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A Ranque-Hilsch vortex tube is a mechanical device that separates a high pressure
gas stream into low pressure hot and cold streams. In this study, four different two
equation turbulence models namely the standard k-, RNG k-¢, Realizable k-¢, and
Standard k-o models were compared to identify the appropriate turbulence model
for studying the energy separation effect in a Ranque-Hilsch vortex tube. Compari-
son between the numerical and experimental results indicates that the Standard k-
model is better than other models in predicting the energy separation phenomenon.
The distributions of temperature, pressure, and components of velocity have been
obtained in order to understand the flow behavior inside the tube. The effect of cold
outlet diameter on temperature drop and refrigeration capacity was studied. The
effect of cold mass fraction on the movement of stagnation point and refrigeration
capacity has been investigated. Moreover, the feasibility of improving the cooling
performance of vortex tube using the cooling system was investigated. The present
numerical results revealed that using the cooling system, the net energy transfer
rate from cold inner region to the hot peripheral region increases, thereby improv-
ing the cooling performance of the device.
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NUMERICAL INVESTIGATION ON COOLING PERFORMANCE OF

Introduction

A Ranque-Hilsch vortex tube (RHVT) is a simple device that produces hot and cold
flow from a high pressure gas. Figure 1 shows a schematic diagram of a RHVT [1]. Compressed

gas enters the RHVT via one or more

tangential nozzles that are placed on Air inlet

one side of.the tube gnd attgins a high irin [ Nozzle  coig air ¥ Hot air
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tube. This rotational flow moves to the “higzea ¥ Cone valve
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other side of the tube. A part of the gas
exits from the hot outlet at the end of
the tube; however, adjusting the con-

Figure 1. Schematic diagram of a Ranque-Hilsch vortex
tube [1]

* Corresponging author; e-mail: pouraria@pusan.ac.kr



Pouraria H., Park W.-G.: Numerical Investigation on Cooling Performance ...
1174 THERMAL SCIENCE: Year 2014, Vol. 18, No. 4, pp. 1173-1189

trol valve downstream of the hot outlet, causes the other part of the gas to reverse its flow and exit
from the cold outlet, which is placed on the same side as the inlet nozzles. The total temperatures
of the streams of gas leaving through the hot and cold outlets are higher and lower, respectively,
than the inlet temperature. This effect is referred to as the energy (temperature) separation effect.
This device was first discovered by Ranque in 1933 [2]. Later, a comprehensive study on the geo-
metrical and performance parameters of this device was carried out by Hilsch [3].

Owing to the numerous advantages of a RHVT over normal commercial refrigeration
devices, it has found applications as an appropriate device for heating and cooling gases [1], lig-
uefying natural gases [4], cooling equipments in laboratories [5], cooling for low temperature
magic angle spinning [6], and other purposes. Although RHVT has a simple geometry, the en-
ergy separation phenomenon that occurs in this device is quiet complex. Many researchers have
studied the energy separation effect ina RHVT and have considered different factors in order to
explain it. Among the proposed reasons, the pressure gradient and energy transfer due to shear
work and heat transfer are more popular than the others. The flow field in a RHVT involves a
strong recirculating flow, and the presence of experimental instruments affects the flow field,
thereby occasionally leading to opposite conclusions. Recently, by using computational fluid
dynamics (CFD), some researchers have studied the energy separation effect ina RHVT.

Frohlingsdorf and Unger [7] used CFX code with k-¢ model. Aljuwayhel et al. [8] in-
vestigated the energy separation effect by using the Standard k- and RNG k- models. They
found that the work transfer between cold and hot regions plays an important role in the energy
separation effect and observed that the results from the Standard k-e model were closer to the ex-
perimental results when compared to the results from the RNG k-¢ model. Skye et al. [9] used
the Standard k- and RNG k-¢ models, their results also suggested that the Standard k-¢ model is
more effective in predicting the energy separation phenomenon than the RNG k-¢ model.
Behera et al. [10] used the RNG k-¢ model and investigated the effect of size, shape, and number
of nozzles on the performance of a RHVT. Eiamsa-ard and Promvonge [11] used the algebraic
stress model (ASM) and the Standard k- model and observed that the results obtained from the
ASM model were closer to the experimental results. Farouk and Farouk [12] used large eddy
simulation (LES) technique for modeling the RHVT used by Skye et al. [9], and their predic-
tions indicated that the LES model is more accurate when compared to the Standard k-e model.
However, the geometry and boundary conditions used in their model were different from those
used in experiment. Hossein Nezhad and Shamsoddini studied the energy separation effect in
RHVT by using RNG k- model [13, 14]. Their studies about the effect of the number of nozzles
indicated that as we increase the number of nozzles the results of 2-D axisymetric model agree
very well with the corresponding 3-D modeling. Bramo and Pourmahmoud [15-17] used the
Standard k-¢ model to study the effect of length to diameter ratio on the performance ofa RHVT.
Secchiaroli et al. [18] used the RNG k-¢ model, Reynolds stress model (RSM) and large eddy
simulation for studying the flow-field inside a vortex tube. According to their study, the numeri-
cal results obtained by RNG k-¢ model were different from those obtained by LES and RSM
models. Pourmahmoud et al. also investigated the effect of helical nozzles on cooling perfor-
mance of vortex tube [19, 20]. Dutta et al. [21] used a 2-D axisymetric domain along with differ-
ent turbulence models to study the energy separation effect in the vortex tube used by Behera et
al. [10]. They observed that the numerical results obtained by the Standard k-& model were
closer to the experimental data compared to the other two-equation turbulence models. Further-
more, the 2-D axisymetric results obtained by the Standard 4-¢ model were more accurate than
the published 3-D results obtained by RNG k-¢ model [10]. Pouraria and Zangooee [22] numeri-
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cally studied the capability of improving the cooling performance of vortex tube by using a di-
vergent hot tube. Pourmahmoud ef al. [23, 24] investigated the effect of operating pressure and
injection lateral outflow on the performance of vortex tube.

