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Abstract

The vortex tube is a very simple device which séi)érates a compressed gas into a cold and a
hot stream. The compressed gas is injected tangentially into the tube inlet by means of a
nozzle. The gas develops a swirling motion in the tube. The gas leaving the tube near the wall
will be warmer and that leaving the tube from the center will be cooler. Typically, with
compressed air at 3 atm. and 290 K, it is possible to obtain a cold stream of T = 260 K and a

hot stream of T, =330 K.

The general motivation of this thesis was to clarify the numerous assumptions on the vortex
tube effect by the analysis of new measurements. Compared to previous studies, standard
measurerﬁents of pressures and temperatures were improved by having the sensors very close
to the tube. New measurements were obtained with the help of three novel techniques:

i) Velocity profile measurements were done with a special pitot tube.

ii) The vortex tube was tested at inlet pressures below atmospheric.

iii) The spectrum of sound generated in the vortex tube was measured with the

help of internally mounted microphones.

The new data were compared to previous models, especially the two-streams model by
Ahlborn et al. (1994), where the heating in the vortex tube is attributed to the conversion of
kinetic energy into heat and the cooling to the reverse process. Due to the accuracy of the
inlet pressure measurements, the new experiments showed unexpected high inlet velocities. In
contradiction to Ahlborn's model, where the cold and hot streams héve the same amount of
energy, the vortex tube effect is explained in this work by an energy separation, in which the

cold stream exits the tube with a lower energy than the hot stream.
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1 - Introduction

The vortex tube is a very simple device which separates a compressed gas into a cold and a
hot stream. A standard vortex tube is shown in Figure 1.1a. The compressed gas is injected
tangentially into the tube inlet by means of a nozzle. The gas develops a swirling motion in
the tube. The gas leaving the tube near the wall will be warmer and that leaving the tube from
the center will be cooler. Typically, with compressed air at 3 atm. and 290 K, it is possible to
obtain a cold stream of T, = 260 K and a hot stream of T, = 330 K. All vortex tubes
described in the literature have an elevated inlet pressure and exhaust the cold and hot stream

at atmospheric pressure.

While the vortex tube shown in Figure 1.1a is the most common, there are also vortex tubes
where the fluid exits on one.end only. In the configuration of Figure 1.1b, the cold end can be
used to extract cold air since the heat exchangers along the tube will extract the heat from the
hot stream. However, the vortex tube shown'in Figure 1.1c, with only the hot end, cannot be
used for commercial applications since the two streams are mixed together at the exhaust.

That type of vortex tube was used by scientists to study a simpler flow pattern.

1.1 History

G.J Ranque (1933) appears to have been the first to observe the vortex tube behavior. R.
Hilsch (1946) studied Ranque's observation in more detail. He made a rough optimization of
the tube geometry, related the temperature difference to the inlet and outlet pressures and
flow rates and evaluated the vortex tube efficiency. However, he did not explain the physical

process behind the effect. His final remark was that the efficiency was low compared to
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standard eeoling systems, sp_ecially at low inlet pressure. He suggested that the tube could be

used for gas separation processes.

a) " hot
stream
- b) , )
heat . )
exchangers ‘inlet : ’ hot
inlet \ | | I ‘ I ‘ | \ o stream

————

cold

. i S
stream - -
) ‘ _ . ' stream

Flgure 1.1: Vortex tubes a) standard b) end on cold side only c) end on hot side only The

dotted areas represent the flow that will exit on the cold end
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Hilsch's publication generated considerable interest and since then many papers have
appeared in the literature with possible explanations of what is now called the Ranque-Hilsch
vortex tube effect. Many trials have been made to present a general formulation for the
energy separation process taking place in the tube. However, the complexity of the flow field
made the mathematical analysis difficult and inconclusive. The vortex tube flow field is
compressible, viscous, and has complicated temperature, pressure and velocity distributions.
Furthermore, since the process is assumed to be highly irreversible (Negm et al., 1988), the
task of modeling the tube by analytical method is tremendously difficult. Some models were
done on the uniform-flow configuration, which is a vortex tube with only the hot end opened.
However, the results were not really applicable to the standard configuration. Meanwhile,
further experiments were done on the vortex tube. Takahama (1965,1966) did an extensive
research on the tube optimization and developed a set of empirical criteria for the vortex tube
design. Rough measurements of the pressure, temperature and velocity field within the tube
were done (Bruun, 1969, Harnett, 1957, Savino, 1961, Takahama, 1965, 1966) and they
have been used to support analytical models ((Deissler and Perlmutter, 1960, Linderstrem-

Lang, 1971).

The most successful models for predicting the temperature separation effect take into account
the geometry and also external parameters, such as exit and inlet pressure, temperature and
flow rate. There is not yet a quel which can predict the effect based on just the entrance
conditions and the geometry. In other words, the temperature separation effect has to be
assumed in order to be predicted. This is because in most models, the tube is analyzed with
thermodynamic relations, where the tube is taken aé a control volume, and the entrance and
exit conditions are an indication of the fluid state. However, the physical process leading to

the temperature separation is not taken into account. In fact, there is a great confusion about

the cause of the Ranque-Hilsch effect.
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1.2 Applications of the vortex tube

In the past 50 years, many aﬁplicaﬁons for the vortex tube have been proposed. A large
amount of research has been done on gas separation applications. The centrifugal acceleration
in the vortex tube (106 g) is stronger than in any other centrifuges (Fekete, 1986). The tube
has been widely used in petroleum industry and in many plant processes (F ékete, 1967, 1970,
1986). The temperature splitting characteristic has been used for cooling applications such as
cooling cutting tools and electronic parts. Some others investigated the sound properties of
the vortex tube, and found that the tube was emitting a dominant frequency which depended
on the inlet velocity (Chanaud, 1963, 1965, Vonnegut, 1954). The tube has also been used as
a static temperature probe. The aerodynamic heating experienced by thermometers exposed
to high speed flow (e.g. thermometers on airplanes to measure air temperature) can be very
nearly eliminated over a wide range of operating conditions by mounting the thermometer in
a vortex tube. By adjusting the valve setting, one can compensate the heating by the
refrigeration effect and then obtain the true temperature (Vonnegut, 1950). More recently,
the centrifugal characteristics were investigated for particulate trapping. In his experiments,
Sibbertsen (1990) attached a vortex tube to a Diesel engine exhaust, and found that 80% of
the particulates leave the tube in the hot flow, which comprises only 20% of the total mass

flow.

1.3  Thesis objectives

There are many speculatioris about the physics behind the Ranque-Hilsch effect. In his
preliminary research, Hilsch attributed the cooling effect to gas expansion and the heating to
friction (Hilsch, 1946). Deissler and Perlmutter (1965) postulated that the effect was due to
 turbulent migration. Kurosaka (1982) assumed that an acoustic streaming was the cause of
the effect and was driving heat from cold to hot. He noticed that strong resonant sound

waves were present in the tube. By using a tunable cavity instead of a standard straight tube,
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he was able to stop the temperature splitting by reducing the sound intensity. Despite his
remarkable discovery, he has not been able to formulate a clear physical interpretation of the
effect. Although sound can produce a flow (Which is the definition of acoustic streaming), it

is not understood how this flow could carry the heat from cold to hot.

In 1983, Wheatley discovered the thermoacoustic effect, where sound waves are able to
perform a full thermodynamic Brayton cycle and carry heat from a cold to a hot reservoir. His
discovery led to the design of thermoacoustic refrigerators (Hoffler, 1994), which are still
experimental but possess a great potential. Wheatley showed that this effect was existing in
many different processes in the nature, from the microscopic to interstellar scale. This effect
can be present when strong sound field exists in temperature gradients. It could possibly give
an explanation to Kurosaka's discovery. An excellent account of the thermoacoustic
phenomenon is given by Swift (1988) and it can be shown that there exist a maximum for the
heat transfer from the cold to the hot reservoir if the temperature difference is chosen

correctly (Ahlborn and Camiré, 1995).

More recently, Ahlbomv et al. (1994) derived a model for the vortex tube which attribute the
heating to conversion of kinetic energy into heat and the cooling to the reverse process. The |
model relates the temperature splitting to the pressure ratios and predicts an upper and lower
limit for the temperature separation. It was also predicted from this model that the tube
could be working with atmospheric pressure on the inlet and vacuum on the cold and hot
side. Unlike previous studies, the model is derived from flow field characteristics in a
standard double ended vortex tube (unlike Deissler and Perlmutter, Sibulkin and Linderstrom-
Lang, who used a one-end vortex tube). Although the model has interesting conclusions,

further studies have to be done to confirm them.
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The absence of a good model restricts the design of new applications to trial and error. The
energy separation mechanism and the centrifugal effect could likely be improved by a new
geometry or new design. However, without good guidelines, the research of a better design
can take years of work. The knowledge of the effect behind the vortex tube has to be
improved in order to develop new applications. The flow field has to be characterized by
accurate temperature, pressure and velocity measurements. Furthermore, the'physical process

which lead to the effect has to be understood.

Most of the previous models were using upstream and downstream data taken far from the
vortex tube. The vortex tube inlet and outlet conditions were then calculated from these data,
assuming isentropic flow and using fluid mechanics equations. Since the vortex tube
experiences great variation of pressure and temperature at the inlet and outlets, the
calculations can lead to erroneous parameters. In order to develop a good model, it is crucial

to measure the inlet and outlet parameters directly.

The general motivation of this work was to clarify the numerous assumptions on vortex tubes
by the analysis of new direct measurements. For this purpose a modular vortex tube and a
test stand were designed, allowing different precise measurements. The tube would be greatly
versatile, allowing rapid changes on the design and many different measurements. Also, it was

~ designed to permit a qualitative investigation of the internal flow field.

