident in
vortex tube flow, but this does not contribute to radial energy
transfer. A close look at the flow field and fluid property variation
within the vortex tube will enlighten on the possible source for the
radial energy transfer. It is evident from Fig. 9 that the angular
velocity decreases radially outwards. This velocity gradient will
lead to the transfer of work from fast moving layers to the slow
moving layers i.e from inner layers to the peripheral layers in this
case. This is in conformity with the observation of Aljuwayhel et al.
[7] and supports the original energy separation theory proposed by
Hilsch [2] wayback in 1947.

It can be seen from Fig. 8 that, the static temperature decreases
radially i.e inner core flow layers are at higher static temperature
than the peripheral layers except very near to the wall. This static
temperature gradient leads to the transfer of heat from higher sta-
tic temperature region to the lower static temperature region.

Though the magnitude of axial velocity is small compared to
swirl velocity, it cannot be completely ignored. Axial velocity in-
creases radially as shown in Fig. 3b, resulting in some work trans-
fer from peripheral layers to their inner layers by the action of
viscous shear.

To calculate the magnitude and direction of heat and work
transfer, the flow field needs to be divided into two control vol-
umes, a cold end exit flow region and a hot end exit flow region.
Assuming the flow is axi-symmetric, the stream function can be
defined as

1//:/0. pwrydr (7)

Streamlines for the three-dimensional model has been plotted
using contour plot of stream function as show in Fig. 10. The divid-
ing stream line is shown in Fig. 10b. The fluid outside this stream
line flows through the hot flow exit and that inside is flows
through the cold flow exit. Hence the transfer of energy across this
stream line should give the energy transfer between the cold and
the hot streams. The energy transfer takes place due to the shear
work and heat transfer and these can be obtained by integrating
the corresponding energy of line normal to the stream line over
the dividing stream surface.

The magnitude of work transfer across the control volume
boundary is given as

" dw
_ _ 2
W= / er = 2n‘urbu—dx (8)

where Q is the surface of revolution of the dividing stream line.
Direction of heat flux depends on the location of the control vol-
ume boundary. If it lies within the boundary layer where static
temperature increases radially then heat flux will be directed to-
wards axis and if the thickness of hot flow region is thick enough
to keep the boundary of control volume outside the boundary layer
then heat flux will be radially outwards. Magnitude of heat flux
across the control volume is calculated by following equation.

o= [ [a=2nkan ©)
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Fig. 7. Temperature of the tracked particle as it progresses in flow field: (a) particle exiting through hot end, (b) particle exiting through cold end after flow reversal (+ve Z:

particle moving in +ve Z-direction, —ve Z: particle moving in —ve Z-direction).

Turbulent conductivity is calculated by equation

_ kG
K: = P (10)
Work transfer due to shear stress in axial direction is calculated
with following equation.

dw
W://QI,Z:ZH,Lm,wa (11)

Radial shear stress contribution to the total energy transfer can
be neglected because of its minimal magnitude.

Rate of energy transfer for vortex tube with L/D = 10 has been
shown in Fig. 11. The energy separation in vortex is due to predom-
inant contribution of work transfer due to viscous shear in tangen-
tial direction. Work transfer due to viscous shear in axial direction
in negative region indicates the work transfer has been from hot
flow to cold flow. Heat transfer across the control volume bound-

ary is in negative zone except very near to inlet. This is because
of smaller thickness of hot flow, the control volume boundary is
within boundary layer where the static temperature increases
radially. Magnitude of energy transfer in vortex tube of L/D =10
and 30 are given in Table 1. Energy separation from CFD model
has been calculated using the equation

E= mhhh — mhh,» (12)

The calculated magnitude of energy transfer using Egs. (8), (9)
and (11) is in conformation with the CFD results.

