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Chapter 1

Introduction

1.1 Background

The Vortex Tube (VT) cooler is a device that generates cold and hot gas from compressed
gas, as shown in Fig. 1.1. It contains the following parts: one or more inlet nozzles, a vortex
chamber, a cold-end orifice, a hot-end control valve and a tube. When high-pressure gas (6
bar) is tangentially injected into the vortex chamber via the inlet nozzles, a swirling flow
is created inside the vortex chamber. When the gas swirls to the center of the chamber, it
is expanded and cooled. In the vortex chamber, part of the gas swirls to the hot end, and
another part exists via the cold exhaust directly. Part of the gas in the vortex tube reverses
for axial component of the velocity and move from the hot end to the cold end. At the hot
exhaust, the gas escapes with a higher temperature, while at the cold exhaust, the gas has a
lower temperature compared to the inlet temperature. This was first discovered by Ranque [1]
in 1933, and by Hilsch [2] in 1947. In memory of their contribution the VT is also known
as Ranque Vortex Tube (RVT), Hilsch Vortex Tube (HVT), and Ranque-Hilsch Vortex Tube
(RHVT). In this thesis it is referred to as Ranque-Hilsch Vortex Tube (RHVT).

A RHVT has the following advantages compared to the normal commercial refrigeration
device: simple, no moving parts, no electricity or chemicals, small and lightweight, low cost,
maintenance free, instant cold air, durable (because of the stainless steel and clean working
media), adjustable temperature [3,4]. But, its low thermal efficiency is a main limiting factor
for its application. Also the noise and availability of compressed gas may limit its application.
Therefore, when compactness, reliability and lower equipment cost are the main factors and
the operating efficiency becomes less important, the RHV'T becomes a nice device for heating
gas, cooling gas, cleaning gas, drying gas, and separating gas mixtures, DNA application,
liquefying natural gas and other purposes [3,5-7].

The underlying physical mechanism processes that determine the cooling of gas in this
device have not been resolved completely in the past. The research on vortex tube generally
concerns the following aspects: the compressible fluid dynamics of turbulent and unsteady
flow; thermodynamics; and heat transfer. These aspects make the research complicated and
challenging. The interest in this research dates back to the work by Westley [8] who states
that, “Besides its possible importance as a practical device, the vortex tube presented a new
and intriguing phenomenon in fluid dynamics”.

1
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Figure 1.1: Schematic drawing of the RHV'T system.

1.2 The state of the art

Concerning the literature we first refer to the bibliographical work [9] by Westley in 1954, in
which 116 publications before 1953 have been listed and then the PhD work [10] by Soni in
1973, and the work [11] by Hellyar in 1979 with about 250 references. In this section, more
recent work is divided in experimental and in theoretical researches and discussed briefly
according to two different aspects.

1.2.1 Experimental development

Experimentally, three different aspects were studied in the past which include the working
media, the geometry and the internal flow field:

1.2.1.1 Working medium

The first study on the separation of mixtures with the RHVT were published in 1967 by
Linderstrom-Lang [12] and in 1977 by Marshall [13]. The gas mixtures (oxygen and nitrogen,
carbon dioxide and helium, carbon dioxide and air, and other mixtures) were used as working
medium in their work. In 2001 the RHVT system was used for carbon-dioxide separation by
Kevin [14]. In 2002 the RHVT system was used to enrich the concentration of methane by
Manohar [15]. In 2004, natural gas was used as working medium and with the RHVT natural
gas was liquified by Poshernev [16].

In 1979 steam was used as working medium by Takahama [17]. In 1979, two-phase propane
was used as the working medium by Collins [18]. It was found that when the degree of
dryness! of the liquid and gaseous propane is higher than 0.80, a significant temperature
difference maintains. With two-phase working medium, the degree of dryness is an important
parameter, when the degree of dryness is larger than some critical value, energy separation
occurs.

In 1988 Balmer [19] applied liquid water as the working medium. It was found that when
the inlet pressure is high, for instance 20~50 bar, the energy separation effect still exists. So
it proves that the energy separation process exists in incompressible vortex flow as well.

