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A Ranque- Hilsch vortex tube (RHVT) 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- models were compared to identify the appropriate turbulence model for
studying the energy separation effect in a RHVT. Comparison 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 improving the cooling performance of the device.

Keywords- Vortex tube; CFD simulation; Energy separation;, Turbulence model; Cooling

performance; Refrigeration capacity, Cold outlet, Stagnation point, Cooling System

1. 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 one side of the tube and attains a high
swirl velocity. The high swirl velocity produces rotational flow inside the tube. This rotational
flow moves to the other side of the tube. A Part of the gas exits from the hot outlet at the end of the
tube; however, adjusting the control 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 geometrical and performance parameters of this device was
carried out by Hilsch [3].
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Figure 1. Schematic diagram of a Ranque- Hlilsch Vortex Tube [1]

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], liquefying
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 energy separation
phenomenon that occurs in this device is quiet complex. Many researchers have studied the energy
separation effect in a 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 in a RHVT.

Frohlingsdrof and Unger [7] used CFX code with k- € model. Aljuwayhel et al. [8] investigated the
energy separation effect by using the standard k-e 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-& model were closer to the experimental 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-g¢ 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 predictions indicated that the LES model is
more accurate when compared to the standard k-¢ 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 two-dimensional axis-symmetric model agree very well with the
corresponding three dimensional modeling. Bramo and Pourmahmoud [15, 16, 17] used the
standard k-& model to study the effect of length to diameter ratio on the performance of a 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 numerical
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 performance of

vortex tube [19, 20]. Dutta et al.[21] used a two-dimensional axis-symmetric domain along with



different 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. Furthermore, the
two-dimensional axis-symmetric results obtained by the standard k- model were more accurate
than the published three-dimensional results obtained by RNG k-&¢ model[10]. Pouraria and
Zangooee[22] numerically studied the capability of improving the cooling performance of vortex
tube by using a divergent hot tube. Pourmahmoud et al [23, 24] investigated the effect of operating
pressure and injection lateral outflow on the performance of vortex tube.

Computational fluid dynamics (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 optimization or other purposes. In the present study, a 2D axis-symmetric model
along with four low cost two-equation turbulence models, namely the standard k-e, RNG k-g,
Realizable k-¢ and Standard k- 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 published 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 equations when compared with the abovementioned two-equation models, thus
involving high computational 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 adiabatic
efficiency of a RHVT always fall within the range of 50- 70% cold mass fraction, irrespective of
the diameter of the cold outlet [25, 26]. Nimbalkar and Muller tried to explain this issue by
considering the movement of the stagnation point inside the tube [26]. 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 different 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 temperature 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.

2. CFD SIMULATION

Numerical modeling of the vortex tube was carried out by assuming an axis-symmetric steady state
flow. The working fluid was air which was considered as an ideal gas. The governing equations
consist of the conservation of mass, momentum and energy are written as follows:
a
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Where, 6;; is unit tensor and mean strain rate S is defined as follows
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Where, kegis the effectlve thermal conductivity and (Ti]')eff 1s the stress tensor which is defined as

follows:

(i) et = leeff51] Meff (au ) 8 (5)
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 —pTu]’ in equation 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.

-pufu= 248y — 318y (pk + e 5.%) %
There are several turbulence models to calculate the turbulent viscosity, p,. Two equation
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
independently determined. In the present study four two-equation turbulence models namely the
Standard k-g, RNG k-g, Realizable k-¢ and Standard k-0 models were used to identify the best
model among them.
In standard k-& model the turbulence kinetic energy and the dissipation rate are obtained from the
following transport equations:
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Where, Gy and G, represent the generatlon of turbulence kinetic energy due to the mean velocity
gradients and buoyancy, respectively. Y, represents the contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate.
The turbulent viscosity is computed using the following equation in which C,, is a constant.
k2

He=pCy = (10)

The default constants as follows were used in the present study.
Cie = 1.44,C5 = 1.92,C, = 0.09,04 = 1.0,0, = 1.3

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

In this term, C5; is calculated as follows:
Cun*(1-n/no)

1+Bn3
Where n=Sk/¢, n,=4.38, $=0.012

For weakly or moderately strained flows, the RNG model tends to give results comparable with the

C3e=Coe+ (15)

standard k-¢ model. However, for large strain rates, the value of C5; 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 streamline curvature than the standard 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 solution for
flows involving rotation, separation, and recirculation.