CFD models can play an important role to elevate our understanding about different
phenomena by providing significant insight into the flows. However, it is essential to evaluate
the model predictions with the experimental data before using the model predictions for optimi-
zation or other purposes. In the present study, a 2-D axisymetric model along with four low cost
two-equation turbulence models, namely the Standard k-, RNG k-¢, Realizable k-¢, and Stan-
dard k-0 model have been used to simulate the energy separation phenomenon in the RHVT
used by Skye et al. [9]. By drawing a comparison between the numerical results and the pub-
lished experimental and numerical data, we can arrive at the best two equation turbulence model
for our investigation. Other RANS turbulence models such as the RSM solve additional equa-
tions when compared with the abovementioned two-equation models, thus involving high com-
putational cost. The distributions of temperature, pressure, and components of velocity have
been obtained in order to understand the flow behavior inside the tube.

Past experimental studies show that the maximum refrigeration capacity and the adia-
batic efficiency of a RHVT always fall within the range of 50-70% cold mass fraction, irrespec-
tive of the diameter of the cold outlet [25, 26]. Nimbalkar and Muller [26] tried to explain this is-
sue by considering the movement of the stagnation point inside the tube. In this study numerical
simulation was carried out to study the effect of cold outlet diameter on cooling performance
and refrigeration capacity of a RHVT. Furthermore, the movement of stagnation point at differ-
ent cold mass fractions was investigated to examine the hypothesis proposed by Nimbalkar and
Muller. Also, the relationship between the location of stagnation point and the maximum tem-
perature point inside the tube was investigated. Recently, Eiamsa-ard et al. [27] utilized a
RHVT in conjunction with a cooling system in order to improve the cooling performance of this
device. In the present work the effect of using the cooling system was investigated numerically
and the reason of improvement in cooling performance was explained by calculating the rate of
energy transfer between the cold and hot regions inside the tube.

CFD simulation

Numerical modeling of the vortex tube was carried out by assuming an axisymetric
steady-state flow. The working fluid was air which was considered as an ideal gas. The govern-
ing equations consist of the conservation of mass, momentum, and energy are written as:
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where, kg s the effective thermal conductivity and (z,)q— the stress tensor which is defined as:

2 ou
T, ) =208 — = —k 5. 5
( ij )eff Hee ij 3:ueff[anJ i ( )
The state equation for an ideal gas is:
P =pRT (6)

In order to close the system of equations we need to model the terms —pu;u) in eq. 2.
These terms are called Reynols stresses. The Boussinesq hypothesis is the most popular method
to model the Reynols stresses via introducing an eddy viscosity:

du
—pujuy =21, S, u&,(pkwt ] (7)
Ox,

There are several turbulence models to calculate the turbulent viscosity, 1,. Two equa-
tion turbulence models are the simplest complete models for investigating turbulent flow, since
by solving two separate transport equations, the turbulence velocity and length scale can be in-
dependently determined. In the present study four two-equation turbulence models namely the
Standard k-¢, RNG k-¢, Realizable k-¢, and Standard -« models were used to identify the best
model among them.