The work done in this project can be divided into 3 parts. The first part consisted in the
design and building of a fully instrumented vortex tube allowing accurate measurements and
flow field studies. Experiments were done to first verify that the vortex tube properties were

somehow similar to other commercial tubes.
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The second part of this work aimed at confirming predictions from models, especially results
from Ahlborn et al (199.4). For this purpose, new measurements were obtained with the help
of three novel techniques:
1) Velocity profile measurements were done with a special pitot tube. This
helped to confirm hypotheses about the flow field.
ii) The vortex tube was tested at low pressure. These measurements are
particularly interesting since a low vortex tube could be useful in many applications,
e.g. cleaning of Diesel exhaust.
iii) The spectrum of sound generated in the vortex tube was measured with the
help of internally mounted microphones. Kurosaka's results have shown that sound
must be playing an important role. Unlike his experiments, our measurements were

performed in a standard vortex tube, for various flow rates and pressure settings.

The third part of the project consisted in the analysis of the results. The results were analyzed
and compared with existing models, with the aim of obtaining new relations between the
vortex tube parameters. Attempts were made to clarify physical phenomena in the vortex
tube, such as the anomalous heat transfer and the sound wave interactions. Furthermore,

some new hypotheses about the energy separation mechanisms have been proposed.

1.4  Thesis outline

The next chapter describes the vortex tube (called UBC VT-01), the instrumentation and the
set up designed, built and used for this project. It also explains the guidelines that were used
for the design. In chapter 3, the tube properties are presented to show that the tube is indeed

working like any other vortex tube described in the literature.
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Chapter 4 shows an extensive analysis of the results from experiments. Results are compared
to previous models. Emphasis is given to the model by Ahlborn et al. (1994), since it is the
most recent one and needs confirmation by further experiments. The analysis methods differ
from classic fluid dynamics by the absence of complicated flow field mathematics. Instead,
the analysis deals with simple conservation equations that are obtained by combining
qualitative flow field studies, fluid dynamics equations and physics principles. The main

advantage of this type of analysis is a direct interpretation of the results.

In chapter 5, several possible explanations of the energy separation effect are presented. This
chapter deals more with the physics behind the Ranque-Hilsch effect, while the previous
chapter was predominantly concerned with fluid dynamics. In the conclusion the results are

summarized. Novel applications for vortex tube are presented, as ideas for future research.

The basic calculations, e.g. units conversion, velocity and flow rate calculations, etc., are
presented in the appendix. There are also some tips for designing a better vortex tube, based

on the experience gained in building and analyzing the vortex tube used in this study.

1.5  Coordinate system and units

Most of the analysis in this thesis will refer to the system of coordinates shown in Figure 1.2.
The tube parameters will be defined in the next section where the design is described. In the
thesis, the imperial unit system will be used for the drawings and the raw data. This is more
practical, since all the drawings and design were done in inches for the ease of machining.
Also, during the experiments, the pressure and flow rate data were displayed on the computer

screen with the same units as the mechanical gauge and the comparison for calibration

purposes was then easier to do. However, all the analysis was done in the metric system.
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Appendix A describes the conversion formulas used and the calculations for different
‘ _ parameters.

Thrbughout the thesis, the terms "velocity”, "pressure" and "temperature” will refer to the

time-averaged parameters. The analysis presented in this work does not c0n§idér time-varying

phenomena and consider the vortex tube effect as quasi stationary.

| . Ar
cold - hot
end : R _ - | end -
- -
Z entrance - ' . Z,=L
plane (Z = 0)

Figure 1.2: System of coordinates




2 - Experimental set up

The very complicated vortex tube flow field (3-D, compressible, viscous) is very difficult to
model without the use of experiments. Furthermore, the size of the tube does not allow the
insertion of standard pressure or temperature probes without perturbations. Hence the past
studies of vortex tubes were trying to relate the energy separation effect to external

measurements taken far from the tube.

In this work, several sets of experiments were performed on a vortex tube. The aim of these
experiments was to improve the energy separation model by accurate measurements of the
entrance and exit conditions within the tube and by a qualitative flow field study. One of the
principal guidelines in designing the tube was for it to have modular parts, allowing rapid
machining and changes of the principal components: the inlet nozzle, the tube, the hot and
cold exit parts. Also, since flow field visualization was desired, the tube was made out of
Pyrex. Furthermore, since the vortex tube experiments involved the simultaneous recording
of many measurements, all the readings were recorded in real time on a computer. In this
chapter, the standard test stand, the tube, the instrumentation and the calibration are
described. The standard test stand was used for most of the experiments on the vortex tube.
However, some modifications were done for the flow field studies, the sound waves and the
low pressure measurements. The set up for these three layouts of experiments is also

described.

- 10 -
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2.1 Standard vortex tube set up

2.1.1 Test stand overview

In order to study the energy separation in the vortex tube, a tube and a test stand have been
designed. Figure 2.1 is a schematic diagram of the test stand. The air coming from a
compressor passes through a trap filter for removing water and then into the tube. Mass flow
rates were measured on the input and on the cold side. The pressure and temperature were
also measured. The measurerﬁents were amplified in the ampliﬁcatioq unit and recorded in the
PC computer via a DT-2805 A/D board. A refrigeration silencer was used on the cold end,
where most of the noise was emitted. A valve on the hot end was used to adjust the ratio of
flow rates from the cold and hot outlets. To verify occasionally if the computer recordings
were right, a set of Bourdon gages and rotameters were also on the stand (not shown in
Figure 2.1).

2.1.2 Design of the tube

The vortex tube characteristics are strongly dependent on the design, which has to be chosen
properly to get the right flow field. There are a number of parameters that can be varied in
designing a tube. The main ones are the length, diameter, nozzle area, cold end area and. hot
end area. These parameters, together with the cold and hot air ratio and the entrance
conditions, will mostly determine the exhaust parameters of the tube, which are the cold end
and hot end temperature, pressure and flow rate, and the flow velocity field. Most of the
models that describe vortex tube performance require knowledge of the exhaust
characteristics of the tube. There is not yet a model that predicts the performance of a tube
based only on the input conditions and the geometry of the tube. Therefore, most of the

guiding criteria in designing a vortex tube come from empirical relations and experiments.

They are presented below.
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compressed
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filter
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- Figure 2.1: Block diagram‘of the vortex tube test stand showing the tube, the ampliﬁer and

the data acquisition system.
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Tube length

The flow inside the tube separates into a stream going to the hot side and an inner core (back
flow core) going towards the cold side, which is cooledAduring its motion. If one wants to
subtract the hot air from the hot end, the tube needs to be longer than the back flow core,
otherwise a mixing of hot and cold gas will be present on the hot outlet. Although Takahama
(1965) used a length of 150D for his experiments, most of the vortex tubes researches were
done with L >24D. The length chosen for this research was 24D (24 in.).

Tube diameter

Negm et al. (1988) experimented with different tube diameters and compared their
performances, i.e. their temperature separation characteristics. It was found that the tube
performance increased with an increase of the diameter up to 16mm and then decreased as
the diameter was further increased (see Figure 2.2). They associated this phenomena with the
Reynolds number Re, which can be interpreted as the ratio of inertial forces to viscous forces.
Negm postulated that for small diameter (small Re), the inertial forces which drive the vortex
motion are weak and the vortex effect deterioratgs. For large diameter (large Re), the inertial
forces are large compared to viscous forces (friction forces) which are presumably
responsible for the energy separation process and the performance deteriorates again. They
found an optimum diameter of 16mm. The tube diameter selected in this thesis was bigger
(25.4 mm) for practical reasons: it was planned to insert relatively bulky equipment, such as a
pitot tube and microphones, and flow visualization was desired. Furthermore a number of
25.4 mm dia. glass tubes with quick mounting flanges were readily available.

Cold size orifice

In any double ended vortex tube, the back flow diameter is always smaller than D-2d,,, since

the air enters in the tube from holes having diameter d,. A very conservative criteria is to set

the cold end diameter d; < D-2dp,. In this research, d; = 0.4(D - 2d,) = 8.255 mm.
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20 T :
A D220 mm
O DsV6 mm
® DeVé mm
A D2 1t.Smm

16 |-

0O 02 04 06 08 10
' ic’do

~ Figure 2.2: Effect of the t'ube'diameter on the temperature separation characteristics (from
"Negm et al., 1988). COP is a measure of the tube coefficient of performance and is

proportional to the temperature difference between the inlet and the cold side.

Nozzle opening
The nozzle is the entrance part of the vortex tube ‘where the fluid is injected tangeﬁtially in
the tube. It is the most important part of the vortex tube, since ifs shape and area will

determine the vortex chafacten'stic‘s, (fluid velocity, vortex shape). \_’ortéx tubes can opera;té
with one or many nozzles. One way to design‘the nozzle is to look at the entrance velocity
' requirements: it should be around 100ms. However, this'velocity cannot be calculated easily
since it depends not only on the applied preséure and nozzlg diameter d,, but also on the
pressﬁre inside.the fube. Taka_hama'set up the follov)_ing criteria; 0.16 < Ndnz/D2 <0.20 and
dyD < 0.2, whére Nris the ﬁuhbér of 'hdlés in the no'z_zle. With those two eqhations, the

~ number of openings in the nozzle can be determined. For example, with a 1 in. tube diameter,
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. the two cntena hold when N = 4. If the nozzle dlameter is bigger, the flow velocity is too
small. If the area is too small, there is not enough fluid entering to drive the proper vortex
shape. Since the vortex tube used in' this work had a nozzle ring (see Figure 2. 4) whjch could
be replaced easﬂy, these latter criteria have only been used as a general gulde and different

nozzles were tested The final nozzle used had 4 holes of 0.1 in. diameter."