From the above investigations it was found that the working media is very important in
the operation of the RHVT system. By applying different working media, the performance

'the dryness ¢ is defined as the ratio of the mass of gaseous part over the total mass,

Mg

(=

mg + My
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of the system can be optimized or the RHVT can be used for purposes directly related to the
working medium, like gas separations, liquefying natural gas [7].

1.2.1.2 Geometry

Aspects of the geometry concerns the positioning of components like the cold exhaust, control
valves and inlet nozzles. For the positioning of the cold exhaust, there are two different types
of RHVT systems proposed by Ranque [20]: counterflow RHVT system (see Fig. 1.1) and
uniflow RHVT system (see Fig. 1.2). When the cold exhaust is placed on the other side from
the hot exhaust, it is called “counterflow”. When the cold exhaust is placed at the same
side of the hot exhaust, it is named “uniflow”. From the experimental investigation [20-22] it
was found that the performance of the uniflow system is worse than that of the counterflow
system. So, most of the time, the counterflow geometry was chosen. Hilsch [2] was the first
to investigate the effect of the geometry on the performance of the RHVT system.

P ized
J ressurized gas Control valve

J

P B0 0 0e | ——> Cold gas
~—=IPHot gas

ortex chamber
Figure 1.2: Schematic drawing of the uniflow RHV'T system.

The effects of the placement of the control valves, and the inlet nozzles on the performance
are discussed by Linderstrom-Lang in [23].

In 1955, Westley [24] experimentally optimized the geometry of the RHVT system. He
found that the optimum situation can be described by a relationship between the injection
area, the tube length, the vortex tube cross sectional area, the cold end orifice area and the
inlet pressure. The relationship is the following:

Ac Ain

Fln

~ (0.156 + 0.176/71,,and 7, = — = 7.5
Avt / P P yze

where A, is the flow area of the cold exhaust, Ayt is the flow area of the vortex tube, Aj, is
the flow area of the inlet nozzle, p;, is the inlet pressure and p. is the cold exhaust pressure.
Since the 1960s, Takahama [17,25-30] published a series of papers on the RHVT. He
found that if the Mach number at the exhaust of the inlet nozzle reaches 0.5~1, the geometry
should have the following relationship in order to have larger temperature differences or larger
refrigeration capacity:
Diy A A

=022 —008~017, ¢ = 2.
Do O’Avt 0.08 07,Ain 3

where Dj, is the diameter of the injection tube and Dy is the diameter of the vortex tube.
In 1969, Soni [10] published a study on the RHVT system considering 170 different tubes
and described the optimal performance by utilizing the Evolutionary Operation Technique.
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In that work, he proposed the following relationships between the design parameters

Ain AC Lvt
A, 0.08 0.11, A, 0.08 ~ 0.145, Do

> 45.

where Ly is the length of the vortex tube. It can be found that all the dimensionless quantities
listed above have the same order of magnitude as proposed by Westley and Takahama. In
1974, Raiskii [31] conformed the relationships experimentally.

Another type of geometry is the conical vortex tube (or divergent vortex tube), see Fig.
1.3. In 1961, Paruleker [32] designed a short conical vortex tube. By varying the conical angle
of the vortex tube, he found that the parameter Lyi/Dyy can be as small as 3. He found that
the roughness of the inner surface of the tube has influence on its performance as well: any
roughness element on the inner surface of tube will decrease the performance of the system
(based on the temperature difference) up to 20%. He suggested that the designs of the vortex
chamber and the inlet nozzle are very important, he mentioned that the inlet nozzle should
have an Archimedean spiral shape and its cross section should be slotted. The inlet nozzle
in the form of a slot was also suggested by Reynolds [33] in 1960. In 1966, Gulyaev [34] did
more research on the conical vortex tube. He found that the vortex tube with a conical angle
of about 2.3° surpassed the best cylinder tube by 20%~25% for the thermal efficiency and
the refrigeration capacity. In 1968, Borisenko [35] found that the optimum conical angle for
the conical vortex tube should be 3°. The conical vortex tube was further investigated by
Poshernev in 2003 and 2004 [3, 16, 36] for chemical applications.