In Standard k-¢ model the turbulence kinetic energy and the dissipation rate are ob-
tained from the following transport equations:
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where G, and G, represent the generation of turbulence kinetic energy due to the mean velocity
gradients and buoyancy, respectively. Y, represents the contribution of the fluctuating dilata-
tion in compressible turbulence to the overall dissipation rate.
The turbulent viscosity is computed using the following equation in which C, is a con-
stant: k2
=pC, >y (10)

The default constants were used in the present study:
C,=144,C),=192,C,=0.09,0,=10, and 0, =13

The RNG k-¢ model is derived from instantaneous Navier-Stokes equations using
mathematical technique known as the renormalization group (RNG) method. By considering
the additional term in the € equation and by using the analytically derived differential formula
for effective viscosity, the accuracy of solution for rapidly strained flows and swirling flows, re-
spectively, are expected to improve. Moreover, the RNG model in Fluent provides the option for
considering the effect of swirl by modifying the turbulent viscosity [28]. In RNG k-¢ model the
turbulence kinetic energy and the dissipation rate are obtained from the following transport
equations:
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The turbulent viscosity is computed as:

d[p k] m-——r__ 4 (13)
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where V = U/t and Cy, ~ 100 .

At high Reynols numbers the turbulent viscosity is calculated as:
k2
=pC,— (14)
where C,, = 0.0845 is derived using RNG theory. Because of considering the additional term in &
equation the last term at right hand side of this equation is different from the Standard k- model.

In this term, CJ_ is calculated as:
ol =1
”n ( n j
Cy =Cop b ——— =

1+ 8713 (15)
where 11 = Sk/e, n,=4.38, and § = 0.012.

For weakly or moderately strained flows, the RNG model tends to give results compa-
rable with the Standard k-¢ model. However, for large strain rates, the value of CJ_ is less than
C,, in the Standard k-¢ model. As a result, the turbulent viscosity predicted by this model is less
than the predicted value by the Standard k- model. The aim of this change was to make a model
which is more responsive to the effects of rapid strain and stream line curvature than the Stan-
dard k- model.

The use of the new formula for turbulent viscosity and the new transport equation for
the dissipation rate in the Realizable k- model, improves the probability of enhancing the solu-
tion for flows involving rotation, separation, and re-circulation.

In Realizable k- model the turbulence kinetic energy and the dissipation rate are ob-

tained from the following transport equations:
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where C, = max[0.43, n/(n + 5)], n = S(kle), S = (25,;5,)">.
The turbulent viscosity in this model is computed with the same equation as the Stan-
dard and RNG k-¢ models. However, C, is no longer constant. This coefficient is computed as:
1
C,=—— (18)
H *
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U* =SS, +2,9, (19)
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In the Standard k-o model, turbulent viscosity (u,) is computed by combining k and .
This model has been modified for low Reynolds number effects, compressibility, and
shear-flow spreading [28]. The turbulence kinetic energy, &, and the specific dissipation rate, o,
are obtained from the following transport equations:
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In these equations, G, represents the generation of turbulence kinetic energy due to
mean velocity gradients. G, represents the generation of w. ¥, and Y, represents the dissipation
of k and @ due to the turbulence. The turbulent viscosity, 1, is computed by combining k and
as: ok

p, = 2= (22)
®
The coefficient a* is responsible of low-Reynolds corrections. This coefficient is
iven by:
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where Re = pkluw, Ry =6, a;=p/3,5,=0.072

At high Reynolds number form of the k-0 model, o* = 2=

The 2-D, axisymmetric swirl model shown in fig. 2 was studied using Fluent 6.3.26
[28]. Gambit 2.3.16 [29] was used to generate the grid, which comprised of 29000 quad cells,
with refinement near the wall, inlet, and outlets. In order to check the grid independency, com-
putation for grids with 52000 and 102000 cells, was carried out, but the difference among the re-
sults was insignificant. The detail of the used geometry is presented in tab. 1. Instead of radial
hot outlet used by Skye et al, the axial hot outlet was considered in this study which is more
compatible with the experiment. At the inlet, a
circumferential slot was assumed in place of the
actual six inlet nozzles. As mentioned, previous
studies indicate that in numerical modeling of a
vortex tube with more than four nozzles, an
Figure 2. 2-D axisymetric configuration of the axisymmetric model can be used instead of the
RHVT used in present study 3-D model [13]. Nevertheless, a 3-D modeling

Cold, 1 Inlet Hot outlet

L
Axis
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of vortex tube used by Skye et al, was also car-
ried out. The 3-D grid consists of 2,337,200
hexahedral cells is shown in fig. 3. The 3-D ge-
ometry has the same dimensions as the 2-D
mode. However, instead of the circumferential
slot the actual six straight inlet nozzles with
0.97 mm height, 1.41 mm width and 3.07 mm
length were considered. Using a 3-D model
could be a significant help to specify the com-
ponents of the velocity at the inlet as well as
finding an equivalent height of the inlet of the
axisymetric model.

