Energy Separation for Ranque-Hilsch Vortex Tube: A short review
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Abstract:

In this article, the development of the energy separation for the vortex tube has been
briefly reviewed. This review mainly focuses on three aspects, they are the energy
separation principle, the design criteria of vortex tubes, and practical application. First,
the research progress on the energy separation principle of the vortex tube from
several aspects has been introduced, such as friction, pressure gradient, acoustic
streaming, secondary circulation and multi-circulation theory. In addition, the control
factors that affecting the performance of the vortex tube were summarized.
Furthermore, due to its simple structure, safety and stability, the vortex tube is widely
used in the field of refrigerating and heating, mixture separation. This survey, while
extensive cannot cover all papers, some selection is necessary. The purpose of this
review aims to summarize the important works of literature on the energy separation
of vortex tube as well as identify limitations to existing studies and directions for
future research.
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Introduction

The vortex tube is an ingenious thermal device, which can divide the compressed
air into a low temperature region and a high one without any moving mechanical
components. The vortex tube effect was firstly observed by Ranque, a French
metallurgist, who presented a report on the vortex tube effects at an academic
conference in 1933, Unfortunately, their research investigation was not accepted by
the scientific community. The researches on the vortex tube were shelved for several
years until an experimental test result of vortex tube was published by the German
engineer Hilsch. In 1947, Hilsch delivered a comprehensive study on the vortex tube?.
Their study not only explained the working principle of the vortex tube effects, but
also discussed the factors which have impact on the energy separation efficiency in
detail. In memory of the two founding scientists, the vortex tube is also known as the
Hilsch Vortex Tube (HVT), Ranque Vortex Tube (RVT), Ranque-Hilsch Vortex Tube
(RHVT). Although there are several different names, only Vortex Tube will be used
in this paper.
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A vortex tube is usually composed of one or more inlet nozzles, a hot end tube, a
vortex chamber, a cold orifice and a control valve or a plug which is located at the hot
end. The hot exit is located at the periphery while the cold exit at the centrality. The
exits are arranged at one or both sides of the tube. When the compressed gas
tangentially injects into the RHVT through the nozzles, highly vortical flow is formed
inside the vortex chamber, and moves to the opposite end. The peripheral part of the
flow escapes from the hot exit at a temperature which is higher than that at the inlet.
The core part of the flow is forced back by the control valve in a counter-flow RHVT,
and escapes from the cold orifice at the opposite end under a temperature lower than
that at the inlet. The airflow in a counter-flow RHVT is shown in Fig. 1. In a uni-flow
RHVT, the cold exit is at the same end with the hot exit. The airflow in the uni-flow
RHVT is presented in Fig. 2.
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Fig. 1 Schematic drawing of counter-flow RHVT
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Fig. 2 Schematic drawing of the uni-flow RHVT

Since the vortex tube effect was discovered in the 1930s, many researchers have
made much effort on the mechanisms afterwards. All of these research works made
significant contributions to the study on the vortex tube. However, the explanation
and physical mechanism of the energy separation phenomenon is still far from
complete until now. Therefore, an accurate description of the flow field in the vortex
tube is necessary to reveal the principle of the energy separation. Smith3, Aydin®, et. al.
have considered different control factors in the exploration of the vortex tube effect
principle, including friction, pressure gradients, acoustic streaming and secondary
circulation. All these factors have not been proven to be the real reasons through
additional research, some researchers>® even obtained opposite conclusions. Some of
the most representative theories will be described in this literature.

By contrast, the energy separation efficiency of the vortex tube is lower than
other devices. Nowadays seeking feasible methodologies to improve energy



separation efficiency has attracted extensive attention. It is generally recognized that
there are many variables influencing the flow performance of the vortex tube, which
are mainly reflected in two aspects: the geometries of the vortex tubes’?, such as the
length diameter ratio'3, number of the inlet nozzles'*; parameters of the working
fluid®®, for instance, inlet pressure'® and inlet temperature!’. In order to improve the
vortex tube efficiency, some optimisation methods are applied to the vortex tube
design as well'&22,

It is noted that the vortex tube has some advantages such as simplified structure,
stable operation, low cost and durability. The absences of mechanical moving part or
chemicals which allow the device to work without the risk of spark or explosion make
it suitable for applications. Vortex tube can achieve cooling, heating, separation,
vacuum extraction and other function, but the low thermal efficiency and small
refrigerating capacity limit its wide application. When the cooling capacity and
efficiency can be ignored, the advantages of the vortex tubes make them attractive in
industrial application. Nowadays the vortex tube has been widely used in both the
cooling and heating application?®, gas drying®*, electric production, gas mixture
separation®® , DNA applications®® and other purposes?’3L,

1. The working principle of a Vortex Tube

Compared with the simple structure of the vortex tube, the flow field inside the
vortex tube is quite complex. This section will introduce the flow field in the vortex
tube and several temperature separation theories.