In realizable k-€ model the turbulence kinetic energy and the dissipation rate are obtained from the

following transport equations:
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The turbulent viscosity in this model is computed with the same equation as the Standard and RNG

k-e models. However, C,, is no longer constant. This coefficient is computed as follows:
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In the Standard k-® model, turbulent viscosity (1) is computed by combining k and ®. This model
has been modified for low Reynols number effects, compressibility, and shear-flow spreading [28].
The turbulence kinetic energy, k, and the specific dissipation rate, ®, are obtained from the

following transport equations:
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In these equations, Gy represents the generation of turbulence kinetic energy due to mean velocity
gradients. G,, represents the generation of . Y and Y, represents the dissipation of k and « due to

the turbulence. The turbulent viscosity, J,, is computed by combining k and ® as follows:

« Pk
=0 (22)
The coefficient a* is responsible of low —Reynols corrections. This coefficient is given by:
*__ X o(*({)-l'Ret/Rk
« _aoo ( 1+Re¢/Rg ) (23)

Where Ret=5—z . Rye=6, og=L , B=0.072

At high Reynols number form of the k-o model, a* = a* =I.

The two-dimensional, axis-symmetric 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,
computation for grids with 52000 and 102000 cells, was carried out, but the difference among the
results was insignificant. The detail of the used geometry is presented in table 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 axis-symmetric model can be used instead of the three
dimensional model[13]. Nevertheless, a three dimensional modeling of vortex tube used by Skye et
al, was also carried out. The three dimensional grid consists of 2,337,200 hexahedral cells is shown
in Fig.3. The 3D geometry has the same dimensions as the 2D mode. However, instead of the
circumferential slot the actual six straight inlet nozzles with 0.97mm height, 1.41mm width and
3.07mm length were considered. Using a three dimensional model could be a significant help to
specify the components of the velocity at the inlet as well as finding an equivalent height of the

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

Length of vortex tube 106mm

Radius of tube 5.7mm

Radius of cold outlet 3.1mm

Radius of hot outlet S.5mm

Tangential component of velocity at the inlet 0.974 V
Radial component of velocity at the inlet -0.225V

Inlet height Imm
Cold Outlet '/ ™¢* Hot Outlet
|
Axis

Figure 2. Two- dimensional axis- symmetric configuration of the RHVT used in present study
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Figure 3. Three-dimensional model of the RHVT used in this study.

Numerical computations with boundary conditions 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 0.00835Kg and 294.2K, respectively [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 simultaneously solve
the momentum and energy equations. 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 convective 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 insignificant. In order to ensure the stability and convergence of the iterative
calculation, lower under-relaxation factors and Courant numbers ranging from 0.008 to 0.4 and 0.5
to 2, respectively, 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 3D model was around 130

hours. However, for the 2D model it took around 4hr.

3. RESULT AND DISCUSSION

Figure 4 illustrates a comparison between the present numerical results obtained by a two-
dimensional axis-symmetric model and the previous experimental and numerical data. By drawing
a comparison 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 3D model was also developed in this study to identify the inlet
boundary condition with more precision. The 3D 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, it is seen that
there is a good agreement between the present 2D results obtained by the Standard k-&¢ model and
the published 3D 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 3D data [15].



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 the Fig. 6, the magnitude of swirl
velocity decreases rapidly from the inlet to the hot outlet.