Numerical computations with boundary con-
ditions of mass flow inlet at the inlet and pressure
outlet at the outlets of RHVT were performed.
The mass flow and the stagnation temperature at
the inlet were 0.00835 kg and 294.2 K, respec-
tively [30].The pressure at the cold outlet was set
to the experimental values reported by Skye
[30]. Simulations were conducted for different
cold mass fractions by changing the hot end
pressure. Coupled procedure was used to simul-
taneously solve the momentum and energy equa-
tions. The numerical solution was determined by
first adopting the first-order upwind scheme, and
after appropriate convergence, the second-order
upwind scheme was used to discretize the con-

Table 1. The description of the 2-D model
used in this study

Length of vortex tube 106 mm

Radius of tube 5.7 mm

Radius of cold outlet 3.1 mm

Radius of hot outlet 5.5 mm

Tangentlal component of velocity at 0974V

the inlet

Radlal component of velocity at the 0225V
inlet

Inlet height 1 mm

Cold outlet

@ Inlet nozzle

Figure 3. 3-D model of the RHVT used in
this study

vective terms of the governing equations. In addition to these, other schemes such as QUICK and
third-order MUSCL were used. However, the difference between the results obtained was insig-

nificant. In order to ensure the stability and con-
vergence of the iterative calculation, lower un-
der-relaxation factors and Courant numbers
ranging from 0.008 to 0.4 and 0.5 to 2, respec-
tively, were chosen. The global energy and mass
balance for all the conditions were verified. The
computations were performed in parallel using
eight cores of Xeon E5530 CPU equipped with
24 GB memory RAM. The computational time
for the 3-D model was around 130 hours. How-
ever, for the 2-D model it took around 4 hours.

Result and discussion

Figure 4 illustrates a comparison between
the present numerical results obtained by a 2-D
axisymetric model and the previous experimen-
tal and numerical data. By drawing a compari-

Temperature drop [K]
n n @ (] E
L=
G
I~

ol ™ (1) Standard k- (2-D) -
-o-(2) BNG k- (2-D) i N
151" (3) Standard k- (2-D) ~a,
-8~ (4) Published experimental data [9] "\-
10 -~ (5) Published CFD data (2-D standard k<) [8] ~ g
- (6)Realizable k- (2-D)
-4 (7) Published CFD data (3-D standard k=) [15]

01 02 03 04 05 06 07 08 09
Cold mass fraction

Figure 4. Comparison of the predicted
temperature drop at the cold outlet by different
turbulence models in this study and the
published numerical and experimental data
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son the Standard k-& model was found to be better than the other models in predicting the total
temperatures at the cold and hot outlets. Since the objective of this study is to investigate the
cooling performance of the RHVT, the results for the hot outlet have not been reported for the
sake of brevity. As mentioned, a full 3-D model was also developed in this study to identify the
inlet boundary condition with more precision. The 3-D solution was performed for only few
cold mass fractions and due to the similarity between the obtained results and the published data
of Bramo and Pourmahmoud the published data was used for the comparison. From this figure,
itis seen that there is a good agreement between the present 2-D results obtained by the Standard
k-& model and the published 3-D data presented by Bramo and Pourmahmoud [15]. Figure 5
shows the distribution of the total pressure at different axial locations in the radial direction.
This figure indicates a significant radial pressure gradient with a higher pressure at the wall and
a lower at the axis. This trend was observed in all the models. As seen there is a good agreement
between the present results and the published 3-D data [15].

350
400 "5 X7 = 0.7 (the published 3-d data) | M=01@Dresuts)
I —X/L = 0.1 (the present 2-D results) w 300 s XL 3 04 ES:D d:t:%SH L
gc; O XxL=04 (the published 3-D data) -E- —— ¥/ ; 04 {2'D resulls)
@ 300 | -+~ X/ = 0.4 (the present 2-D results) %‘ 2501 @ XL =0.7(3-Ddata[15]) -
= =] === X/L = 0.7 (2-D results ~me
o = 200 P L .
a b= P Il D .
< 200 = a0
8 ? 150 e
= e ’_,/‘..
100 1 .;’o’"’
100 A4 ‘,-,ii'
50 «*
0 0 .
0.0 0.2 0.4 0.6 08 ,p 1.0 0.0 0.2 0.4 0.6 08 pr 10
Figure 5. Distribution of total pressure as Figure 6: Dis.tribution of. swirl velocity in the
predicted by the present model (Standard k-c) radial direction as predicted l.)y the present
and published numerical results [15] for o = 0.3 model and the published numerical results [15]
fora =0.3

By comparing the magnitude of the velocity components, it was observed that the
magnitude of swirl velocity is the highest in all the models. According to fig. 6, the magnitude of
swirl velocity decreases rapidly from the inlet to

__.80000 the hot outlet.
© Sy The distribution of the swirl velocity indi-
%60000 rj' iy cates that the swirl velocity increases in the ra-
E § "'“--,"‘l dial direction, except at locations very close to
240000 m the wall. A small discrepancy between the pres-
£ ent 2-D results and the published 3-D data may
220000 - be attributed to the small difference between the
—— XA =01 cold mass fractions because the cold mass frac-
N Bt o tion of the published 3-D data is not exactly
0.0 0.2 0.4 06 08 2 1.0 equalto 0.3. Figure 7 illustrates the distribution