1.1 The flow field

In order to explain the vortex tube effect, a clear understanding of the flow field in
the vortex tube is essential. Many researchers have done a substantial amount of
research on the flow field. Roy® injected the dye into the vortex tube to study the
flow field in the tube. Smith® used smoke to investigate the flow pattern, and the
velocity distribution obtained by these methods was similar to Rankine vortex. The
double helix structure of the working fluid in the vortex tube was observed by the
Hilbert double filtering method in 19973, Xue* used air bubbles and small plastic
particles to trace the flow structure and presented the multi-circulation theory.

It is necessary to measure the temperature, pressure and velocity of the fluid to
better understand the flow field in more details. The laser Doppler method would be
the most accurate measurement technique to obtain the velocity components of the
flow field®. Neverthless this method cannot be applied to the vortex tube on account
of its high centrifugal acceleration. In 2012, Xue® used a cobra probe for
three-dimensional (3D) velocity gauging. The structure of the cobra probe is
illustrated in Fig. 3. There are 45 degree angles between the two adjacent faces. The
traditional porous probe can only measure the average velocity, while the cobra probe
can capture the data of transient velocity, mean velocity, Reynolds stress and other
parameters from complex three-dimensional turbulent flow field. Besides, the width
of the probe is only 1.4 mm, which can reduce the interference of the probe to the
flow field®’. In Xue's experiments, the cobra probe can gauge wind speed of 10 to 50
m s, above the Pitot tube. The stagnation and static pressures can be obtained by



Pitot tube, the velocity can be calculated using the formula 1.

2
— Joad
psg - pst +T (1)
where psgis the stagnation pressure, pstis the static pressure, p is the flow density and

v is the flow velocity.

a) The shape of probe’s head

b) Measuring range
Fig. 3 Sketch of the cobra probe



The pressure profiles at any position in the tube could be determined by rotating
and shifting. The Pitot tube can only be used to acquire the mean pressure, yet it is not
suitable for measuring the turbulence parameters because of the relatively long
response time®. The accuracy will be not enough when the Mach number is lower
than 0.25. More accurate data is capable to be obtained with hot-wire anemometry.
The principle of the device is based on the balance of the convection heat transfer
from a heated wire located in a flowing fluid. The comparison of the Pitot tube and
hot-wire techniques was discussed in detail by Gao®.

With the development of modern numerical technology, numerical simulations
began to be accepted for analyzing the principle of energy separation. The flow field
of vortex tube was simulated using a variety of turbulence models, like the standard
k- model*®*3, LES model*%, and algebraic Reynolds stress model*’. Baghdad*®
found that the simulation results of some turbulence models (k- model. k- model.
SST k-o model. RSM model) can reflect the energy separation phenomena. It must be
emphasized that the numerical simulation method actually depends on the equation
model, therefore, the experimental comparison is necessary to validate against the
numerical results. Zhang*® studied the dynamic process of the steady flow in vortex
tube by numerical calculation. Transition Reynolds Stress Model was selected as the
numerical model. After dynamic convergence, the flow field results showed that the
typical periodic large-scale fluid flow structure could be observed. The unstable flow
of the high intensity vortex causes the vortex breakdown®® and generates precession
vortex core. The periodic motion of the precession vortex core around the centre line
of the tube leads to the oscillation of the pressure field and velocity field. Therefore, it
is proposed that the precession vortex core motion is one of the factors that affecting
the energy transfer in the vortex tube. The boundary motion or vibration of the reverse
flow zone promotes the particles to travel between the high pressure and the low
pressure zones at a certain vibration frequency. Particles are compressed to release
heat in the external vortex flow which is in the high pressure zone, and expand to
absorb the heat in the reverse flow zone where the pressure is low.