In order to shorten the tube length, Takahama introduced the divergent vortex tube (in
fact the same as the conical vortex tube but with a different name) in 1981 [30]. This divergent
vortex tube can reach the same performance as the normal tube but with a smaller length.
Because within the divergent tube, the cross sectional area increases to the hot end, the
gradient of the gas axial velocity decreases. He suggested that the divergence angle should
be in the range 1.7° ~ 5.1°. With all research on divergent vortex tubes, it can be found that
there exists an optimal conical angle and this angle is very small. When the flow swirls to
the hot end, the cross section area increases, so the azimuthal motion is slowed down along
its path.

A detwister is some kind of vortex stopper, which can be used to block the vortex motion
at the exhausts. By applying the detwister, in front of the gas exhausts, the vortex motion
inside dies out, so the detwister is an important improvement of the design of the vortex tube.
Initially the detwister was mounted near the hot exhaust (sometimes also put close to the
cold end). The detwister was proposed by Grodzovskii (cited from [37]) in 1954, Merkulov
(from [37]) in 1969, and James [38] in 1972. In 1989 Dyskin [37] concluded that the hot-end
detwister can improve the performance of the RHVT system and shorten the tube length;
the cold-end detwister has the same positive effect on the efficiency. Further investigation
shows that detwisters, placed inside the vortex tube, blocked the swirling flow to the exhausts,
generated turbulence and destroyed the azimuthal motion.

In 1996, Piralishvili and Polyaev [39] introduced a new type of vortex tube: the Double-
Circuit vortex tube with a conical tube to improve the performance, as shown in Fig. 1.4.
At the hot end, in the center of the control valve, there is an orifice which allows feedback
gas (1hgc) to be injected into the vortex tube. The feedback gas has the same temperature
as the inlet gas but with low pressure. With this design, the cooling power of the system is
increased and the performance of the vortex tube is improved.
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Control valve Hot exhaust
Pressurized gas
i. m,
A m,

AA-AT \

Vi ‘WWM " s — L, ——
71 I’ ““‘W‘v‘!‘ | — Cold exhaust y 4

o~ | ‘ ‘ ‘ ‘ 4 Feedback gas
Cold gas outlet Vortex chamber \

Hot gas outlet

Figure 1.3: Schematic drawing of the conical Figure 1.4:  Schematic drawing of the
vortex tube. Double-Circuit Vortexr Tube.

In practice, multiple stage vortex tube systems have been introduced for improving the
performance. A two-stage vortex tube system was built up in 2001 by Guillaume and Jolly [40].
They found that the temperature difference at each stage is larger than that generated by
the single stage vortex tube under the same operation conditions.

The strong noise level, created by the system, indicates the existence of sound inside the
RHVT. In order to reduce the sound level and convert the acoustic energy into heat, in 1982,
Kurosaka [41], Chu [42] and Kuroda in 1983 [43] introduced an acoustic muffler. They found
that with the muffler the performance of the system was better than without.

Now commercial vortex tubes are manufactured by ITW Vortex, Exair, etc [4,44-49].
They apply the ideas of the detwister, conical tube, and acoustic muffler.