Fi 7 Prediction of | locity (@) f of the angular velocity as predicted by the Stan-
igure /. rrediction o1 angular velocity (o) 1or _ . : _
the different sections by the Standard k-¢ model dard k-¢ model. According to this figure, the an

(for o = 0.3) gular velocity decreases in the radial direction.
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This trend was observed in all the models, except in the RNG k- model, in which the
magnitude of reduction in the radial direction was significantly higher than that in the other
models. Figure 8 depicts the distribution of angular velocity as predicted by the RNG &-¢ model.
The value predicted by the RNG k-¢ model for angular velocity near the axis is higher than that
predicted by the other models. The distribution of the angular velocity indicates a transfer of
shear work from the cold inner region to the hot peripheral region in the radial direction.

1.4e+5 0.0

. ) o on.
P | ———-XL=04 ' i St =0. '
> 1.2e45 E-05 \\ o X/ =07 <
£ 1.0e45 | 2 N -/
z 8 i -
S 8.0e+4 | @ -1.0 \ STy
2 s \ /
5 6.0e+4 | b \ /
2 I: e 18 \ /
‘%4.0e+4 W \ /
20 \ /
2.0e+4 N Y
Wi i
0.0 . - - o5
0.0 02 04 06 08 yg 1.0 .0 02 04 06 08 yr 10
Figure 8. Prediction of angular velocity (») for Figure 9. The profile of radial velocity as
the different sections by the RNG k- model (for predicted by the Standard k-¢ (for o = 0.3)
a=0.3)
Figure 9 illustrates the prediction of the ra- — 100 Tt — 0.1 (2.0 results)
. . . . 'n 80 X/ = 0.4 (2-D results) -~
dial velocity by the Standard k-¢ model in dif- g _ [ X/L = 0.7 (2-D results) o
. . .. = 60 o XL=01(3-Ddata [i5])
ferent sections of the tube. From this figure, itis 2 451 o  X%-04(30data[15)
obvious that the magnitude of radial velocity is ~ § 50| * *=07®Pdal®
. > ar a0
very small when compared to the magnitude of 3§ o .
the other components of velocity. < 20 fewman 000" o
Figure 10 illustrates the radial distribution of —40 g3¥”
axial velocity in different sections of the tube, €01 _ o7
as obtained by using the present 2-D model and -80 [=
published 3-D model. According to this figure, E 000_0 02 04 06 08 g 10

when the reverse flow goes to the cold outlet,
the axial velocity and the diameter of the back  Figure 10. Radial distribution of axial velocity as
flow increase. The profiles of the axial velocity — Predicted by the present results (Standard k-¢
in all turbulence models were very similar, ex- ~ ™odel) and the published numerical data [15]
cept in RNG k-¢ model, in which the magnitude (for @ =0.3)
of the axial velocity at the axis was significantly
higher than the other models. This discrepancy was also observed in previous works [18, 21].
As mentioned, the distribution of the angular velocity indicates a transfer of viscous
shear work from cold region to the hot peripheral region. In spite of the higher gradient of angu-
lar velocity predicted by the RNG k- model, the temperature drop predicted by this model is
less than the predicted value by the Standard k- model. This issue is attributed to the level of
turbulence predicted by these models. Figure 11 shows the radial distribution of turbulent vis-
cosity as predicted by different turbulence models. As seen, the predicted value of turbulent vis-
cosity by the Standard k- model is the highest. However, the RNG k-¢ model predicted the min-
imum turbulent viscosity among all the models. From this figure, it is seen that the predicted
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—'w Stanfiard ke outlet | Hot flow
E 0.04 Realizable k-= Inlet Secandary circulation flow
£, ————RNG k= Cold - —— ot
= A —— outlet x - outlet
a 0.03 "~ Reverse flow toward cold outlet
2 N
= N
E 0.024 N\ Figure 12. Streamlines within the RHVT as
3 o predicted by the Standard k-e model
S 0.01 \
= IR Y
e )
0.00 =
0.0 0.2 0.4 06 08y 1.0
Figure 11. Prediction of the turbulent viscosity Figure 13. Dividing stream line (cold mass
by the different turbulence models used in this fraction = 0.3)

study (fora=0.3)

value of the turbulent viscosity at the central region of the vortex tube is almost zero, indicating
a laminar-like flow which contradicts the previous observations [31]. According to these results,
the reason of predicting a significantly higher axial velocity by the RNG k- model can be attrib-
uted to the low turbulent viscosity and inadequate mixing. The turbulent viscosity plays an im-
portant role in transferring the viscous shear work from cold region to the hot region. Owing to
the low magnitude of the turbulent viscosity predicted by the RNG k-¢ model the viscous shear
work transfer by this model is less than the predicted value by the Standard k-¢ model, even
though the gradient of the predicted angular velocity in this model is comparatively high.