1.2 Pressure gradient

As the founder of the research on vortex tube, Ranque! believed that the main
reason for energy separation probably is adiabatic expansion in the central region and
adiabatic compression in the peripheral region. Some researchers agreed with this
statement®>4, In addition, the static pressure distribution along the vortex tube was
demonstrated by Xue®. It was indicated that the peripheral pressure is higher than the
central. The temperature drop near the injection caused by adiabatic expansion can be
express as>>:

T =7/—_lw2(Rt2—r2) @)
2Ry
where Tinand Tiare the inlet temperature and peripheral temperature respectively, R is
the gas constant, y is the specific heat ratio of the air flow, w is the angular velocity, Rt
is the radius of the vortex tube and r is the radial location.
However, there has been a controversy about the reliability of pressure gradient



theory. If the pressure gradient is the main reason for the energy separation, it means
that the working medium must be compressible. As a result, Balmer®® selected high
pressure liquid water as the working medium during the experiment, their result
indicated that the energy separation effect still existed even if the media was liquid. It
was concluded that the pressure gradient theory is not perfect enough, and more
working materials need to be considered in the future work.

1.3 Viscous-Shear Theory

Hilsch? had similar interpretation on temperature separation with Ranque, and
added that the friction between different layers of flow may be an important reason
for temperature separation. Fulton®" developed a theory of forced vortex and free
vortex which stated that: When the compressed gas is ejected from the nozzle at high
speed, the angular velocity at the peripheral location is lower than that of the central
location, and an almost free vortex is formed near the inlet nozzle. Under the action of
internal friction, the fluid of the section rotates at the same angular velocity, which is
similar to the rotational motion of a rigid solid. In the process, mechanical energy
transfers from the inner layer to the outer fluid, whereas the diffusion energy flows in
the opposite direction, as shown in Fig. 4.

Fig.4 The diagram of the viscous-shear theory

Since the kinetic energy gained by the periphery gas is greater than the internal
energy lost, the temperature of periphery gas will be higher, while the temperature of
the internal gas will be lower. Fulton asserted the relationship between the maximum
temperature difference and the Prandtl number®’:
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where AT¢max is the maximum temperature difference (= Tin-Tc), T is the temperature
of cold orifice, ATisis calculated based on an assumption of an isentropic expansion
process.

AT, =T, @~ (D)) @
in
where pc is the pressure of the cold orifice, pin is the inlet pressure.

Van®® analyzed the temperature separation of the vortex tube based on the
extended Bernoulli equation. The existence of the turbulent mixing in the pressure
field of the vortex tube was also considered. When the fluid in a section is rotated at
the same angular velocity, the mixture of the fluid in the tube is particularly strong,
thus, the static temperature difference is not eliminated by the molecular heat
conduction.

1.4 Secondary Flow Theory

Ahlborn® found that the reflux fluid mass flow at the centre of the tube was
larger than that at the cold exit. Thus, Ahlborn presumed a hypothesis that secondary
circulation might exist in the vortex tube and the flow direction was different from the
primary flow. The schematic reflects in Fig. 5.
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Fig. 5 Schematic cut-away view of vortex tube

Afterwards, Ahlborn®® took into account the secondary flow as a classic
refrigeration cycle. As can be seen from Fig. 6, compressed gas is injected into the
tube, and as the temperature drop due to the expansion, the coldest part in a tube is
close to the inlet. The pressure difference can make a part of the gas escape from the
cold exit and the other part would mix with the secondary circulation loop. Since the
temperature near the inlet nozzle is lower than that at point 1, the gas in the periphery
region is heated during the process from point 1 to point 2. And the secondary
circulation loop is an expansion process from point 2 to point 3. During this process,
the velocity of the secondary circulation loop maintains high, but the direction
changes, meanwhile, the pressure and temperature of the secondary circulation loop



decrease. The secondary circulation loop begins to mix with the back-flow from the
hot-end at point 3 and the temperature is lower than that of back-flow. As a result,
during the process from point 3 to point 4, the heat transfer direction is from the
centre to the secondary circulation loop. Due to the internal pressure field, the
secondary circulation loop is accelerated. With the accumulation of this mechanical
energy, the secondary circulation loop backs to point 1 with the temperature and the
pressure increasing. Manimaran®® worked with Reynolds stress model for numerical
calculation, and the results showed that the axial shear work between the hot and cold
vortexes is the main reason for the formation of the secondary flow. Likewise, the
research confirmed that the secondary flow could exert a positive effect on the energy
separation and the size of the secondary circulation is the main factor affecting the
energy separation of the vortex tube rather than the number of the secondary flow.