As seen from Fig. 11, rate of work transfer due to viscous shear
in tangential direction does not cease to zero within the tube
length of L/D=10. A longer vortex tube with L/D =30 has been
examined to cover the additional work transfer taking place be-
yond 10D length. Rate of energy transfer along axial distance is
shown in Fig. 12 for L/D = 30. As seen from the figure the stagnation
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Fig. 8. (a) Radial profile of static temperature and (b) radial profile of total temperature.

point lies at a distance of about 240 mm from the inlet. The in-
creased length has contributed to additional energy transfer of
about 25% as shown in Table 1. The difference between calculated
net energy transfer and the energy transfer computed by CFD mod-

el could be because of the neglected radial shear stress contribu-
tion to the total energy transfer.

To reduce the negative heat flux and hence increase the effi-
ciency of vortex tube, vortex tube with higher hot gas fraction have
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been analyzed so as to increase the thickness of hot gas region and
bring the control volume boundary outside the boundary layers.
Model with smaller number of cells have been used for these stud-
ies to reduce the time taken for computational analysis. This will
lead to values of smaller magnitude of energy transfer than actual
but are sufficient for a comparative study. Rate of energy transfer
for hot end mass fraction of 15%, 26% and 35% have plotted in
Fig. 13a-c for comparison. As seen from figures, the heat flux line
has shifted into positive zone for higher hot mass fraction except
near inlet zone. The magnitude of heat and work transfer is given
in Table 2. As a result of significant reduction of negative heat
transfer, the total energy separation has increased considerably.
This explains the increase of efficiency of vortex tube at higher
hot gas fraction. Most of the energy transfer is taking place within
first 100 mm of the tube as seen from the rate of energy transfer
plot which matches well with the temperature plot of the tracked

particle in Fig. 7. Rate of energy transfer reduces away from the in-
let and cease to zero at stagnation point. Difference between calcu-
lated net energy transfer and the energy transfer computed by CFD
model is found to be more at higher hot gas fraction because of the
increased negative energy transfer by radial velocity component,
as the control volume boundary will not remain parallel to tube
wall at higher hot gas fraction.

A degrading factor for the vortex tube performance is the sec-
ondary circulation flow which critically depends on the cold end
diameter [13]. It has been shown [13] that for a 12 mm diameter
vortex tube with L/D =30, cold end diameter of 5 mm produces
secondary circulation flow whereas the secondary circulation flow
is completely eliminated for d. = 7 mm. Experimentally it has been
shown that the above dimension vortex tube produces a tempera-
ture difference between the hot and cold end exit of 94 K for
d.=5mm and 123 K for d. =7 mm [13]. The magnitude of heat
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Fig. 11. Rate of energy transfer for L/D = 10, d. = 7 mm, hot end flow = 26%.

Table 1

Magnitude of energy transfer for straight vortex tube with D = 12 mm, d. = 7 mm and
hot end flow = 30%

L/D Tangential work  Axial work Heat Net energy  Energy transfer

ratio work transfer transfer transfer  transfer by CFD model
W) W) W) W) (W)

10 295.477 —50.57 —85.039 159.87 154.2

30 297.898 —47.017 -51.01 199.87 192.3

and work transfer for cold end diameters of 5 mm and 7 mm for
different hot gas fractions are shown in Table 2. The net energy
transfer is around 82 W for d. =5 mm when compared to 104 W
for d. = 7 mm for the same vortex tube of L/D = 10 and hot gas frac-
tion of 35%. It is observed that the existence of secondary circula-

tion flow (for cold end diameter of 5 mm) has reduced the total
energy transfer by about 21%.