The RNG formulated k-¢ model is derived using RNG methodology of Yakhot and
Orzag [32] and Yakhot and Smith [33] for the governing equations of turbulence. As mentioned,
by considering the additional term in ¢, it is expected to get a more realistic value for turbulent
diffusivity. According to Pope [34] the additional term in the epsilon equation is an ad hoc model,
which is not derived from RNG theory.The additional term changes dramatically with the strain
rate of the turbulence and the turbulent diffusivity decreases significantly to obtain a more realistic
behavior of flow-field. When such models are applied to a range of flows, the overall performance
may be inferior to the standard model [34]. Previous applications of the original RNG k- model
showed an unrealistic prediction of the mixing and turbulent viscosity which indicates a need to
modify the model's coefficients for a particular physics of flow [35, 36].

Figure 12 illustrates the stream-lines within the RHVT as predicted by the Standard
k-& model. When the diameter of the cold outlet of the RHVT was set to the value used by Skye
et al. [9], Secondary circulation flow was observed for all the cold mass fractions. According to
the present results when the cold mass fraction and the diameter of the cold outlet are increased,
the secondary circulation flow reduces. By using a specific stream-line, as shown in fig. 13, the
flow field within the tube can be divided into hot and cold regions, so that the flow particles be-
yond this stream-line will exit from the hot outlet.

Figure 14 shows the radial distribution of static temperature at five axial locations of
the tube as obtained by using the Standard k-e model. This figure shows a static temperature gra-
dient near the inlet. This trend was observed in all the models.

The presence of a static temperature gradient can lead to heat transfer. From these fig-
ures, it can be seen that when we move away from the axis in the positive radial direction, the
static temperature decreases. However, there exists a critical radius beyond which the static tem-
perature dramatically increases. This sudden increase is due to the no slip boundary condition at
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the wall of the tube. By considering the dividing
stream-line shown in fig. 13, it can be con-
cluded that when the radius of the dividing
stream-line is less than the critical radius, the
heat transfer on this stream-line is in the posi-
tive radial direction (toward the hot region).
Therefore, this heat transfer can improve the en-
ergy separation effect. On the other hand, when
the location of the dividing stream-line is be-
yond the critical radius, the direction of heat
flux is reversed and this results in a heat loss in
the hot region, which, in turn, leads to a reduc-
tion in the performance of the RHVT.

Figure 15 shows the contours of the total

300

na
w
(=]

n
=3}
o

Static temperature [K]

240 " . v g {
0.0 0.2 04 0.6 08 yr 1.0

Figure 14. Radial distribution of static
temperature as predicted by the Standard k-¢
model (for o = 0.3)

temperature as predicted by the Standard k- model for the cold mass fraction of 0.3. All the tur-
bulence models under-predicted the temperature drop at the cold outlet. With the exception of
the magnitude of total temperature, the contours of the total temperature are very similar in all
the models. Figure 16 illustrate the radial profiles of the total temperature as predicted by the
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Figure 15. Contours of total temperature as predicted by the Standard k-¢ model

(for a =0.3)

present 2-D model and the published 3-D data.
From this figures, it is found that the maximum
value of the total temperature is not located at the
wall.

On the basis of the results obtained from the
evaluation of the effectiveness of the abovemen-
tioned turbulence models, the Standard k- model
was used to investigate the effect of the diameter
of the cold outlet on the temperature drop at the
cold outlet, which indicates the cooling perfor-
mance of the RHVT. Therefore, numerical simu-
lation was conducted for five different diameters
of the cold outlet, in order to determine the opti-
mum ratio between the cold outlet diameter and
the internal diameter of the RHVT (d/D). All pa-

270 of "0 X/ =0.1(3-D data [15)

260 000%% O XL=04(3-Ddata[15]

_O_lo—?foi/ ® =07 (3D data[15]
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Figure 16. Radial distribution of total
temperature as predicted by the Standard k-¢
model (for o = 0.3)
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¥ d/D=0.35 rameters, except d/D, were kept constant and

9 =y gg » g'gj 4 the numerical simulations were performed for a

5 —a— d/D =0.63 constant mass flow rate at the inlet (0.00835

—edD =077 kg/s), which was measured by Skye et al. [9].

Figure 17 shows the results of the numerical
simulation for five RHVT with different cold
outlet diameters.