Ihlet
nezzle plenum
rmg Po _ chamber '
JE]"n‘l T flanges - hot
pe  FIATVIVA , A Ph / flow
D'y / “ tube i : '
cold Ly / valve
R ok e et 17 8
i E A, I 3\ A
@ S Ny {ee— o
a4 1 ' %
a’ : N % ¥ hot
Te
‘ B —L=24 in._—l——l \ Th flow
- ppl X - : »
Tpl

cold side

- Figure 2.3: Vortex tube VT-01
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~ Figure 2.3 shows a general view of the VT-01. The air is first injected into the plenum
-chamber, then passes through the nozzle ring. The air enters the tube with a tangential
| velocity which creates the vortex. The three main parts are the entrance end, the tube, and the

hot end.

a) entrance block ‘ ' ) airime\zA q i;;:t pressure
ﬁ - ¥
IR £ ¥
P 1%
cold pressure 4 nozzle 4
R TY7 v
}.47 . 777/ A
AT
FE]-3--tq-F-=-=- WY PN B I EOU e emcmem e -
A vy
2 ;_/‘ s S U
27 / /
A Y / N7 7/ /
Y
Thermouple P} ﬁ ____________ S
~ cold side g _
. plenum chamber t'rl".e"“'0("0“[’le
: pressure tap in
_b) nozzle ' : W
| P ==c5° |
' linch . -

Figure 2.4: a) inlet block, with cold side and entrance parts b) nozzle
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The entrance end which includes the cold side outlet is shown in Figure 2.4. The cold outlet
diameter can be changed without having to rebuild the whole unit. The distance between the
cold orifice and the inlet plane can also be changed by placing some washers between the

cold-end unit and the entrance unit.

The plenum chamber pressure Ppl and the cold pressure p; are measured through standard
pressure taps having a 13 thou. diameter. The inlet pressure p, is measured through a circular
opening 3 thousands of an inch wide (see Figure 2.5). This circular opening is allowing an
accurate measurement of the pressure close to the entrance since it is located at Smm from

the inlet nozzle in the hot side direction.

A pressure tap was also drilled in one of the nozzle inlets in order to calculate accurately the
entrance velocity. In that case, the circular pressure tap was blocked with Teflon sealing tape
and the pressure from the nozzle was collected in the pressure collector groove. To our
knowledge, VT-01 is the first vortex tube having pressure taps at these locations. The
temperature is measured in the plenum chamber by inserting the junction of é thermocouple

through a Wilson seal (see Figure 2.3).

The second main part, the tube, connects the entrance block and the hot end. It consist of
one or more sections of Pyrex tubes with 1 in. inner diameter and 1.5 in. outer diameter.
Glass was used because visual flow field observation was desired. These tube sections have

o-ring seals at their ends and are attached with flanges (see Figure 2.3).

Near the hot end, a detwister was used to reduce the rotational motion of the fluid at the hot
exit (see Figure 2.3). The detwister was an aluminum cross made from two flat plates of

2.54cm x 4 cm with 1.6mm of thickness.
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2.1.3 Instrumentation
Tem.pgréture sensors |
Type J (Iron-Constantan) gage 24 thermoc_ouples were used to "measu(e | various
-temperatures. Since a thermocouple voltage is determined by the _tefhpcrature difference
between its two ends, it is necessary to have a constant and knowh reference temberature Vat
~ the end not_ﬁsed to measure temperature, which is usually Called the reference junction. An
ice bath was used fdr this purpose (Figufe 2.6). The thermocoﬁples were inseﬁed in the tube _
_ through Wilson vacuuxﬁ seals. Each thermocouples had one of their junctions in the ‘ice bath,
as shown in Figure 2.6. According to Benedict (1984), it is the most _a_céurate_ circuit to

measure temperatures with thermocouples.

: 'Cépper
nozzle o Iron\ ' :
N ‘RI‘CS_SUIC i Th : -
\ A line - S < ————
o pressure . -].
: T - |~ collector . Constantan
W A1 groove Te : __:_ -
, R TR r.‘_\‘c-_-_z ‘ o ' to *
. = circular - amplifiers
“pressure tap ' ——
: : -~ 1 To < — o]
nozzle / [~~~ 0-ring S .
_ pressure tap groove
. I . | .
z=0 - : Ice-bath _
’ ' reference junction

Fighre, 2.5: Inlet pressure measurement. - Figure 2.6: Thermocouple arrangement
When fhe nozzle pressuré tap was used; the |

- circular pressure tap was blocked and vice

versa.




2 - Experimental set up 19

Pressure measurements

Pressure taps were drilled with 13 thou. diameter drill bit. Care was taken to have the tap
perpendicular to the surface and to remove any burrs. Polyflow 1/4in. tubing was used for the
pressure lines. All the pressure measurements were done with diaphragm-type differential
pressure transducers with a linearity better than 1%. Table 2.1 shows the various transducers

used.

Parameter | Transducer label | range (psig) | type of transducer

1o Motorola MPX [ 30 differential, with arbitrary pressure
ie Motorola MPX | 30 differential, with arbitrary pressure
Po Omega PX 136 | 60 differential, with ambient pressure
Pc Omega PX 136 | 15 differential, with ambient pressure
Ph Motorola MPX | 30 differential, with ambient pressure

Table 2.1: Pressure transducers specifications. Arbitrary means the diaphragm can be
connected to arbitrary pressures on both sides. Ambient means only one side of the

diaphragm can be connected, the other being at ambient pressure.

Flowmeters

Two orifice flowmeters were designed to measure the mass flow rate. In those meters, the
pressure is measurgd in front and behind an orifice. The pressure drop through the orifice is
expected to be a monotonic function of the mass flow rate. With conservation of mass, one
can get the flow rate on the three sides with two flowmeters. The flowmeter is shown in
Figure 2.7. An entrance léngth of 20 times the inner diameter was used in order to get a fully
developed flow (Benedict, 1984). Four pressure taps of 13 thou. diameter were collecting air

into a groove, where a pressure line was connected. The design allowed the orifice plate to be

changed if a different flow sensitivity was desired.
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pressure
- lines

v

1in.

collector
groove
I i e — | I I G = e
- _ - O U R — L '
} .7 in. | ? | 4in |
I , 1 r n: 1
| orifice ' _ o
plate o ——

| Figure 2.7: Orifice flowmeter

Signal pr0§essing unit

. The signal processingl unit contains the pressure transducers, the ampliﬁérs f‘or all the sensor§
and a poWer 'suppAly (Figuré 2.8)._Fi_g1ire 2.8c shows thé electronic circuit used for’ea_'éh
amplifier. The anipliﬁ_ers have two variable resistors allowing a gain of 1 to 10 and a‘van'able
offset of +./- 15 Volts. A PowerOne +/-15 V power .supAply powered the elecfronics. TWé
‘re-gu'lators providé. the cofrect voltage to the t‘ra»nsdu(:er~s. 1uF capacitors were used for

ﬁltén'ng the output of the pressure transducers in order to remove signal noise.




2 - Experimental set up 21
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Figure 2.8: Signal processing unit
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Data acquisition

Data were recorded from the signal processing unit on an XT computer via a DT-2805 12-bit
A/D card. The board allowed programmable gain of 1,10,100,500 and a input range of £10V.
8 differential channels were available. A computer program was written to operate the board.
The‘program allowed real-time recording of the measurements on the screen, averaging of
the data, selection of the gain and included a user control to save the desired measurements.

The program listing is shown in appendix D.

2.1.4 Calibration

As described earlier, numerical values recorded by the computer were intended to be
proportional to the input voltage signals supplied to the A-D converter, which in turn are
related to actual physical parameters by the amplifier gain and sensitivity. Thus, in order to
interpret the data, this entire measurement chain had to be calibrated, as described in the
following sections. The amplifiers gain and offset were selected by some quick measurements
of the limit of the parameter range to be measured. It was hoped that the amplifier signal
would cover the range 10V of the board to give a good resolution. As discussed below, the
final accuracy of the measurements depends on the instrumentation accuracy and also how

the measurements are taken.

Pressure sensors

The pressure sensors were calibrated with a Bourdon pressure gage. 5 sets of 5 to 10
pressures covering the range were taken. A typical pressure calibration curve is shown in
Figure 2.9a. Even if the resolution of the gage was 0.1 psi, the uncertainty of pressure
measurements could be greater. Pressure taps are supposed to measure the true static
pressure. However, if the tap is not exactly perpendicular to the surface, some component of

the dynamic pressure can be included in the measurement. With this factor and with the
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calibration curves, the accuracy of the pressure measurements is assumed to be better than

0.2 psi.

Flowmeters

The flowmeters were calibrated with a commercialiy calibrated rotameter..The pressure drop
across the flowmeter orifice was measured for various mass flow rates. The flowmeter
response was not linear, as expected. A curve fitting algorithm was used to determine the
flow-voltage relation. A typical flow calibration curve with curve fitting is shown in Figure
2.9b. For large flow rate, the slope of the signal increases. Therefore, the flow rate accuracy
was varying. From Figure 2.9b it can be seen that a reasonable estimate for accuracy is +/-0.5
SCFM, providing the flow is larger than 4 SCFM. Since most of the interesting features in
the vortex tube occur when the flow rate is larger than 5 SCFM (~ j¢/io > 0.1 for pplenum =
20 psig), the flowmeters were allowing accurate measurements. The resolution could have

been better if the reference instrument (rotameter) had been better.

Even if the pressure drop through an orifice will mostly depend on the mass flow rate
(Benedict, 1984), it will also vary with the inlet pressure. However, in the calibration
described above the orifice flowmeter was calibrated by varying the mass flow rate (which
was implicitly varying the inlet pressure) but not by varying specifically the inlet pressure. To
check if the calibration relations were valid for the different inlet pressures used in the vortex
tube, the orifice flowmeter measurements were regularly verified by rotameters measurements

during the vortex tube experiments. Also, when varying the flow rate ratios the value jc/jo

were always ranging between 0 and 1, which also demonstrate that the calibration was valid.
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Temperature sensors

The thermocouples and amplifier units were calibrated by placing them in a water beaker and
reading the water temperature with a 0.1°C resolution thermometer. The water temperature
was varied from 0 to 60°C on a hot plate, and was stirred to allow uniform temperature on
thermocouples and thermometer. The thermocouple reading had an accurécy of +/- 0.1 °C. A

temperature calibration curve is shown in Figure 2.9c.