5. Conclusion

A three-dimensional numerical model of Ranque-Hilsch vortex
tube has been developed to analyze the flow parameters and en-
ergy separation mechanism inside the tube. An attempt has been
made to investigate the variation of fluid properties and flow
parameters as the fluid particles progress in the flow field by track-
ing different particles exiting through the hot and cold end.

o For the hot end exiting fluid particles, the swirl and axial veloc-
ities are maximum in the flow inlet zone and at this zone, swirl
velocity is about 6 times higher than the axial velocity. For the
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Fig. 12. Rate of energy transfer for L/D = 30, d. = 7 mm, hot end flow = 30%.
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Fig. 13. Rate of energy transfer for L/D = 10, d. = 7 mm: (a) hot end flow = 15%, (b) hot end flow = 26% and (c) hot end flow = 35%.
cold end exiting fluid particles up to the stagnation point, the where the axial velocity becomes zero, its value increases to

swirl and the axial velocity profiles are similar to those of the substantially higher values as the flow is accelerated by pressure
hot end exiting fluid particles. However, from stagnation point, difference between the flow field and cold end exit.
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Table 2

Magnitude of energy transfer for straight vortex tube with L/D =10, D =12 mm

Cold end diameter Hot end flow Tangential work transfer ~ Axial work transfer Heat transfer Net energy transfer Energy transfer by CFD model
(mm) (%) W) W) W) (W) W)

7 15 141.65 -21.42 —66.93 53.30 52.27

7 26 134.85 -26.19 -32.79 75.87 77.64

7 35 131.35 —28.12 -11.59 91.63 104.40

5 35 128.64 -27.49 -20.71 80.43 82.00

The swirl velocity profiles in the radial direction at different
axial lengths show that the flow in the vortex tube is largely
governed by the forced vortex regime, except at inlet zone
which has a free vortex regime. This is contrary to the general
perception that in Ranque-Hilsch vortex tube, the entire periph-
eral flow is free vortex and the core flow is forced vortex.
There is a large drop in the static pressure in the nozzle, giving
rise to nearly sonic velocity of the particles exiting the nozzle
and thereafter only marginal reduction in static pressure up to
stagnation point. However, both the static and total pressure
decreases near to atmospheric pressure during the fluid flow
from stagnation point to cold end exit.

The lowest static temperature in the vortex tube is at the nozzle
exit. Thereafter the static temperature for both the flow towards
hot and cold end exits increases substantially in the first 10D
length of the vortex tube and eventually reaches the value of
the total temperature at the stagnation point. This can be attrib-
uted to the conversion of kinetic energy to thermal energy by
the action of viscous shear forces. Thus there is no cooling pro-
cess taking place in the vortex tube up to the stagnation point
when moving from the inlet towards the hot exit even for a par-
ticle exiting from the cold end.

For the fluid particles moving from the stagnation point towards
the cold end exit, there is significant drop in static and total tem-
peratures due to the energy transfer to peripheral particles.

At any axial location, the static temperature of the fluid particles
moving towards stagnation point is less than the static temper-
ature of the particle on its travel from the stagnation point to
cold end exit except at the inlet zone. This sets up the direction
of heat transfer between the core and the peripheral flow in vor-
tex tube.

It is observed that in vortex tubes the angular velocity of the
particles decreases radially outwards. This angular velocity gra-
dient between the fast moving inner layers and the slow moving
peripheral layers sets up energy transfer due to the action of vis-
cous shear, resulting in the cooling of the core flow exiting
through cold end.

Since axial velocity of core flow increases radially, this sets up a
counter acting energy transfer of viscous shear from peripheral
layers to inner layers, though of lesser magnitude.

Net energy transfer analysis involving tangential work transfer,
axial work transfer and heat transfer through control volume
analysis shows that by increasing the L/D ratio from 10 to 30

for the vortex tube investigated, the net energy transfer could
be increased by about 25%, primarily due to decrease in heat
transfer from peripheral to core flow.

e The higher thermal efficiency of vortex tube at higher hot gas
fraction is due to substantial reduction in the negative heat
transfer.

e For the same vortex tube and at the same hot gas fraction, an
improper cold end diameter sets up secondary circulation flow
and results in the reduction of energy transfer. By optimizing
the cold end diameter higher energy transfer can be achieved
in vortex tubes.
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