Temperature drop [K]
n na w () B
on o

1 This figure indicates that there is an opti-

10 mum value of d/D, such that, any increase or de-
5 crease in this ratio would result in a decrease in
0.0 0.2 0.4 0.6 0.8 1.0

Cold mass fraction the temperature drop at the cold outlet. The nu-
Fi 17, Effect of the diameter of cold outlet merical results indicate that the temperature
gure . ecto € diameter o1 cold outiet on . . . : —
the cooling performance of the RHVT drop is the hlghest in the RHVT hgvmg d/D
=(.544. Previous experimental studies confirm
this result [37, 38]. Moreover, according to our
numerical simulation d/D has an important effect on the formation of secondary circulation
flow: secondary circulation flow is larger at a low d/D ratio when compared to that a high d/D ra-
tio.
In order to consider the effect of mass flow rate on the cooling performance of the
RHVT, the refrigeration capacity at the cold outlet is defined as:

Qc = }'hc(,’p (Tl - Tc) (24)

As mentioned, previous experimental studies show that the maximum refrigeration ca-
pacity and the adiabatic efficiency of a RHVT always falls within the range of 50-70% cold
mass fraction, irrespective of the diameter of the cold outlet [25, 26]. As seen in fig. 18, the pres-
ent numerical results confirm this observation. Nimbalkar and Muller [26] hypothesized that a
change in the cold mass fraction causes a movement in the axial and radial stagnation points; an
increase in the cold mass fraction moves the axial stagnation point toward the cold outlet, and at
60% cold mass fraction, the stagnation points move toward the optimum position at which the
efficiency is the highest. However, in this study when we changed the cold mass fraction, there
was no movement of the axial stagnation point. According to the present numerical results for
the RHVT used by Skye et al. [9], the axial stagnation point is always positioned at the end of
the tube, and this is due to the low L/D value in

0.20
—— /D =0.35 this RHVT. In order to study the effect of cold
20181 4 gp=044 .
= 0.16 | —e- /D = 0.544 mass fraction on the movement of the stagna-
T o.44{™ g::g = g-gg tion point, numerical simulation was conducted
P R on the RHVT having a higher L/D value. All pa-
5010 /’M_\ rameters, except L/D, were kept constant, and
50-03 numerical simulation was carried out for L/D =
£0.06 = 17.54. Figure 19 illustrates the movement of
a g . . . .
€ 0.04 the axial stagnation point within the tube. From
00 this figure, it is obvious that when we increase
0.00 . . . .
0.0 02 04 06 0.8 1.0 the cold mass fraction, the axial stagnation point

Cold mass fraction will move to the end of the tube; this result con-

Figure 18. Refrigeration capacity (KW) vs. cold ‘.[radicts the a‘povementioned hypothesis. Exper—
mass fraction for different values of /D imental studies confirm the present numerical
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results [39, 40]. The figure also shows the variation in the location of the maximum temperature
point along the wall of the RHVT for different cold mass fractions. Previous experimental stud-
ies show that the position of the maximum temperature point also represents the axial stagnation
point of the RHVT [41, 42]. Figure 19 supports this result. Figure 20 illustrates the refrigeration
capacity at the cold outlet in the RHVT having L/D = 17.54. According to this figure, the refrig-
eration capacity had the maximum value at a cold mass fraction of approximately 65%.
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0.19
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X;LS o8|
£0.17
0.6 % 0.16
§ 0.15
0.4 S 0.14
2
® 013
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- Location of maximum total temperature 0.12
—=- L ocation of stagnation point
0.0 0.11
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' Cold mass fraction Cold mass fraction
Figure 19. Effect of cold mass fraction on the Figure 20. Cold power separation vs. cold mass
location of stagnation and maximum fraction for RHVT with L/D =17.54

temperature points

As mentioned, Eiamsa-ard et al. [27] have tried to improve the cooling performance
of a RHVT by utilizing this device in conjunction with a cooling system. As stated in this paper,
the profile of static temperature in the radial direction indicates the existence of heat transfer be-
tween the cold inner region and the hot peripheral region. Therefore, it is expected that the use of
the cooling system would change the heat transfer between the cold and hot regions.

In order to study the effect of cooling the hot tube, numerical simulation was con-
ducted for three vortex tubes consisting of a cooling system, wherein the external wall of the
RHVT was maintained at a temperature lower than that in the hot region. In this study, the tem-
perature of the wall was constant at 7=294.2 K,
283 K, and 273 K. Figure 21 indicates that an
increase in the cooling effect results in an in-
crease in the temperature drop at the cold outlet;
that is, when the temperature of the wall is 273 K,
the temperature drop at the cold outlet is higher,
when compared to the temperature drop at 283 K
and 294.2 K. Moreover, it was observed that the
reduction in the total temperature in hot region
is significantly higher than the reduction in the
total temperature in the cold region. In order to
investigate the effect of the presence of the
cooling system on the heat and work transfers
between the cold and hot regions, the energy
transfer between these regions was calculated  Figure 21. Effect of cooling of the tube on the
by using the dividing streamline. cooling performance of the RHVT
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The heat transfer per unit length is given by:

0=k 2om oL 25)
on

where K 1s the effective thermal conductivity, 7'— the static temperature, and n — the normal di-
rection on the dividing streamline.