The measuring junctions of the thermocouples were placed directly into the flow at the
locations shown in Figure 2.3. If all the fluid would come to rest at the thermocouple surface
one would measure the stagnation (total) fluid temperature Ty = T + u2/2cp where T is the
true temperature, u is the fluid velocity and Cp is the specific heat at constant pressure. In
reality, the probe measures a temperature slightly smaller than T; and a correction factor has
to be considered (see appendix A). For fluid velocities of about 40m/s and room temperature,
the difference between the total and static temperature is less than 0.8 °C. Since the highest
flow velocity at the thermocouples locations was approximately 40 m/s, the thermocouples
resolution was expected to be better than 1 °C. The complete calculations for determining the

real temperature from the measurements are presented in Appendix A.

Due to the small thermocouples cross section, the effect of thermal conductivity along the
thermocouple wires is assumed to be negligible. To check this assumption a test was done
were the part of the cold end thermocouple outside the vortex tube was submerged into

boiling water and then removed from it. No variation in the measured temperature was

noticed.
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The equipment described to this point represents standard technologies which have been
employed in many studies in this field. The following three sections of this chapter describe
novel techniques which, to our knowledge, have not been used in vortex tube research. With
the novel technique used to measure inlet pressure (described in page 17), they constitute the

original experimental contribution of this thesis to the study of the physics of vortex tubes.

2.2 Flow field studies

Little is known about internal flow field in vortex tubes. The time-averaged velocities in the
vortex tube have axial, tangential and radial components. As discussed in the introduction,
the present work considers time-averaged velocities and pressures, and the terms "velocity"
and "pressure" will describe "time-averaged" velocities and pressures throughout the thesis.
Even if a small radial flow has to be present to drive the fluid from the inlet (located at the
periphery of the tube) to the center of the tube, the radial component is usually assumed to be
negligible compared to the two other components. The amplitude and the orientation of the

velocity vector varies with the location, the inlet conditions and the hot outlet valve setting.

If one insert a pitot tube having a relatively slow time response (>10 ms), time-averaged
pressures will be measured. If pressures are measured in this field with a pitot tube that can
axially rotate on itself, the direction at which the maximum pressure is measured will be the
velocity vector angle and the pressure amplitude will correspond to the sum of the static
pressure and the dynamic pressure (see Figure 2.10). Since measurements of the velocity
angle give the direction of the flow at a point it is then possible to estimate the velocity
profile by moving the sensor to different locations. One must know the local temperature and

pressure in order to determine the velocities from the stagnation pressure. However, even in

the absence of any knowledge of local pressure and temperature, the angle at which the
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stagnation pressure peaks gives valuable information about the direction of the local flow

velocities. For that reason a miniature pitot tube was built by a summer student, Mr. Stuart

Groves.
a) | back . ’ ' stagnation  Drobe sensing B
e pressure . - & pressure the flow . _~
Ap S , - St - ey
————— (-

b)

" Figure 2.10: a) Pressure measured by a pltot tube in a ﬂow field for vanous angles b) Pitot

tube used for flow ﬁeld measurements




2 - Experimental set up 28

The special pitot tube is shown in Figure 2.10b. The pitot tube allowed measurements of the
difference between the dynamic pressure at different locations along a line crossing the center
of the vortex tube and the static pressure measured at the tube wall. The pitot tube is
attached to a ring of 1 inch inner diameter so that it can be attached to the vortex tube. The
pressure taps are connected to the type of pressure transducers used for pressure
measurements in the standard VT-01 (see section 2.1.3). A complete description of the
experimental set up and experiments on flow field Stuart Groves's project report (1994).
Although all the information needed to understand the experiments is summarized in this

thesis.
2.3 Low pressure vortex tube measurements

All previous work on vortex tubes were done at above atmospheric pressures. However,
previous studies by Ahlborn et al. (1994) predicted that vortex tubes should operate even
below atmospheric pressures. In order to test this hypothesis, a set of experiments was
performed in which air was sucked through the tube rather than pushed through. The set up
is shown in Figure 2.11. A vacuum pump (Kinney KS-27, 27 CFM capacity) was connected
to the cold and hot side of the tube. The standard tube was slightly modified by a different
valve on the hot side since the former one was incompatible with the vacuum coupling. The
vortex tube inlet was open to atmospheric pressure. The vacuum pump was connected to the
vortex tube by a 1 in. diameter copper pipe on the hot side and by a 0.5 in. diameter Polyflow
tubing on the cold side. The vacuum pump cycle was producing pressure pulses in the vortex

tube that could be seen on the pressure Bourdon gauges. With the use of an air buffer volume

of 0.02 m3 between the vortex tube and the pump, the pulses were no longer detectable.
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‘ H inlet (~ 1 atm.)
cold side '
(~ 0.3 atm.) X
‘ vortex tube
) hot side
A J J (0.3to~0.8 atm.)
70
. buffer /'

‘volume ' vaccum pump

Figure 2.11: Suction vortex tube set up

| 2.4'AAcA0usti.cs studies

One of the recent theones of vortex tubes by Kurosaka proposes that sound waves play an
important role in the Ranque-Hllsch eﬁ'ect However no acoustic measurements in standard'
vortex tubes have been reported in the literature. F or that reason a miniature microphone was
assembled'during a summer research projee_t by Mr. William Neil. This microphone was used

to obtain vortex tube sound spectra for several flow rate and pressure settings.

Flgure 2.12 shows the set up used for the sound waves measurements A condenser

,mlcrophone (Electret MC: 1306 condenser canndge) was attached to the valve of the
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- standard vortex tube. The microphone signal was analyzed by an FFT spectrum analyzer (HP

3582A). The frequency spectra were then recorded using an X-Y recorder (HP 7046B). .

" The microphone was calibrafed for various frequencies and intensity levels. Since no
manufacturer data were available for the frequenqy response of the condenser cartridge, the
microphone's response .was eyaluated by changing the ﬁequency of a sound source with an
assumed constant intensity of about 50 dB. 'fhe sensitivity of the microphone v_vaé »
significantly increasing above 10 kHz. Therefore in the spectral features the high .frequen‘cies
~ appear to have mbré Weight. Due to the absence of a reference sound séurce with known
inténsity and vziﬁable_ﬁ‘equ_ency{the microphone's résponse is not known well enough to
~ allow quantitative spectrum aﬁalysis. While the absolute int'ensity of 'the signals may be in
doubt the_Se measurements should give a reasonably accﬁrate account of the souhd

frequencies present in the vortex tube.

_ Wilson
mlcmphone vacuum seal . vvortéx tube -

valve

25.4lmm ,8 ; [% g —_—

microphone
signal to FFT
analyser

vortex tube

Hot end

Figure 2.12: Souhd measurements set up
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The main objective of this thesis is to shed new light on the vortex tube effect through new
analysis of data obtained by standard and novel methods. This section presents the properties
of the UBC VT-01 when used with compressed air (standard vortex tube) and also used with

vacuum. The sound field and velocity measurements are also presented.

The main property of a vortex tube is its temperature splitting characteristics. Before
analyzing data taken on the new tube and comparing them with results obtained in other
research, one has to know if the tube performs like any other vortex tube, i.e. if the
temperature splitting properties are similar. For each type of experiments, a brief description

of the experimental method is presented.

3.1 Standard Vortex tube experiments

Experimental method

The aim of these experiments was to try the vortex tube with many settings, from low
pressure to high pressure and by changing the flow rate ratios on the cold and hot sides. The
easiest way to obtain different settings was to fix the plenum chamber pressure at the inlet,
and to record data for different flow rate ratios. A constant inlet pressure could be easily
obtained by using a pressure regulator on the inlet. Given the inlet temperature and pressure
and for a specific valve setting, the inlet flow rate j,, the pressures p. and pj and the
temperatures T, and T}, are then determined in a unique way for a specific vortex tube.
Therefore, the tube can be completely characterized by changing three parameters: Ty, pg

and the valve setting on the hot end. In these experiments, the inlet gas temperature upstream

- 31 -
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of the vortex tube where the flow velocity is negligibly small was kept constant, since there
was no facility to change the temperature of a high speed gas flow. The gas inlet temperature

was a fairly constant value of 293K. An air trap filter was used to reduce moisture in the gas.

Table 3.1 shows the parameters that were recorded on each setting at the locations shown in
Figure 2.2. As explained previously, the static temperatures measured were very close to the
total temperatures since the fluid velocities were not high at the probe locations. On most of
the settings p, was measured with the circular pressure tap (Figure 2.5). However, it was
found that the pressure was varying greatly in the entrance and using the inlet pressure from
the nozzle tap was more appropriate (see appendix A). A time recording was also taken and
was used in some tests to look at the thermocouple time response. It was found that this
response can be very slow, especially on the hot side for a valve setting where j is large
compare to jp. In this situation the air velocity in the hot end was low and its temperature was
too high. A longer equilibration time was required until the thermocouple had acquired the
same temperature as the hot gas stream. The thermocouple response has not been studied
extensively but typically a waiting time of approximately 20-30 sec. was necessary for the

sensor to stabilize.

Temperatures Tnl, Te, Th
Pressures Pnl: Pa > Ph, Pc
Flow rates Jos e

time t

Table 3.1: Parameters recorded for each standard vortex tube experiments
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Before a set of experiments, the instrumentation calibration was checked. The
instrumentation box was turned on at least 15 minutes before the tests to let the power
supply and transducers warm up and stabilize. The flow rates reading from computer were
compared to the reading on the rotameters. The pressure values were compared to values on
the Bourdon gauges. Finally the thermocouples were placed into an ice and water mixture
and the readings were compared to a thermometer. The thermocouples locations were
verified and it was also checked if there was any leakage on the tube connections. The tube

was then insulated by wrapping 1/2 in. polyethylene foam sheets around it.

For each setting, about 10 data points were recorded. Each point was an average of 25
measurements taken by the computer. For each different inlet pressures, 8 to 12 flow ratios
were tried. The same settings were recorded on three different runs to check the repeatability
of the measurements. This way, about 300 points were recorded for each different inlet

pressure.