Inlet
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Fig. 6 Secondary circulation flow diagram

However, not all researchers agreed with the secondary flow theory. For example,
Behera®® concluded that the formation of the secondary circulation is related to the
size of the cold exit. When the cold exit is small enough, the secondary circulation
loop will form in the vortex tube. With the increase of the cold exit, the secondary
circulation will weaken. When the ratio of dcsD™ is 0.58, the secondary flow loss
occurs. Kandil’s study®! also revealed the relationship between the secondary flow
and cold flow component. When cold mass ratio is less than 0.31, the complete
secondary circulation loops are formed. Until the cold mass ratio is greater than 0.74,
the secondary circulation loops disappear.

1.5 Acoustic streaming theory

Kurosaka® suggested that the acoustics need to be considered as a factor
influencing the temperature separation because of the noise produced during the
experiments. Temperature and sound parameters like sound pressure level, noise



frequency near the entrance were measured. With the increase of the inlet pressure,
the sound pressure level and temperature simultaneously change dramatically. It is
asserted that the sound flow caused by ordered disturbance could improve the
tangential velocity. The flow pattern transfers from Rankine to the forced vortex, the
flow temperature distribution changes. Eckert®® found that the energy separation effect
is even more remarkable when the sound intensity of the vortex tube increases. The
study showed that the fluid in tube fluctuates as sound. Besides, the pressure on the
pulsation waveform curve is the main reason that leads to the energy separation, while
the effect of viscous takes the second. Wisnoea®* recorded the sound generated by the
vortex tube. Their result summarized that the sound changes mainly occur in the
amplitude when the inlet pressure changes. However, the frequency does not change
much. The separation chamber depth is the main influencing factor of frequency.

1.6 Multi-circulation theory

Xue®* observed the multi-circulation structure by injecting particles in 2011. In
the experiment, compressed air was injected into the vortex tube and it was found that
the vorticities appeared at the corner of the tube. The angle part of the flow turned
back to cold orifice with a lower temperature than the inlet air. The multi-circulations
mixed with the component of the cold flow may reduce the cooling effect. The
peripheral flow escaped from the hot exit with a higher temperature than the inlet air.
And the other parts of the flow were forced back to the cold-end by the plug with
increasing swirl velocity. As the rotating radius increases, this part of flow mixed with
the peripheral flow. The governing factor of the temperature drop is pressure gradient
and the main reason for the temperature rise is partial stagnation and mixing®.
However, the flow field in the tube varies with the size of the hot-exit, which will
discuss it in the next section.

2. The design criteria of vortex tubes

It is recognized that many factors could influence the performance of a vortex
tube, Hilsch? was the first researcher to investigate the relationship between the
performance of a vortex tube and its geometry. Moreover, other researches on
improving the temperature separation would be discussed from different aspects in the
following section.

2.1 Types of vortex tube

According to the flow characteristics, three different types of vortex tubes,
namely counter-flow vortex tube, uni-flow vortex tube, and double-circuit vortex tube,
are introduced in this paper. The shapes of the counter-flow vortex tube and uni-flow
vortex tube have already been introduced. It is generally recognized that the
performance of the uni-flow vortex tubes is worse than that with counter-flow vortex
tubes. In most cases, the counter-flow vortex tube was selected. In 1996, Piralishvili®®
designed a new type of vortex tube, and named it as a double-circuit vortex tube. The
structure of this vortex tube is sketched in Fig. 7. In the middle of the plug, there is a
hole which is used for injecting the compressed gas. In contrast to a counter-flow



vortex tube, the double-circuit vortex tube has a better cooling effect®®. Based on the
study of the hot tube cooling®’, Sadi® improved the design of the vortex tube structure
which is demonstrated in Fig.8. The structure named Annular Vortex Tube (AVT) is
beneficial to the compression of the hot fluid and the expansion effect of the cold flow
in the tube, which not merely ascends the temperature difference between hot and
cold exits, but also improves the cooling efficiency.
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Fig.7 Schematic of the double-circuit vortex tube
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Fig.8 Schematic of the annular vortex tube

2.2 Tube shape

The conventional vortex tube is a long tube structure. Paruleker® designed a short
conical vortex tube as illustrated by Fig. 9 to reduce the optimum L/D ratio. Research
pointed out that the length of the vortex tube could be reduced to 1/3 by varying the
conical angle of the vortex tube. Later on, Borisenko™ identified that the optimum
taper angle for the hot end was 3<

Bovand™ investigated the effect of the tube curvature angles on temperature
separation by numerical simulation with the RNG k-& model. Their results showed
that the vortex tube with bending angle of 150<could achieve higher performance
than that for other curvature angles when used as a refrigerator. But the performance
is still not as good as that for straight tube.