The work transfer due to the viscous shear in tangential direction is computed accord-
ing to: do
Wy = =2mp gruy i (26)

n

where . 1s the effective viscosity, u, — the swirl velocity, and o — the angular velocity.
Work transfer due to the shear stress in axial direction is calculated by:

W, =2 g, 2 @)
dn

where u, is the axial velocity.

Figures 22 illustrates the energy transfer between the cold and hot regions for two
RHVT with and without cooling systems at cold mass fraction of 66%. In these figures, the posi-
tive zones indicate that the energy transfer is from the cold region to the hot region and the nega-
tive zones indicate that the energy transfer is from the hot region to the cold region. According to
these figures in this vortex tube at cold mass fraction of 0.66, heat transfer and axial work trans-
fer are from hot region to the cold region and

20000 T——===== wirl work fransfer [wilh cooling X
= (2) Swirl work transfer (without caoling) degrade the cooling performance of the vortex
£ 150001 (3) Axial work transfer (with cooling) . .
= e (4} Astia) work transter (without caoling) tube. However, the tangential work transfer is
310000 {f \=—= }g; ﬂ::} I;;::I:{ etz from cold region to the hot region and improves
£ the cooling performance of RHVT. By compar-
& y
= MR (1) —4 ing these figures, it is seen that due to the using
s ol @ ) = cooling system the axial and tangential work
& e B ———
e ==) transfers do not change. However, when cool-
50001 ing system is utilized the heat transfer between
~10000 : cold and hot regions changes. According to this
0 2 4 6 & xo 10 figure, by utilizing the cooling system the nega-

Figure 22. Axial work transfer between cold and  tive zone area (heat transfer from hot region to
hot regions at cold mass fraction of 66%  the cold region) slightly decreases, thereby im-
(insolated wall) proving the cooling performance of the RHVT.

Conclusions

In this study, a comparison among four two-equation turbulence models, namely, the
Standard k-g, RNG k-¢, Realizable k-¢, and Standard k- models, was drawn in order to identify
the appropriate model for modeling the energy separation phenomenon in a RHVT. The results
of the comparison between the experimental and numerical results show that the Standard k-¢
model is better than other models in predicting the outlet temperatures. Furthermore, it was ob-
served that a 2-D axisymetric model, accompanied with precise boundary conditions, could give
comparatively good results with much less computational cost compared to the 3-D model.

The numerical results indicate that the magnitude of the radial velocity is insignificant
when compared to those of the axial and swirl velocities. The distribution of angular velocity in
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radial direction indicates the transfer of shear work from inner region to the peripheral region.
The distribution of the static temperature confirms the existence of heat transfer between the
cold inner region and the hot peripheral region. However, the direction of heat transfer depends
on the location of the dividing stream-line.

The effect of d/D ratio on the cooling performance of the RHVT has been investigated
by using the Standard k-¢ model, and it was observed that by using a RHVT with d/D = 0.544,
we can achieve the highest temperature drop and refrigeration capacity at the cold outlet. Fur-
thermore, the present results indicate that maximum refrigeration capacity at the cold outlet al-
ways falls within the range of 50-70% cold mass fraction, irrespective of the d/D ratio.

The numerical results corresponding to the location of the stagnation point indicates
that an increase in the cold mass fraction results in the movement of the stagnation point toward
the hot outlet. The present numerical results contradict the hypothesis proposed by Nimbalkar
and Muller. Moreover, it was observed that the position of the stagnation point represents the lo-
cation of the maximum total temperature within the RHVT.

The effect of cooling the tube has also been studied, and the numerical results show
that the cooling of the tube promotes the temperature drop at the cold outlet of the RHVT. The
present numerical results indicate that by using a cooling system the rate of work transfer be-
tween cold and hot regions does not change. However, the heat transfer slightly changes. For the
vortex tube used in this study using the cooling system resulted in decreasing the adverse heat
transfer from hot region to the cold region, thereby improving the cooling performance of the
RHVT.

Nomenclature

c — specific heat capacity at constant

o — total temperature at the cold outlet, [K]
pressure, [kikg 'K ']

— inlet temperature, [K]

SRSl

D — internal diameter of the RHVT, [mm] — work transfer
d — cold outlet diameter, [mm)] — axial distance from cold outlet, [cm]
k — turbulence kinetic energy, [m?s ] Greek bol
L — length of the RHVT, [cm] reer symools
m — mass flow rate at the cold outlet, [kgs™] £ — turbulence dissipation rate, [m?s ]
(0] — heat transfer, [Wm'] Jm — turbulent viscosity, [kgm's™']
0O, — refrigeration capacity at the cold outlet, o) — density, [kgs ']
[kW]
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