Data have been taken for the following inlet pressures: 10, 20, 30, 40 psig. Due to the air
system capacity, (the compressor of the physics department has a 80 gallons tank, which is
relatively small, and a maximum pressure of 150 psig) it is not possible to operate the vortex
tube for a sufficient amount of time at pressure higher than 40 psig (the air system pressure
drops from 150 psig to 40 psig within 1 minute). Furthermore, the hot end temperatures
could not be recorded properly on the sei at 40 psig since there was not enough time for the
thermocouple voltage to stabilize. At lower pressures, e.g. 30 psig, the vortex tube can be

operated for at least 3 minutes and the hot side thermocouple attains constant readings within

2 minutes.
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Results

The heating and cooling is shown for different inlet pressures as function of the mass flow
ratio j./jo in Figure 3.1. It should be noted that the temperature splitting is quite reproducible.
The temperatures plotted are the total temperatures, which are defined by

Tt=T+u2/2cp (3.1)

where u is the fluid velocity and Cp is the specific heat at constant pressure. The total
temperature concept is fully described in appendix A. In previous work where high entrance
velocities were considered (>100 m/s), total temperature was used while in models with low
velocities, there is no difference made between total and static temperatures since they are
almost the same. Results shown in chapter 4 will prove the use of total temperature to be
adequate. Since at the thermocouples locations the velocities were always smaller than 40
m/s, the total temperature difference is similar to the temperature difference. In Figure 3.2, an
average of the data is presented. Each point is an average of about 10 points. The curves
shapes are similar to other vortex tube data (e.g. Stephan et al., 1983). The hot gas
‘temperature rises steadily with increasing j./jo, with a maximum hot temperature difference
for a ratio of about 0.8, and decreases for higher flow rate ratios. A maximum cold
temperature difference is obtained for a flow rate ratio of 0.3 to 0.45. In the middle range of
flow rate ratios, the temperature difference between the hot and cold side is nearly constant
for a specific inlet pressure. For a specific flow rate ratio, the temperature splitting increases
by increasing the inlet pressure. The temperature difference values on the cold side are similar
to Stephan's data, but on the hot side Stephan was getting a larger difference. However, he

' used a different vortex tube having the optimum diameter for temperature separation.

Overall, this graph shows that the vortex tube UBC VT-01 has the characteristics of a normal

vortex tube. This averaged set of data will be used for further analysis in the next chapters.
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~ Figure 3.;1: - Total temperature separation for the vortex tube UBC VT-01: raw data
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Figure 3.2: Total temperature sepafation for the vortex tube UBC VT-01: éveraged data
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3.2  Low pressure vortex tube experiments

In order to test the hypothesis that vortex tube could operate at below atmospheric pressure,
a set of experiments was performed in which air was sucked through the tube rather than

pushed through. To our knowledge, low pressure vortex tubes have never been tested.

Experimental method

The methods for vacuum and standard vortex tube measurements were similar. The main
difference was that the pressure data were recorded by hand for the vacuum, since the
pressure transducers used in this work were not made for vacuum measurements. The
diaphragm in the pressure transducers could have been damaged if used with vacuum since it
would have been moving in the wrong direction. Simple checks of the flowmeter
measurements with rotameter measurements showed that the flowmeter calibration was still
valid. The air entering the flowmeter before the vortex tube was at atmospheric pressure.
The tube plenum chamber pressure was slightly fluctuating between 91 to 94 kPa while the
hot and cold end pressure varied from 33 to 67 and 33 to 58 kPa respectively by changing the

valve setting.

The results are presented in Figure 3.3. To our knowledge, it is the first time that temperature

splitting has been observed for a vortex tube working below atmospheric pressure.
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Figure 3.3: Total temperature separatibn for the suction"vortex tube -

3.3 Velocity field measurements
The internal vortex tube flow field was studied with the help of the miniature pitot tube. The
velocity vector angle and the total pfessure amplitude were measured in the plane z = 33 cm,

- which correspond to the location L/2. It should be pointed out again that the velocity, |
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pressure and temperature discussed in the thesis are "time-averaged" values, which means

small scale fluctuations from turbulence were not taken into account in the analysis.

~ In order to understand the results that are presented, it is useful to have a qualitative

description of the flow field. The flow models in Figure 3.4 shows some important features of

the flow field. First, the angle measured by the pitot tube is the angle between the z axis and

' t'he‘maximum velocity vector. Knowing this angle, the velocity can be divided into an axial

and tangential component (the,radial' component is assumed negligible). An angle greater than
90° means the gas flows in axial direction towards the cold side, while angle smaller than 90°
means the gas flows towards the hot exit. © = 180° means the flow is purely axial and flows

towards the cold exit. On the other hand, 6 = 0° would mean a purely axial flow towards the

_hbt end. Finally, 0 = 90° means the flow is purely rotational. The vortex tube flow field will

be extensively described in the next chapter, where the data measured by the pitot tube will

* be analyzed and the magnitlide of the axial and tangential velocities will be estimated.

a) u,(r) b) u, (r) ~ ¢)shell model.

- Figufe 3.4: Vortex tube flow field: a)axial plane b)crbss-.Sectioﬁ c)shell model .-
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The measurements were done at Ppl = 20 psig for 5 different valve settlngs _]c/jo 0,02,
' O 4,0.6, 0.8. For each setting, the measurements locations were r = - 4, 8, 12 16 and 20 mm.
‘The maximum dynamic pressure was found for each locatron by rotating the pitot tube. The
results are shown in Figure 3.5. The width of the cold core can be estimated by lookmg at the
intersection between the velocrty plots and the 90° boundary In order to verxfy if the pitot
tube was not affecting significantly the flow, we operated the vortex tube with and without
‘the pitot' tube for the same op.erating conditions. The temperature separation was similar in

R " both experiments. |

—=— jcljo = 0.8

180 ¢
; 0 () —0— jclio = 0.6
‘ o —+— jclio = 0.4
1357 —%>— jclfjo = 0.2
- —*jclio =0
"Tcold ‘
90 domto TR e
| : ot ‘lhot_ ‘
} .
45
0 0.2 0.4 0.6 08 o 1

. Figure 3.5: Velocity vector angle and total pressure at z = 33 cm (L/2) and ppl = 20 psig for

‘ different valve setting ( 0° means the velooity vector is along the z axis)
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34 Sound wave measurements

In an attempt to clarify the importance of sound in vortex tubes, sound spectra were
measured with the microphone located close to the hot exit at 20 and 30 psig for flow rate
ratio of 0, 0.2, 0.4, 0.6, 0.8 and 1. All the spectra are presented in a project report by William
R. Neill (1994), who helped taking the measurements. Here, the main spectrum features are

presented.

Figure 3.6 shows a typical sound spectrum recorded. A large peak is present around 17 kHz.
However, the microphone has much higher sensitivity at this range of frequency. Therefore
the energy in this section of the spectrum (from 10kHz to 25kHz) represents in fact a much

L1
smaller fraction of the total energy.

The peak at 2.2 kHz is probably caused by the fluid rotation. The frequency can be described
by f = uo/(21rR*) where R* would be close to the tube radius. This sound is probably
produced at the inlet of the tube, as proposed by Chanaud (1963) and by Kurosaka (1982).
This frequency is related to the tangential rotation (see Figure 3.7a). Also, a smaller peak is
present at f = 1.1 kHz, which strangely correspond to the half of the tangential rotation
frequency. So far, no explanation of this "half rotation frequency" was obtained. The three

small fluctuations between SkHz and 10 kHz could be seen as harmonics of the tangential

rotation frequency.
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Figure 3.6: Typical sound spectrum from vortex tube (Ppl =20 psig; jclio = 0.’9.5).

Looking in the 0-5 kHz range in Figure 3.8, the two big peaks below 5 kHz appear to be
compbsed of several peaks spaced by 250 Hz. These peaks could result from axial resonan_cés
where f, = na / 2L where L is the length of the vortex tube. These axial resonances are °

similar to the one present in a th-ope'n end pipe, as shown in Figure 3.7b.

f ¢= MU0 / (27tR*) | - f;=mna 2L

‘Figure 3.7: Sound étanding waves production by a) tangential rotation b)nod_e‘and antinqde

of fundamental mode of axial'motion
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Figure 3.8: Sound spectrum.of Figure 3.6 in a smaller frequency range (0 to5 kHz)

(Ppl = 20 psig; jcfio = 0.95).

To obtain a very rough measure of the sound intensities for different flow rate ratios, the area

under the spectra for various flow rate ratios were measured and related to the total sound

intensity. In Figure 3.9, the intensity is plotted versus the flow rate ratio. The decrease at high

flow rate ratio could possibly be explained by the fact that less fluid is coming out by the hot

- end. Therefore the microphone receives a lower intensity. It should be pointed out again that

no instrumentation for calibrating the microphone accurately was available and therefore

these measurements only give a first qualitative account of the sound fields in the vortex tube.
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Figure 3.9: Sound intensity in the vortex tube (Ppl =20 psig).

The experimental data presented in this chapter provide the basis of analysis to test previous _
~ models of the vortex tube and provide new insight into the working of the strange device. In

the next sections, these data are analyzed and compared to results from previous models,

especially the model from Ahlborn et al. (1994).
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The previous chapter contained all the description of the method of measurements and all the
measurements taken in this work for analysing the vortex tube. In this chapter, these
measurements will be analysed in order to confirm predictions from Ahlborn's model (1994).
Most of the derived equations are from Ahlborn's model, and they are checked against the
new measurements. But first, it will be discussed how this model compares to the previous

ones and how it can be useful to understand the vortex tube effect.

Throughout the years, many attempts have been made to understand the physical mechanisms
that are responsible for the heating and cooling effects in vortex tubes, and to derive
simplified analytical vortex tube models. Most of the models were trying to solve the Navier
Stokes equations by making some assumptions on the flow field, and by using the
thermodynamics relations after. For example, Sibulkin (1962) assumed low entrance
velocities (Mach number much less than 1), Deissler (1960) assumed the tangential velocity
to be ihdependent of the axial position in the tube. These hypothesis were contradicted by
subsequent experiments. It is believed in the present work that the entrance velocity can go
up to Mach one (to be explained later in the thesis). Also, many researchers were modelling
the uniflow type vortex tube, with the cold end closed (Deissler, 1960, Kurosaka; 1982,
Linderstrem-Lang, 1971, Savino, 1961). This configuration is fairly different from the
standard vortex tube since all fluid elements move in the same axial direction. None of these
models were able to properly explain the energy separation effect in standard vortex tube.
The Navier Stokes equations are just too complex and too many assumptions have to be

made to solve them.