1.2.1.3 The internal flow field

The investigation of the flow field inside the VT began with flow-visualization techniques such
as liquid injection and smoke. In 1950 Roy [50] injected colored liquid into the RHVT system
to investigate the flow pattern. In 1959, Lay [51] injected water inside the RHVT system,
but nothing could be seen. In 1962, Sibulkin [52] used a mixture of powdered carbon and oil.
In 1996, Piralishvili [39] used kerosene with the mass ratio of 1:30. In 1962, Smith [53, 54]
used smoke. With the injection of liquid, all investigations concentrated on tracking the
flow trail on the end wall and using a lucite tube as the vortex tube for tracking the liquid
elements visually. From the flow trail on the end wall, the gas velocity distribution shows solid
body rotation in the center which is similar to the Rankine vortex motion. Visualization by
means of smoke shows the flow path inside the tube along the axis. The velocity distribution
also shows the similarity with the Rankine vortex motion. From the flow pattern inside the
tube, the two different parts of the swirling flow can be distinguished: with an axial motion
towards the hot end is the peripheral region and with axial motion towards the cold end is
the central region. With these visualization techniques, the advantage is that it is very easy
to qualitatively determine the flow field inside the tube. The disadvantage is that it is not
possible to obtain quantitative information of the flow and to find the temperature field inside
the tube.

The visualization techniques can only give us a qualitative description of the flow field in-
side the vortex tube. For more detailed flow information, like the pressure, temperature, and



6 Introduction

velocity fields inside the system, probes are required. Sheller in 1957 [55], Lay in 1959 [51,56],
Holman in 1961 [57], Smith [53,54] and Sibulkin [52,58,59] in 1962, Reynolds in 1962 [33,60],
Takahama [25-28,30], Ahlborn in 1997 [61], Gao in 2005 [62] all used a Pitot tube for pressure
measurement and thermocouple to measure the temperature. The probes used by Sheller,
Lay, Holman, Smith, Reynolds and Takahama have large size compared to the system geom-
etry. The error introduced by the probes cannot be neglected and the velocity in the center
cannot be measured [61]. The probe used by Ahlborn is small, but in his work the probe is
not calibrated, and the error can be up to 25% [61]. The probe used by Reynolds was not
calibrated either, so the results can only be used for qualitative analysis [60]. More detailed
descriptions about these techniques will be given in later sections.

In summary, the purposes of all these experimental investigations are: first of all, to find
empirical expressions which can be used for optimizing the RHVT system; secondly, to apply
the RHVT for wide application purposes, like cooling and heating, cleaning, purifying and
separation, etc.; finally, to investigate the internal process and to understand the mechanism
of the energy separation. In the past, a lot of experimental studies have been published.
The improvements of the RHVT performance due to the geometric adjustments could not be
explained completely. Furthermore the experimental techniques have some limitations and
need to be improved. In this thesis, we employ a specially designed Pitot tube, thermocouple
and a hot-wire anemometry for fluctuation measurements, turbulence and spectra analysis.

1.2.2 Theoretical development

Theoretical studies have been carried out in parallel with experiments. Most theories are
based on results obtained from the related experimental work, some are based on numerical
simulations. In 1997 Gutsol [63] and in 2002 Leont’ev [64] have published detailed reviews
about the RHVT theories. So, the summary on the theories given here will be brief.

1.2.2.1 Adiabatic compression and adiabatic expansion model

The first explanation was given by Ranque [1,20]. He explained that the energy separation is
due to adiabatic expansion in the central region and adiabatic compression in the peripheral
region. In 1947 Hilsch [2] used similar ideas to explain the phenomenon in the RHVT, but
introduced the internal friction between the peripheral and internal gas layers. He used this
model to explain his experimental results rather well. Because the process in the RHVT is
not truly adiabatic [63,65], this model was later rejected (see Fulton [66]).

1.2.2.2 Heat transfer theory

In 1951, Scheper [67] proposed a heat transfer theory for the RHVT system based on his
experimental work. This model is based on empirical assumptions for the heat transfer and
is incomplete.

1.2.2.3 Effect of friction and turbulence

In 1950, Fulton [66] explained that the energy separation is due to the free and forced vortex
flow generated inside the system. He stated that:“Fresh gas before it has traveled far in the
tube, succeeds in forming an almost free vortex in which the angular velocity or rpm is low
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at the periphery and very high toward the center. But friction between the layers of gas
undertakes to reduce all the gas to the same angular velocity, as in a solid body.” During the
internal friction process between the peripheral and central layers, the outer gas in turn gains
more kinetic energy than it loses internal energy and this leads to a higher gas temperature in
the periphery; the inner gas loses kinetic energy and so the gas temperature is lower. Fulton
found that the maximum temperature difference AT yax(= Tin — T¢) has a relationship with
the Prandtl number