The distribution of the swirl velocity indicates that the swirl velocity increases in the radial
direction, except at locations very close to the wall. A small discrepancy between the present 2D
results and the published 3D data may be attributed to the small difference between the cold mass
fractions because the cold mass fraction of the published 3D data is not exactly equal to 0.3. Figure
7 illustrates the distribution of the angular velocity as predicted by the standard k-¢ model.
According to this figure, the angular velocity decreases in the radial direction.
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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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Figure 5. Distribution of total pressure as predicted by the present mode(standard k- €) and

published numerical results[15] for a=0.3.
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Figure 6. Distribution of swirl velocity in the radial direction as predicted by the present model and

the published numerical results[15] for a=0.3.
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Figure 7. Prediction of angular velocity (®) for the different sections by the standard k- €

model(for a=0.3).
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Figure 9.The profile of radial velocity as predicted by the standard k-¢ (for a=0.3).
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Figure 10. Radial distribution of axial velocity as predicted by the present results(standard k- €

model) and the published numerical data [15](for a=0.3).
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Figure12. Streamlines within the RHVT as predicted by the
standard k-¢ model.

Figure 13. Dividing stream line (cold mass fraction = 0.3)

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 k-¢ model. The value
predicted by the RNG k-g& 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.

Figure 9 illustrates the prediction of the radial velocity by the Standard k-¢ model in different
sections of the tube. From this figure, it is obvious that the magnitude of radial velocity is very
small when compared to the magnitude of the other components of velocity.

Figure 10 illustrates the radial distribution of axial velocity in different sections of the tube, as
obtained by using the present 2D model and published 3D model. According to this figure, when
the reverse flow goes to the cold outlet, the axial velocity and the diameter of the back flow
increase. The profiles of the axial velocity in all turbulence models were very similar, except in
RNG k-¢ model, in which the magnitude 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 angular velocity
predicted by the RNG k-¢ model, the temperature drop predicted by this model is less than the
predicted value by the standard k-e model. This issue is attributed to the level of turbulence
predicted by these models. Figure 11 shows the radial distribution of turbulent viscosity as
predicted by different turbulence models. As seen, the predicted value of turbulent viscosity by the
standard k-& model is the highest. However, the RNG k-¢ model predicted the minimum turbulent
viscosity among all the models. From this figure, it is seen that the predicted 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 these results, the reason of predicting
a significantly higher axial velocity by the RNG k-& model can be attributed to the low turbulent
viscosity and inadequate mixing. The turbulent viscosity plays an important 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
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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 (Re-Normalization Group) methodology of
Yakhot and Orzag for the governing equations of turbulence [32, 33]. 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 Figure 13, the flow field
within the tube can be divided into hot and cold regions, so that the flow particles beyond 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-& model. This figure shows a static temperature gradient near the

inlet. This trend was observed in all the models.
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Figure 14. Radial distribution of static temperature as predicted by the standard k-¢ model(for
c=0.3).
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Figure 16. Radial distribution of total temperature as predicted by the standard k-& model(for
a=0.3)

The presence of a static temperature gradient can lead to heat transfer. From these figures, 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 temperature dramatically
increases. This sudden increase is due to the no slip boundary condition at the wall of the tube. By
considering the dividing stream-line shown in Fig.13, it can be concluded 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
positive radial direction (toward the hot region). Therefore, this heat transfer can improve the
energy separation effect. On the other hand, when the location of the dividing stream-line is
beyond 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 reduction in the performance of the RHVT.

Figure 15 shows the contours of the total temperature as predicted by the standard k-& model for

the cold mass fraction of 0.3. All the turbulence models under- predicted the temperature drop at
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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 present 2D model and the published 3D 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 abovementioned
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 performance of
the RHVT. Therefore, numerical simulation was conducted for five different diameters of the cold
outlet, in order to determine the optimum ratio between the cold outlet diameter and the internal
diameter of the RHVT (d/D). All parameters, except d/D, were kept constant and the numerical
simulations were performed for a constant mass flow rate at the inlet (0.00835kg/ s), which was
measured by Skye et al [9]. Figure 17 shows the results of the numerical simulation for five
RHVTs with different cold outlet diameters.
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Figure 17. Effect of the diameter of cold outlet on the
cooling performance of the RHVT
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Figure 18. Refrigeration capacity (KW) versus cold mass fraction for different values of d/D
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This figure indicates that there is an optimum value of d/D, such that, any increase or decrease in
this ratio would result in a decrease in the temperature drop at the cold outlet. The numerical
results indicate that the temperature drop is the highest in the RHVT having d/D = 0.544. 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 ratio.
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 follows:

Qc=rhecy(Ti-Te ) (24)
As mentioned, previous experimental studies show that the maximum refrigeration capacity 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 present numerical
results confirm this observation. Nimbalkar and Muller 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 [26]. 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 this RHVT. In order to study the effect of cold mass fraction on
the movement of the stagnation point, numerical simulation was conducted on the RHVT having a
higher L/D value. All parameters, except L/D, were kept constant, and numerical simulation was
carried out for L/D = 17.54. Figure 19 illustrates the movement of the axial stagnation point within
the tube. From this figure, it is obvious that when we increase the cold mass fraction, the axial
stagnation point will move to the end of the tube; this result contradicts the abovementioned
hypothesis. Experimental studies confirm the present numerical 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 studies show that the position of the
maximum temperature point also represents the axial stagnation point of the RHVT [40, 41].
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 refrigeration capacity had the
maximum value at a cold mass fraction of approximately 65%.
As mentioned, Eiamsa-ard et al have tried to improve the cooling performance of a RHVT by
utilizing this device in conjunction with a cooling system [42]. As stated in this paper, the profile
of static temperature in the radial direction indicates the existence of heat transfer between 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.
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In order to study the effect of cooling the hot tube, numerical simulation was conducted 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 temperature of the
wall was constant at T = 294.2 K, 283K and 273 K. Figure 21 indicates that an increase in the
cooling effect results in an increase 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 283k 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 by using the dividing streamline.

The heat transfer per unit length is given by:

Q=Ke2mr S (25)

Where K. is the effective thermal conductivity, T is the static temperature and n is the normal
direction on the dividing streamline.

The work transfer due to the viscous shear in tangential direction is computed according to:

W= 2Mermus s (26)

Where Lief is the effective viscosity, ugis swirl velocity and w is the angular velocity.

Work transfer due to the shear stress in axial direction is calculated by:

duy
W= —ZTTUeffruxdin (27)
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Where u, is the axial velocity.

Figures 22 illustrates the energy transfer between the cold and hot regions for two RHVTs with
and without cooling systems at cold mass fraction of 66%. In these figures, the positive zones
indicate that the energy transfer is from the cold region to the hot region and the negative 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 transfer are
from hot region to the cold region and degrade the cooling performance of the vortex tube.
However, the tangential work transfer is from cold region to the hot region and improves the
cooling performance of RHVT. By comparing these figures, it is seen that due to the using cooling
system the axial and tangential work transfers do not change. However, when cooling system is
utilized the heat transfer between cold and hot regions changes. According to this figure, by
utilizing the cooling system the negative zone area (heat transfer from hot region to the cold region)
slightly decreases, thereby improving the cooling performance of the RHVT.

4.CONCLUSION

In this study, a comparison among four two- equation turbulence models, namely, the standard k-¢,
RNG k-g, 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 observed that a 2D axis-
symmetric model, accompanied with precise boundary conditions, could give comparatively good
results with much less computational cost compared to the 3D 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 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. Furthermore, the present
results indicate that maximum refrigeration capacity at the cold outlet always 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 location 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 between cold
and hot regions doesn’t change. However, the heat transfer slightly changes. For the vortex tube
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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
D -Internal diameter of the RHVT [mm]
d -Cold outlet diameter [mm]
L  -Length of the RHVT [cm]
X -Axial distance from cold outlet [cm]
T;  -Inlet temperature [K]
T.. _Total temperature at the cold outlet [K]
Q. -Refrigeration capacity at the cold outlet [KW]
m, -Mass flow rate at the cold outlet[Kg s']
Q -Heat transfer[Wm']
W -Work transfer
¢,  -specific heat capacity at Constant pressure [(KJ Kg' K"
k - Turbulence kinetic energy [m?s™]
p  -Density [Kgs™']
i, -Turbulent viscosity[Kg m™ s™]
€ -Turbulence dissipation rate [m’s™]
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