Kandil’ designed a fins structure for the hot end tube and numerical simulation
was carried out by using a k- model, as illustrated in Fig.10. Fins can enhance the
external natural convection to cool the tube wall which reduces the central
recirculation temperature so that a colder fluid can be obtained at the cold end.



Fig.9 Schematic of the conical vortex tube
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Fig.10 Circular fins used in vortex tube

2.3 Ratio of tube length over diameter

It has been studied by many researchers that the length of a vortex tube had an
obvious influence on its performance. And several experimental results were
summarized by Yilmaz™. It was clear that optimum L/D is a function of geometrical
and operating parameters, which means the vortex tube has a critical length. When
L/D>45, L/D will have no effect on the performance anymore, as demonstrated in Fig.
11 For L/D=10, temperature separation phenomenon is more unremarkable than
others.
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Fig.11 Effect of L/D on temperature difference for various cold mass fractions

Noted that the diameter of the vortex tube affects the flow rate as well as the
performance of the vortex tube. In general, a vortex tube with a smaller diameter has a
better energy separation. From the plot of L/D, a critical diameter exists. If the vortex
tube diameter is too small or too large will weaken the temperature separation’.

2.4 Cold orifice

In 1955, Westley stated the optimized relationship among the injection area, the
inlet pressure, the cold orifice and the vortex tube cross-sectional area. The
relationship is shown as follows®:

A _ o156+ 2176 (5)
A 7,

AJA=0.167 (6)

r = % 75 @)

where Ac is the cross-sectional area of the cold orifice, A: the vortex tube
cross-sectional area, pin is the inlet pressure and pc is the cold exit pressure.

It was reported that the dimensionless cold orifice diameter should be in the range
of 0.4<d./D<0.6. The research of Pourmahmoud”™ and Behera!® obtained a similar
conclusion. Mahmood’® conducted an experiment which showed that the cold orifice
angle will also affect the flow pattern of the vortex tube. For the cold orifice angle of



4.1< the best energy separation effect is achieved.

2.5 Nozzle

The inlet nozzle is an important component of the vortex tube. In order to get the
optimal performance, the pressure loss over the inlet nozzle should be small or the
Mach number at the outlet of inlet nozzle should be equal to 1, and the momentum
flow at the outlet should be large®. The shape and number of the vortex tube could
influence the performance of the vortex tubes.

2.5.1 Number of nozzles

Many researchers discussed the relationship between the number of nozzles and
the performance of the vortex tube. Reynolds® suggested that the inlet nozzle should
be in the form of slots and more slots could make the vortex tube achieve a better
performance. Shamsoddini’’ investigated the effect of the straight nozzles number (2,
3, 4, 6, 8 nozzles) on the power of cooling of a vortex tube by 3D numerical fluid
dynamic method. The RNG k-¢ model was employed and the simulation results were
validated by available published results. It was evidenced that the increase of the
number of the nozzles could enhance the cooling capacity significantly while the
temperature of the cold outlet decreases moderately. Promvonge and Eiamsa-ard’® "
experimentally studied the temperature separation in the vortex tube with 1 to 4
nozzles whose inlet shaped as a snail and drew the same conclusion with
Shamsoddini.