- 45 -
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Some other researchers developed empirical relations by using dimensional analysis. Stephan
(1983) developed a set of dimensionless numbers from the entrance conditions, the tube
geometry and the gas properties and by the use of the Buckingham- theorem, fitted a
function that predicted the temperature splitting from the flow rate ratio and the inlet
" pressure. However, it is not obvious that this relation holds for a different vortex tube.
Furthermore, dimensional analysis gives very little insight into the physics of the energy

separation process.

More recently, the interest has shifted to simpler analytical models, where part of the Navier
Stokes equations were combined with experimental evidences to develop relations for some
part of the flow inside the vortex tube. For example, Eckert (1986) attributed the fluid
heating to viscous dissipation and the cooling effect to the superposition of a solid-body
rotation and a channel flow. Ahlborn et al. (1994) developed a model in which heating is
attributed to the conversion of kinetic energy and cooling to the reverse process. Radial
dynamics, axial dynamics and energy balance were first considered separately to yield three
independent relations. These were then combined to give limits of the temperature splitting in
vortex tubes. This type of analysis has several advantages. First, this leads to simple physical
interpretation. Also, the mathematical relations can be easily tested. Finally, possible non
agreement with measurements can be easily traced to errors with assumptions, possibly
leading to new insight into unexpected physical phenomena. Since this approach has several

advantages, it will be used in this thesis.

In this chapter, the basic flow structure described from results of previous and new

experiments will first be presented. This will help to understand the fluid motion in the vortex

tube. Secondly, the simple fluid dynamics relations from Ahlborn's model will be derived and
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checked against experiments. An energy balance will then be done, since it is the third
equation of Ahlborn's model and it can also be used to verify if the measurements were right.
The main results of the model, i.e. the limits of temperature separation will also be verified
against the new measurements. In chapter 5, emphasis will be given to possible explanations

of vortex tube effect.

4.1 Flow structure

The vortex tube flow field can be characterized by two different flow components: the flow
that will exit on the hot side (hot flow annulus), located near the tube wall and near the hot
side, and the flow that will exit on the cold side (cold flow core), located in the center of the
tube (see Figure 4.1). The cold flow core comprises all the fluid which presently or will
eventually exit on the cold side. For example, near the nozzle, there are some fluid elements
that initially go towards the hot side, but will reverse their motion and will finally leave on the
cold side. These elements are part of the cold flow core. The center of the cold flow core

consists of the fluid elements with negative axial velocity: the back flow core.

Between the two flows, a separatrix surface separates the flow going towards the cold and
hot sides. The separatrix intercepts the z-axis at the stagnation point. The radial velocity can
drive the fluid elements through the stagnation surface (see Figure 4.1), such that fluid
elements enter the back flow core on all its surface. The stagnation surface is expected to be

subject to strong shear stresses, since the latter are proportional to velocity gradients.

When most of the gas goes towards the cold side, the stagnation point should be located

closer to the hot side since the cold gas flow rate is larger than that of the hot gas.

Conversely, when most of the gas goes towards the hot side, the stagnation point should
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move closer to the cold side. These were confirmed by the velocity profile measurements (to

be described later in the chapter). ‘The stagnation point. can also be seen as the farthest

location to which fluid elements of the cold flow core component will advance before they

- turn back.

: - stagnation  hot flow core _ stream

cold flow: \\O - surface \
‘core .

stream \::/"

T/
; back flow / stagnatioh o hot

core _ point . stream

separatrix-

Figure 4.1: Scheme of the vortex tube, showing the hot _ﬂow core, back flow core and cold

- flow core .
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4.1.1 Velocity profiles
In this section, the velocity profile inside the vortex tube will be described qualitatively and
quantitatively. An estimate of the velocity magnitude in a cross section of the tube will de

derived and will be used later in the thesis to analyse the vortex tube.

In the earlier vortex tubé models (Hilsch, 1947, Knoernschid, 1948) a Rankine vortex was
assumed to exist in the entrance plane. A Rankine vortex is a free vortex coupled with a
forced-type vortex in the center (see Figure 4.2 ) The free vortex is for instance produced if
one spins a cylindrical rod on the z axis. A forced vortex is generated if one rotates a
cylihdfical vessel filled with a fluid. The free vortex is internally forced while the forced

vortex is externally forced. The velocity profiles can be represented by the following

equations:
forced vortex u¢,(r)|z=_0 = u,(t/r*) r<r (4.1)
free vortex u,b(r)lz=0 =u, (r*/r) r>r (4.2)

where r”* is the radius of a knde reference point. In the case of a Rankine vortex r* is the
radius separating the free and forced vortex. This representation is not completely true for a
vortex inside a stationary tube since it does not include a thin boundary layer were the
velocity approaches the no-slip condition (u¢ = Q) at the tube surface. Hilsch and
Knoemschid assumed that a free vortex was present in the hot stream of the vortex tube
while the cold core was more like a forced-type vortex. This process was then causing
friction and heating the outer fluid. However, in all pressure and velocity profile
measu;ements in the entrance plane the free vortex was never observed. On the contrary, the

tangentially injected cold fluid acts like a spinning wall, and that should encourage forced

vortex flow. In addition to this external friction, Kurosaka (1982) demonstrated that acoustic




4 - Analysis 50

plane exéept for a very thin boundary layer near the wall where the velocity has to drop down

to respect the no slip condition (see F igure 4.2d). '

This assumptioﬁ of a forced vortex can be adequate for the uniflow-type vortex tube, but
probably not for the standard one. In: the standard vortex tube, there is a region in the
entrénce plane that separates fluid elements moving in different axial directions where friction
and shear stresses cannot be'neglected. This fegion is part of the stagnation surface and is not
preseﬁt in the uniflow cdnﬁguration. In this thesis, the forced-type velbcity profile is thenv
assumed in the entrance plane for the ﬂow héving positive axial velocities (going toward the
hot end). Experiments will have to b¢ used té estimate‘ the velocity pfoﬁle_ in the back flow

. core (see Figﬁre 4.2e).

a) fo_rced vortex b) free vortex - ¢) Rankine vortex :

Figure 4.2: Vortex ‘ﬂoWs near entrance plane: a) free vortex b) forced vortex c) Rankine B

vortex d) Uniflow vortex tube profile e) Double ended vortex tube profile




4 - Analysis 51

The assumptions of a forced vortex is probably not true for cross section closer to the hot
side. It is generally assumed that the vortex loses its strength while moving in the z direction.
This is mainly due to friction from walls. The motion is no longer purely rotational since the
axial velocity becomes more important compare to the tangential velocity. In this thesis, the
flow is assumed to be completely axial at the hot end. This was helped in the present
experiments by a detwister placed close to the hot end (see Figure 2.3). The detwister was
used to stop the vortex motion at the hot end. The use of a detwister did not change the
vortex tube characteristics but allowed us to neglect the tangential velocity at the hot end.
Also, since the hot side area Ay, is much bigger than the cold end and nozzle areas, the
velocity there must be substantially smaller than that at the cold end:
up <<u, 4.3)

There is also some conﬁ1sioxi about the magnitude of the entrance velocity. Some researchers
have proposed supersonic velocities, while some others thought the maximum velocity to be
around 200 m/s. The work presented in this work shows that the pressure varies greatly near
the entrance and a pressure measurement far from the inlet can lead to quite erroneous
assumptions about the entrance flow velocities (see appendix A). The inlet velocities

calculated from the present experiments were ranged to 311 m/s.

Internal velocity measurements with the pitot tube
Velocity direction measurements were done to investigate assumptions about the flow
structure. As explained in section 2.2, the pitot tube measured the pressure difference

between the static pressure at the tube walls and the maximum total pressure in a cross

section at any selected radius.
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The measurements were taken along a cross section located in the middle of the tube (z = 33
cm or L/2). The angle, 0, between the z-axis and the maximum velocity vector was also
determined and recorded. It should be noted that for 8 < 90°, the flow is towards the hot end,
while for 8 > 90°, the axial flow goes in the cold exit direction. Hence for 6 = 90° the flow is
purely rotational, i.e. u; = 0, so that the radial distance where 6 = 90° marks the radial
distance of the stagnation surface (back flow core). In Figure 4.3b, the width of the back flow
core is shown. When the flow rate ratio increases, the width increases, as expected. Figure
4 3a shows the angle as a function of the location for various flow rate ratios. The fact that
the back flow core is existing even when jc/j0 = 0 (cold end closed) is really surprising. This
would mean that an axial rotating motion is present even when no fluid exits at the cold end
(refer to Figure 3.4 or 4.1 for qualitative flow field description). Measurements for all flow
rate ratios jo/jo show a back flow core, even for jc/j, = 0. This implies that the stagnation
point in the vortex tube was always in the half of the tube closer to the hot end. However, it
should be acknowledged that the pressure readings at the center of the tube at j./jp = 0
seemed to fluctuate, making the determination of the direction 8 somewhat unreliable, and

possibly suggesting that the position of the stagnation point is unstable under that condition.