ATc,rnax -1 1
AT, 2P,

(see Equation 25 in [66]) ,

where AT is calculated based on an assumption of an isentropic expansion process:

ATy = Ty (1 _ (&)(’YU/V) _
Pin

Lay [51] used the potential and forced vortex motion for the RHVT analysis and proposed
via an elegant mathematical formalization that the internal friction effect and turbulence are
the main reason for the energy separation. Kreith [68], Alimov [69] also attributed the friction
effect as reason for the energy separation. Reynolds [70,71], Deissler [72] also pointed out that
the energy separation is due to friction and turbulence.

Van Deemter [73] in 1951 performed numerical simulation work based on the extended
Bernoulli equation. He had similar ideas as Fulton and calculated the temperature profile as
scaled by the turbulent Prandtl number. There is a remarkable agreement between his model
and Hilsch’s measurements.

Deissler [72], Reynolds [70, 71], Sibulkin [52,58,59] and Lewellen [74] all presented math-
ematical analysis based on the turbulent N-S equation. Based on their analysis, they come
to the common conclusion that heat transfer between flow layers by temperature gradients
and by pressure gradients due to turbulent mixing, turbulent shear work done on elements
are the main reasons for the energy separation.

At the author’s former university, Xi’an Jiaotong University, this theory was further in-
vestigated with numerical simulation method and experimental studies [75-77]. The work
concluded that the energy separation is mainly due to internal friction and turbulence char-
acterized by the turbulent viscosity number.

Gutsol [63] summarized many existent Russian theories in the past in a critical review.
He proposed a turbulence model with exchange of the micro-volumes motion effect to explain
the energy separation. Gutsol explained that due to the turbulent motion at the exhaust
of the inlet nozzle, turbulent vortex motion exists inside the vortex tube at different layers.
Via this turbulent mass transfer an exchange of kinetic energy and heat takes place between
fluid layers. This theory is similar to the inner friction theory proposed by Fulton but more
mathematical.

The internal friction, mentioned in the friction and turbulence models, is the viscous fric-
tion between different gas layers. This is different from the roughness and friction mentioned
by Paruleker [32]. The friction referred to in Paruleker is the friction between the wall surface
and flow.

The friction and turbulence models are incomplete. The relationships proposed by differ-
ent authors include a lot of turbulent parameters, which are difficult to determine and rely
on assumptions. Another disadvantage is that the models do not consider geometrical effects.
All these difficulties limit the applications of these models.
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1.2.2.4 Acoustic streaming model

Kurosaka, Chu and Kuroda [41-43] from the University of Tennessee explained the VT with
the phenomenon of acoustic streaming. They focused their research on the fundamental
functions of ordered/disordered turbulence and found a relationship between the acoustic
resonance frequencies and the forced vortex motion frequency. They proposed that the energy
separation inside the RHVT is due to the damping of the acoustic streaming along the axis
of the tube towards the hot exhaust. In Chapter 6 the frequencies found from the spectral
analysis on the samples taken by the hot-wire anemometry also have these relationships and
indicate the existence of the acoustic phenomena.

1.2.2.5 Secondary circulation model

Ahlborn [61, 78] proposed a so-called secondary circulation model based on his experimental
results. He found that the cumulative mass flow over the cross section of the vortex tube
in the cold end direction is larger than the cold exhaust flow, which implies the existence of
a secondary circulation flow in the VT. With this secondary circulation model, the RHVT
can be considered as a classical refrigeration device and the secondary circulation flow can be
thought as a classical cycle [78].