2.5.2 Profile of nozzle

The shape of the nozzle is considered as a factor to improve the performance of
the vortex tube as well. VVortex tubes are usually circular nozzles. Numerical analysis
has been carried out on different types of nozzles to achieve the optimum profile of
the inlet nozzle by Behera®®. After comparison of the total temperature difference
between the cold exit and hot exit for different nozzle configurations (convergent,
circular helical, rectangular helical, straight), it was concluded that the swirl velocity
attained by circular and rectangular helical single nozzles are prominently lower than
conical nozzles and the total temperature difference bacame smaller. Rafiee®
experimentally studied the effect of the convergence ratio on the nozzle in the range
of 1 to 2.85. As revealed by Fig. 12, there is an optimum ratio between 1.29 and 1.9 to
obtain the highest temperature difference. Parulekar®® proposed that the nozzle should
be designed in the shape of the Archimedian spiral and the cross section should be
slotted. To improve the energy separate efficiency of the vortex tubes, a new nozzle
with equal gradients of Mach number gradient and intake flow passage with equal
flow velocity were designed by Wu et al®®. A comparison result between various
nozzles on cooling effects (nozzle designed by Wu, nozzle of Archimedian spiral,
nozzle of normal rectangle cross section) can be seen in Fig. 13. It was indicated that
the nozzle designed by Wu has better performance in temperature separation than that
of other nozzles.

The effect of the nozzle diameter on the vortex tube performance has been
studied by many researchers. The results summarized by Yilmaz et al’® reported that
increasing nozzle diameter could improve the performance generally. The optimum



nozzle diameter was about 0.25 dyt.
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Fig.12 Influence of the convergence ratio of nozzle on the cold temperature difference
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Fig.13 Influence of various nozzles on temperature separation

2.6 Control valve

As previously mentioned, the size of the hot exit could lead to the change of the
flow field. Xue® discussed the flow structure with the control valve at different
positions in the vortex tube. An interesting phenomenon is that if the hot exit is
relatively large (i.e., the valve is far away from the exit), there will be no backflow in
the tube. Due to the strong centrifugal force in the tube, a low pressure region is
formed near the cold end so that the ambient air is sucked into the tube through the
cold exit. All injected flow will escape from the hot exit. The flow structure is
outlined in Fig. 14. When the plug is close to the hot exit, some gas is forced back by
the plug, and discharged from the cold exit. If the hot exit area keeps reducing, the
vortex tube will generate more cold flow and less hot flow, also the suction at the cold
end will not be observed. As far as the hot exit is blocked, all the injected gas left out
of the cold exit. Owing to the mixing of the cold flow and the hot flow, the
temperature drop of tube is not striking.
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Fig.14 Flow structure in a vortex tube



The control valve is capable to adjust the cold fluid fraction by changing the
position. Additionally, the control valve affects the refrigeration performance. Gao®
carried out an experimental study with three different kinds of hot end plug: spherical,
plate-shaped and cone-shaped plug. The schematic drawing of the hot-end plugs is
presented in Fig. 15. It pointed out that maximum temperature difference is obtained
with the plug (c); the plug (b) has the smallest temperature difference. Rafiee®!
studied four types of hot valves namely plate, spherical, cone and truncated cone. The
simulation results showed that the valve shape directly affects the distribution of the
flow field in the vortex tube. The vortex tube under the control of the truncated cone
type valve has the minimum distance between stagnation point and the hot valve as
well as maximum axial and tangential velocities, which make a best cooling effect for

these four type valves.
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Fig.15 the hot-end plug used by Gao

Markal and Aydin®? used four conical valves with different angles, i.e. 30° 45<
60<and 75< disclosed that the conical valve with smaller angle could lead to a better
performance of the vortex tube, especially for the small L/D vortex tube.

2.7 Diffuser

Diffuser was proposed by Grodzovskii in 1954%. Diffuser is a kind of vortex
stopper to block the vortex motion. Studies seemed to support that placing the diffuser
before the hot end contributes to reduce the viscous flow loss and velocity loss. In this
case, the diffuser becomes an crucial improvement in the design of the vortex tube®.

Hamdan®* et al. investigated the effects of the vortex tube under different
locations of diffuser (near the inlet, in the middle of tube, near the hot exit). It was
revealed that the diffuser location has a direct effect on the performance of the vortex
tube: only if the diffuser is close to the hot end, the vortex tube achieves a better
cooling. Wu® et al. designed a new style of diffuser, and installed it in front of the
control valve aiming at decreasing the speed of the peripheral fluid to zero and greatly
reducing the ratio of length to diameter. It showed that the cooling effect of the vortex
tube with diffuser is up to 5 °C lower than the one without diffuser.