The pitot tube measurements can be used to obtain a radial velocity profile as follow:
Introducing the total pressure pital = p + 1/2(pu®) and using the gas law p = p/(RT), the

measured pressure difference can be expressed as

Ap(r) = Protal (I') ~ Pwan
Ap(r) = p(r)(l +

uz(r) B 4.4
2RT(r) ) ™
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where u2 = u,2 + u¢2 +u2=u,2+ u¢2 since u,2 is considered negligible compare to u,2

and u¢2. Knowing u(r) and the flow direction angle 6, u,(r) and uq,(r) can be obtained by

u,(r) =u(r)cos(0) = 2RT[(%) - 1) cbs(O)' (4.5)

— 71/2
u, () = u(r)sin(0) = 2RT((—AL(r;))—5)£‘ﬂ)—1) sin(6) (4.6)

where 0 is defined as the angle between the maximum velocity vector and the z-axis. For 6 =
0°, u¢(r) = 0 and u,(r) = u(r) since u(r) is assumed to be negligible. Therefore, it is possible
to obtain the velocity profile if pya1l, p(r) and T(r) are known. Due to the size of ~static
pressure and temperature probes, the radial pressure and temperature profiles would have
been difficult to measure with simple techniques and therefore they have to be estimated. It
was assumed that the variation of the static pressure along the wall is linear, as well as the
variation of the pressure along the z axis at r = 0. As a first guess, the pressure is modelled as
a linear function of r2 (this will be explained later in the section) and is cohﬁned between
Pwall and paxis- A linear decrease of temperature was assumed, with Tpjay = 283 K and

Tmin = 263 K. With these éssumptions, we get, for Z=1/2,

Pwall = (Ph * Po)/2 4.7)
pm:[(ﬁ) (po;pc )}{m;m) @3)
T(r) = 20(%) +263 | (49)

With these interpolated values for pressure and temperature one obtains the tangential

velocity profile Ug (r) as shown in Figure 4.4. It should be noted that the similarities in the




4 - Analysis 55

velocity profile for different flow rate ratios might be due to the above estimate of the
pressure field used for the calculations of velocity profiles. Since in reality, the pressure field
will probably change for different flow rate ratios, the velocity profile could be fairly different

than those shown.

It would be interesting to investigate how accurate these profiles are. The most inaccurate
estimate is T(r). However, its uncertainty is typically AT = +/- 10 K over 263 K for the
temperature, so that AT/T is about 4%, and the temperatufe profile does not have a strong
effect on the velocities. The velocities will be more sensitive to the estimate on py, 511 but the
latter is believed to be resonably accurate. By using very conservative value of pressure limit
(not the most realistic, however), i.e. pwall = (0.8po+pp)/2, the velocity was dropping from
120 m/s to 105 m/s. Therefore, an approximate uncertainty of 25% is estimated for the

velocity profiles.

In Figure 4.4, the maximum tangential velocity is not at the tube walls. In fact, the tangential
velocity reaches a maximum near the stagnation area and then decreases when it approaches
the center of the tube. This confirms the hypothesis of the forced vortex degradation: due to
friction at the wall, the vortex cannot keep the same tangential velocity and a Rankine vortex
appears. However, it seems that the tangential velocity at low radius is larger than in the
entrance plane. In the entrance plane, with an initial velocity of 250 m/s, the velocity at r/R =
0.3 would be 75 m/s with a forced vortex while the velocity appears to be around 120 m/s.
As in Ahlborn's model (1994), this can be explained by two phenomena opposing each others;
the conservation of angular momentum, which tends to increase the tangential velocity when

the radius of rotation decreases and the shear forces which tend to make the whole fluid core

rotate as a solid body. Since the fluid elements located in the center of the tube (at L/2)
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travelled on a smoother path with less shear forces than the elements in the entrance plane,
they were able to conserve a bigger part of their kinetic energy. Therefore, for small radius,

fluid elements at z = L/2 can have higher tangential velocity that those in the entrance plane.

150 1
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Figure 4.4: Tangential velocity profile (z = 33 cm (L/2), PApl = 20 psig). The esf;imated

uncertainty on velocity magnitude is 25%.

Figure 4.5 shows thé axial velocity_ profile (refér to Figure 3.4 or 4.1 for flow field qﬁalitative

-déscription). Here the presence of the back flow core is also obvious. The core is even

g pr'esent for jo/ip = 0. The presenée of a yéry high axial .velocity_ around the centerline is
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intriguing. This high velocity was not eXpected, particularly for j/jo = 0. There is n‘o. doubt
that a back ‘ﬂowiexists even with no flow through the cold end, sinbé the flow angle Was
measured directly. HQWe\ier, the calculations pgrformed to obtain the axial velocity required
~assumptions on the pfessure profile, and they might not be vefy accurate. Using a diﬁ’efent

: pressuré profile could yield to a decrease in the calculated magnitude of the axial Velocity.
Therefore,. fhe presence of the back flow is beyond any déubts, but its magﬁitude is
somewhat uncertain. Due to the asshmptions on pressure and temperéture proﬂles, an

uncertainty of at least 25% is again expected for the axial velocity magnitude;

—%— jc/jo=0.8
—0— jc/io=0.6
¢ jc/jo=’0.4
-100 —o— j.c/jo =0.2

——+— jc/jo=0

’150 —_— —

0 0.2 0.4 0.6 0.8 r/R-1

~ Figure 4.5: Axial velocity profile (z = 33 cm, pjp = 20 psig). The 'gstimated uncertainty on-

velocity magnitude is 25%.
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4.1.2 Pressure p_rbﬁle : |

The assumed pre.ssure p‘roﬁle in the vortex tube is shown m Figure 4.6. For a given cross
section, the f)ressure is a linear function of r2 (to be provéd later ihbthe chaptef). Since the
radial pressuré profile is linked to the Qelocity profile, the pressure gradient is very strong in
the éntrance plane and slowly decreases to becbme almost constant at thel hot en_d. The axial
pressure profile is'expected to drive the axial fluid velqcity. According to this assumption, thé |
‘pr‘essure on the tube walls must decrease from the inlet plane to the hot end. On the
céntérline, the préssure has a maximum at the stagriation_point, and minimﬁmé on the hot and

Cbld ends.

pitot tube
location

o Po | Pstégnaﬁpn Ph
|

- Figure 4.6: Pressure pvroﬂle in the vortex tube
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4.2  Flow analysis

With the flow structure described previously in mind, it is now possible to analyse the vortex
tube. The following equations in chapter 4 and their derivation are based on Ahlborn's model
(1994). In his model, Ahlborn developed three independent equations, i.e. radial dynamics,
axial dynamics and energy balance. These equations were combined to obtain limits of
temperature separation for the vortex tube. In the following sections in chapter 4, the model

is checked against the new measurements.

Assumptions

Before starting to derive equations ‘of Ahlborn's model, it is useful to summarize the
assumptions used in his work. We assume a quasi stationary flow and neglect turbulence
effects. The radial velocity ur is then assumed to be small compare to uz and ug. Viscous
forces are assumed to be confined close to the stagnation surface and are neglected
elsewhere. Therefore Euler equations (Navier Stokes equations without viscous terms) can be

used in the analysis.

4.2.1 Radial dynamics
The radial dynamics can be described by the radial component of Euler equations written in

cylindrical coordinates (Munson et al., 1990): -

du, pu, dp
09z r or

Py, o, +pu =0 (4.10)

or

It can be assumed that u; is negligible compared to ug. The equation is then reduced to
% _PY
or 1

C(@411)
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By assuming a forced-vortex velocity profile u = uy(r/R) it is possible to integrate the
equation (4.11) and obtain the pressure profile. Inlet and cold pressure measurements can
then be related to the inlet velocity. The pressures were measured at the inlet (r = R) and on

the cold side (r = R.,). By integrating (4.11), we obtain:

i, R
po_pc|z=0=p2 (l_i—z—) (412)

' R
where p'= %tRz JR p2nrdr is an area-averaged density, which gives greater weight to the

density at larger radii, so that p' = py. It is assumed that the pressure at r = R (cold end
radius) in the entrance plane is p¢. This should be reasonable since the cold en& is very close
to the entrance plane. Equation (4.12) can be expreésed in a more useful form, by employing
the Mach number relations:

u; =(M,a,) =Miw, /p, (4.13)
where ag is the inlet speed of sound, M, the inlet Mach number and 7 is the specific heat

ratio, and by defining a new dimensionless parameter

X =2 P (4.14)
P,

to obtain

- 2
X=P°—p°=%M§(l—%) (4.15)
P,

Since the Mach number and the parameter X can be directly calculated from the

measurements, equation (4.15) can be checked against experiments. Figure 4.7a is a draft of

M02 vs. X and the line represents equation (4.15). With R = 0.325in. and R = lin., which
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are the cold end radius and the tube radius of the vortex tube used in this experiments,

equation (4.15) leads to M02 = 1.6(X).

It can be seen from Figure 4.7a that equation (4.15) is not fully confirmed by the new
measurements. For each sets of plenum chamber pressures Ppl; the data approach the line
M02 = 1.6(X) for the lowest Mach number of the set. The inlet Mach number has then some
dependence on the parameter X. For a specific Ppl the lowest Mach number will occur when
jc/io = 1, since in this situation the valve on the hot side is fully closed and the vortex tube
offers more restriction to the flow. Similarly, the highest Mach number for a specific Ppl
occurs when jc/j, = 0. From Figure 4.7a and the above discussion, we can therefore suspect
that M, will net only depend on X but also on the flow rate ratio jc/jo. By plotting My2 /X
vs. jc / jo in Figure 4.7b, we can see that all the data fall on the same line. This leads to the

following empirical relation:

M2 = X(2.55 - 1.26(ic/io)) = 1.29X(1+ 0.98(kfio)) (4.16)
Equation (4.16) describes adequately the relation between entrance velocity, pressures and
flow rate ratio for the vortex tube used in the present experiments. Since equation (4.16) is an
empirical relation, it would probably not hold for a different vortex tube. However, since the
flow configuration is strongly dependent on the flow rate, it is probably true that for any
vortex tubes the Mach number My, will depend on both the parameter X and the flow rate
ratio jo/jo. The formulation of a general equation valid for any vortex tube would probably

require a full 3-D dynamics of the problem.
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According to equation (4.16) and Figure 4.7a, it seems possible to obtain supersonic
velocities (M >1) by increasing the parameter X or the plenum pressure ppl- However, it is
unlikely that supersonic velocities can be achieved in a vortex tube. Even if supersonic
velocities were present, they would be restricted to a small volume around the entrance plane,
as explained by Ahlborn et al. (1994). If a supersonic flow of gas was directed at the curved
walls of the vortex tube, a sequence of oblique shocks would form. Behind this entrance
discontinuity the speed would go down to subsonic values. In this case the radial dynamics in
the entrance plane would be different and the present analysis would not hold. Indeed, in all
the experiments the inlet velocity never exceeded Mach one. The tube would have to be
tested at higher pressures to confirm the absence of supersonic velocities in vortex tubes.
However, since supérsonic_ velocities at the inlet would certainly require much higher

pressures, this analysis is valid for most of the vortex tube operating conditions.