The secondary flow pattern has also been noted experimentally by Linderstrom-Lang
[23,79], Fulton [66], Scheper [67], Ahlborn [61] and Gao [62], and numerically explained by
Cockerill [22], Frohlingsdorf [80], Gutsol [81] and Aljuwayhel [82]. The main difference among
all these secondary flow patterns is whether the secondary flow is a closed cycle or not.
Linderstrom-Lang, Fulton, Scheper and Cockerill suggested it as an open cycle, while Ahlborn,
Gao, Gutsol, Frohlingsdorf and Aljuwayhel suggested a closed cycle. More detailed analysis
on the secondary circulation model is discussed in later Chapters. We have chosen to modify
this secondary circulation model in this thesis, see Chapter 2.

In summary, as pointed out by van Deemter [73] and Gutsol [63] most of these theories
can only either explain their own works and could not match with the others, or be used for
qualitative analysis only. This indicates also that the above theories are incomplete. The
above mentioned theories point out two directions of theoretical research, which gives hints
for further investigations. One is focussing on thermodynamics (compression and expansion),
turbulent flow, viscous friction, internal heat transfer, and acoustics. The other one is con-
cerning the flow pattern, like secondary circulation. The further analysis of these two aspects
form the main body of this thesis.

1.3 Preview of this thesis

In the Low Temperature group at the TU Eindhoven, research is focused on new cooling
technologies and their applications. The pulse-tube cryocooler is the main research theme
of the group. Another research subject is thermoacoustics. A common property of pulse-
tube cooler, thermoacoustic cooler and Ranque-Hilsch vortex tube is that these have (almost)
no moving parts. Furthermore the incomplete understanding of the physical mechanisms
occurring in the tube are also a challenge to start working on this subject. This thesis starts
research in the RHVT direction for the Low Temperature group.
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As discussed in Section 1.2, in the past 70 years, the history follows the pattern of initial
enthusiasm, then apathy, and later renewed interest. After Hilsch presented his work, the
investigations of RHVT were starting to become prosperous and interested many researchers
due to the magical phenomena, sometimes referred to as Maxwell’s demons, occurring in the
vortex tube. But due to the inefficient operation, interest in the VT died down during the
1970s. In the 1980s, researchers in the former USSR showed renewed interest and introduced
it to China as well. Now in some universities, the RHVT system is a teaching example in
thermodynamics lectures. In this thesis we perform fundamental investigations on the RHVT
system (to measure the turbulence and the acoustics inside the system). This includes the
design of the RHVT system, design and calibration of the measurement techniques and the
analysis of the experimental results.

First of all, in Chapter 2, the theoretical analysis of the RHVT system based on the
thermodynamic laws is introduced. The secondary circulation model from Ahlborn [78] is
introduced. The comments on this model is given in order to further modify it. The modified
relationships include vortex chamber geometrical effects. After that, the thermal efficiencies
of the RHVT system are defined.

In Chapter 3 the measurement techniques and the calibrations are explained in detail.
Here a special designed Cylinder type Pitot tube is used for the pressure measurements, a
thermocouple is used for the temperature measurements and a single probe Hot-wire anemom-
etry (SPHWA) is used for the turbulence and the velocity measurements. Then in Chapter 4
the design and investigation of a small RHVT system are described to get the first impression
of these techniques. It shows that the designed measurement techniques operate very well
and the accuracies of these techniques are acceptable. Comparison of the results from this
small RHVT system and the work of others is presented. The thermal efficiencies of the
small system are calculated, which shows that the efficiencies are lower than 5%. With the
calculated cumulative mass flow over the cross sections, a secondary circulation flow is found
experimentally.

In Chapter 5 the design of the inlet nozzle is introduced based on gas dynamical anal-
ysis. The influences of the operation parameters (inlet pressure, inlet mass flow) and the
geometrical parameters (length of nozzle, inlet and exhaust diameters of the nozzle) on the
exhaust Mach number, the exhaust momentum and the exhaust pressure are investigated.
In Chapter 6, the design of a larger system and the influence of the different components on
the performance are discussed, and an optimized system is chosen for further analysis. All
the experimental results, based on different techniques, are sampled individually. At the end
the velocity, pressure and temperature mappings are shown based on the results from three
techniques. In Chapter 7, the thesis is summarized and conclusions are formulated.
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