2.8 Type of gas

Thakare and Parekh® conducted experiments with different individual and
compound gases (Helium, Nitrogen, Oxygen, Hydrogen, Air, CO2, H20 vapour, CHa)
as the working fluid. They stated that the energy separation effect will be enhanced
with the increase of the thermal diffusivity and thermal conductivity of gas for both
individual and compound gases. But Hz is the only exception for its high specific heat.
The change of the Prandtl number does not show any conclusive evidence about the
contribution to the energy separation. Some scholars took hydro fluorocarbons as
research objects. Wu selected R744, R32 and R134a as the working fluid in the



numerical simulation®”. The working medium selection of Han included R728, R744,
R32, R22, R161 and R134a. The properties of the working medium, such as dynamic
viscosity and thermal conductivity, are considered and it was found that they played a
remarkable role in the process of energy separation. In addition, the throttling effect
of the fluid itself also affects the whole process®.

Inlet pressure is another factor that can impact on the performance of the vortex
tube®. Kirmaci® reported that increasing the inlet pressure could lead to a larger
temperature difference between the hot and cold exit. Rafiee®®, Thakare®* and Aydin®
obtained the same conclusion. Whereas some other researchers expressed different
opinions. They stated that the temperature separation was a function of normalized
pressure drop between the inlet and cold end of the vortex tube rather than the inlet
pressure. Gulyaev®? found that the relationship between the inlet temperature and the
cold gas temperature for a given pinpc and cold fraction as expressed in Eq.(8).

—in__c — constant (8)
Yilmaz et al.”*similarly summarized that the inlet temperature had little effect on
the temperature separation.

3. Application of a vortex tube

The vortex tube has wide application in the field of industry and scientific
research. Burno®® made statistics on the application of the vortex tube, which was
widely used in the field of temperature control at that time.

3.1 Cooling and heating

At present, the application of the vortex tube is mainly concentrated in the field
of refrigeration and heating. Working in a timely manner without refrigerant, a unique
advantage in some occasions, makes vortex tube widely used in industrial electronics
cooling, machining cooling, self-propelled systems for hot climate, transport of
vegetables and fruit etc?®%,

As the role of machining is being gradually important in modern mechanical
manufacturing, the high temperature of the tool surface produced by friction during
the fast cutting process affects the working efficiency of tool surface. Reasonable
cooling measures can improve the service life of the machining tool and ensure
machining quality®®’. Coolant fluid is used for cooling the cutting tool in traditional
method. However, most of the coolant contains additives like phosphorus and sulfur
which are unfriendly to the environment. When heating coolant fluid, it will be
evaporated into gas easily, which is harmful to the operator®®. The deployment of the
tool costs accounts for about 2~4% of the total cost of machining. In comparison,
cooling lubricant counts for approximately 7~17%%. Thus, using a drying cutting
could reduce the cost in disposal and cleaning of chips. The comparisons of the dry
cutting and traditional cutting on cutting force, cutting temperature, tool wear, surface
roughness and residual stress were summarized by Cong et al®. It has been observed
that the vortex tube could provide cooling, while it is usually less effective than the
coolant fluid in reducing cutting force, temperature, tool wear, and surface roughness.



With the development of the mining technology and economy, deep mining has
become a potential. At the same time, mine heat harm became a serious problem.
Using the traditional method to reduce the temperature in the well requires a large
amount of energy consumption'®. On the contrary, there are several advantages of
using vortex tube for cooling the well: a) make the best use of a large number of
compressed gas underground; b) simple structure, easy operation and maintenance; c)
it is the real way of green refrigeration by saving energy as well as avoiding the
greenhouse gas emissions. Similarly, Wang et al. designed a vortex tube freezer
which used in the mine?®,

It is necessary to bring the pressure down to a safe range before using the natural
gas. The decompression process of high pressure natural gas is similar to adiabatic
expansion. The steam in the natural gas may condense into the ice during these
processes, which could result in the pipe blockage. The VPGH (Vortex Pilot Gas
Heater) was designed to solve this problem%. The operating principle of VPGH is
displayed in Fig. 16'°, Hot flow in the periphery of the vortex tube was used to
preheat gas. The driving force of the vortex tube is the pressure differential available
between the vortex tube’s inlet and outlet. Although the cost is high, the unique
advantages of the vortex tube make the heating in a better economic benefit'%,
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Fig.16 Schematic diagram of vortex tube heater

3.2 Separation of mixtures

It is found that the velocity of the working fluid in the vortex tube is very high,
and the gas speed in the center can reach 10° rpm. Therefore, the vortex tube could
also be used for mixture separation. The gas mixture (such as oxygen and nitrogen,
oxygen and carbon dioxide) separation experiments using the vortex tube were carried
out by Linderstrom-Lang®®. The results showed that the relatively larger molecular
mass of particles stayed in the tube periphery, and the quality of the smaller particles
was concentrated in the centre of the tube after separation. Because of the low
temperature in the centre of the tube, the gas in this position is easily condensed and
liquefied'>1%, Due to the difference in density between liquid and gas, the liquid will
be thrown into the wall by centrifugal action. In order to prevent the liquid
regasification caused by the high temperature of the tube wall, the condensate should



be removed in the process of the separation, the improved structure vortex tube is
described in Fig. 171%. Yun!® conducted a feasibility study on the separation of air
and carbon dioxide in the vortex tube. It was found that the comparability between the
influence of the cold flow ratio on the gas separation as well as the temperature at the
cold end. Besides, the separation rate increases when the imported carbon dioxide
content changes from 8% to 16%.

Mixture inlet

L )
g ...

Fig.17 Vortex tube liquid separator

Burger'® compared the separation of several different methods to investigate the
application of the isotope separation in the vortex tube. It has been pointed out that the
method of the electromagnetic isotope separation needs high energy consumption but
still the separation effect is not good enough. By contrast, Laser isotope separation
method has opposite characteristics. Neverthless, hardware is complex and needs
special materials, which is difficult to practice. The centrifugal separator applied to
the separation of the particles whose diameter between 1~10 um showed a good effect.
If the particle diameter is less than 1 um, the separation effect would decrease greatly.
The isotope separation method of the vortex tube could overcome this shortcoming.

In the mining industry, a large amount of methane gas generates during the
production, which brings a huge risk to safe production. There are two traditional
methods to solve this issue: one is the methane emission in the mine which requires a
large amount of capital; the other one is blowing large quantity of air into the mine to
dilute the concentration of methane. Both methods will bring an adverse impact on the
environment. Mohammadi and Farhadi'® conducted an experiment on nitrogen and
methane mixture gas separation with vortex tube, their results revealed that this
method is capable of collecting methane mixture gas. If the technology is applied to
mine production, not only the cost can be saved, but also the methane is collected for
the power generation, which will achieve greater economic benefits.

In the 1950s and 1960s, researchers started to focus on evaluating the use of
vortex tubes in a gaseous fission rocket concept. Air separation for in-flight oxygen
collection was listed in the program paper of NASA Langley’s systems analysis
office!!’. Following is a briefly describing for the process of gas separation by vortex
tube. Air was cooled to the saturation line, partially condensed, and passed through
inlet nozzles. The temperature separation of the mixture was accomplished in the
chamber. The liquid was thrown to the wall of vortex tube because of the centrifugal
force and follows to the hot-exit along the wall. More nitrogen was heated from the

Hot gas outlet
Cold gas outlet —=




film near the wall and joined the backflow. From the back flow, oxygen was
condensed into liquid, and moved to hot-end. The nitrogen enriched flow left the
vortex tube from cold-end. Most of the oxygen concentrations achieved were in the
range of 30% to 40% with the maximum concentration of oxygen recorded at 58%?'.

Conclusions

Though the structure of the vortex tube is compact, the process of energy
separation inside is quite complex. Temperature separation in the vortex tube appears
to involve a number of different factors, and it is important to explore the key factors.
The theories listed in this article are based on the experiments, but still there is no
clear theory to explain the phenomenon completely. The theories mentioned above
give hints for further investigations, at the same time provides the directions of
theoretical research.

Conclusions can be drawn from a review of various studies: a number of factors
have great influence on the performance of vortex tube, such as the ratio of length to
diameter, the number of inlet nozzle, the profile of nozzle, the diffuser the inlet
pressure and the cold mass fraction. Some factors affecting the performance of the
vortex tube are not apparent, like the shape of the hot-end plug, the inlet temperature.
All of this information is helpful to design the efficient vortex tube.

Due to its low refrigeration efficiency and refrigerating capacity, the application
of the vortex tubes has not been pay much attention to. However, its characteristics
still make it play role in some fields. With further research and practice, the
application of the vortex tube will be more extensive.
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