4.2.2 Axial dynamics
Ahlborn et al. (1994) assumed the velocity u. to be governed by the axial pressure drop pp, -
pc- Assuming a negligible velocity on the hot end, an incompressible gas and neglecting

viscous forces, the Bernoulli equation can be written:
by~ P, =Pl = B2 (4.17)
¢ 2°°% 2RT,

Where R is the gas constant. The velocity can be related to the Mach number by the
following relation:
u’ =a’M? =yRTM? (4.18)

where 7 is the specific heat ratio. Combing (4.18) into (4.17), we obtain

LIS S V] (4.19)
P. 2
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Since the cold flow Mach number Mz as well as p and p, have been measured, equatién 4
(4._1 9) can be checked against experiménfs. The relation is shown in Figure 4.8. The ratio of
'hot and cold preséure is 5 to 20% larger fhan the one predicted' by equation (4.19). A too
small escape velocity could imply that viscous forces cannot be neglected and that one should

rather use the full Navier Stokes equation than the Bernoulli approkima_tion.
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- Figure 4.8: Axial dynamics relation. The straight liné is the eqilation ph/pcﬁl +(y/ 2)Mc22.
| 4.3 Energy balance |
In Ahlborn's model (1994), the radial and axial dynamics relations descﬁbed above wére

combined with the energy balance equations to obtain the limits of temperature separation. In

~ this section, the energy balance equatioﬁs will be derived. They will also be used tg_check if
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'* any form of enér’gy was gained or lost by the vortex tube. The limits of tempefature

separation will be derived in section 4.4,

The vortex tube can be considered as a system where _'the air is entering by the inlet and
leaving by the cold and hot side (see Figure 4.9). Ohe can loék at the to_t.al energy balance,
i.e. consider the whole tube.as a control volume. The system could exchange heat Q¢ With
‘the outside through ihe_ tube Wélls. Energy Qp, in the form of heat or work can be exchanged
between the. hot annulus and the cold core. This internal heat exchange Qp, need not be
cénsidered for the total energy balance. -Sincé_tﬁe fluid separates‘ in tw'§ streams with the
stagnatiqn afea bétWeén thém, the eriérgy balance can also bé made for each branch. In that -
‘case, the energy balance is made separately and the. internal. heat eXchange Qn bet§veen the
two streams must be considered. In this séqtion, the total energy balance and the balance fqr‘_

éach branch will be analyzed.

Figﬁre 4.9: Control volume for energy balance. In the total energy balance, Q}, is not -

- considered since it does not exit the control volume.
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4.3.1 Total energy balance
By conservation of energy;

Energy, = Energy; + Energyp + Eqyt (4.20)
Where E,;¢ is the energy that could be exchanged with the outside. Eqyy is positive if the
heat is leaving the tube. For an open system (with a net flow rate through the system), it is
more convenient to write a power equation

jolhto) = je(hec) + hhth) + Qout - @2
where hy = h + u2/2 is the total enthalpy, h is the enthalpy and Qg is the rate of energy
losses in Watts. The energy in the vortex tube can be written as internal (related to the

enthalpy h,, hy, and h.) and kinetic (velocity terms). Eq. (4.21) then becomes

jo(ho +u§/2)= Jc( hc + u<2:/2)+jh( hh)-'-Qout (422)
where u}, was neglected since the experiments showed ﬁh << ug and up, << uc. The enthalpy

can be related to the specific heat at constant pressure Cp and to the temperature T by

h=cpT (4.23)
By inserting (4.23) into (4.22) we get

. 1 . 1 .
.]o(cp To +Eu(2)) = Jc(cpTc +5u:) + .’hcpTh + Q (424)

out

where ug2 = Uc¢2 + ug 2. All the parameters in this formula are known from the
measurements except uc and Qgqyt. From j., one can obtain ug, but not ug since the
tangential component ug is not known. However, by using the results from the velocity field

measurements presented in section 4.1, it is possible to estimate ucg.
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Estimatibn of ugg

In Figure 4.10, if is expected that fluid elements #1 which travelled far from the cold side ﬁnd
then went back will have conserved a bigger part of their angular momentum compared to the
fluid element #2 which went directly on the cold side since they travelled on region with
smaller pressure gradients and then smaller shear forces. Once these elements reach the tube
center line, they can just b¢ accélerated axially but cannot gain angulai' momentum. They can
conserve 'of lose their angular momentum, dependihg on the strength of shear forces. By
looking back at F‘igure'4.4; we can estimate the maximum tangentiai velocity in the back flow
core near R_/R = 0.3 at the location z = L/2 to be around 120 m/s. The average velocity in
the back flow core af L/2 will give greater weight to velocity at larger radii and therefore the
average velocity will be approximately 100 m/s. Since the back flow radius at the location z =

L/2 is larger than the cold end radius, this tangential velocity could slightly increase. On the

‘other hand it could decrease due to shear forces exerted between z = L/2 and z = 0. In the

absence of a better knowledge, it is assumed in this work to be the same. This veloéity was

for an inlet velocify of 250 m/s. Therefore we assumed that

UGy =0dug - (4.25)

*lnlet

#2

— #

z

Figure 4.10: Fl'uid‘elcments having different path'in the vortex tube.
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Net heat loss » _ |
With ‘the assuxi_xpﬁon on the cold ehd velocity, the energy balance equation (4.24) contains
3 only one unknown, namely Qqy¢- A value for Qqyt éan be calculated for any set of measured
‘data. This has been done.for all measuredv points and‘ the results are given in Figure 4.11,
where the net heat loss Qg is plotted versus the flow rate ratio. For the standard vortex
tube, Qqyt increases wifh the inlet pressure. This is expected, since with ah increase in the
inlet pressure, the temperature gradiehts, the fluid velocity and the friction effects incfeése.
" The Qout Vvalues for the low pressure vortex tube are similar to the standard vortex tube
losses at 10 psig of dpérating pressure. This is réasonable since the temperature difference for

_ the two operating conditions were similar.
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Figure 4.11: Heat exchanged by the tube w_alls versus the flow rate ratio. Heat going from

the tube to the outside is considered positive.
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The maximum value for Q¢ is around 100 Watts. To check if this amount of heat can be
exchanged with the surroundings, a simple heat transfer analysis was done (see appendix B).
It was concluded that a temperature difference between the outside an the inside of the tube
of no more than 1K could lead to 100 Watts of heat transferred. Therefore, even with the

tube insulated, this transfer is possible.

It would be interesting to know what portion of the inlet energy the heat transferred by the
walls represents. For a data point in the highest range of heat loss, with ppl =30 psig and j, =
0.012 kg/s, Qout is around 90 Watts (see Figure 4.11). The rate of inlet energy joc_tho =
jo(cp + (uoz)/2) =3.5 kW. The;efore Qout s approximately 2.6% of the total inlet rate of
energy. A comparison with the amount of inlet kinetic energy is more meaningful since .most
of the energy variation in the vortex tube are the order of magnitude of the kinetic energy.
With j, = 0.012 kg/s and uo"= 292 m/s, jo(ug2)/2 = 511.6 W. Therefore Qqy is about 18%

of the inlet kinetic energy.

Qout depends on the assumptions concerning the velocity at the cold end. Therefore it is
interesting to know how precise the heaf transfer calculations are. In the calculations, u; =
0.4u,, was assumed. If instead the values uc = 0.6u,, Uy = 292 m/s and j, = 0.012 kg/s had
been taken, the change in the rate of kinetic energy would be jo((O.6u0)2 - (O.4u0)2)/2 =
102.3 W which is about 3% of the total energy flow rate of 3.5kW but is 20% of the kinetic
energy of the inlet flow 511.6 W. Therefore a slight change in the velocity calculations could
change significantly the calculated heat loss. However the results presented in the next

chapter on the efficiency of the vortex tube will show that the cold end velocity assumptions

seems to be adequate.
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4.3.2 Energy balénce‘of the hot and cold core

As discussed previously, the fluid inside the vortex tube can be separated into two streams:
the cold core and the hot shell. Since these two components are separated by the separatrix
surface as indicated in Figure 4.1, it is interesting to do their energy balance separately and to

see how much energy can be transferred from one core to the other.

In this analysis, the control volumes shown in Figure 4.9 are used. It is assumed that the fluid
is separated into two streams right after the inlet. By analyzing the control volume we can
write the two following equations:
(cold branch) jchto =ichtc + Qn (4.26)
(hot branch) Jhbto = jhhth - Qh + Qout (4.27)

These two equations can be rewritten in terms of the measured parameters:

(cold branch) j(c,T, +—;-u§) =i, T, +%u§)+Qh (4.28)

(hot branch) (e, T, +%u§) =0 (6, )~ Qy + Qu (4.29)

Since Q¢ is known from the previous calculations it is now possible to analyse the internal
exchange of energy and to determine in particular the exchange of energy between each flow
components. A plot of Qp ;/s. jc/io is shown in Figure 4.12. It should be noted that Qy, is
always positive, which means that heat goes from the cold to the hot core. Qp, increases with
increase in plenum pressure. Also, Qp, seems to be dependent of the flow rate ratio the same
way the total temperature difference (Tth - Tto) is. It is interesting to note from equations
(4.28) and (4.29) that Qh/(jccp) is equal to the total temperature difference on the cold side

while Qh/(jhcp) would be equal to the total témperature difference on the hot side if no heat

was lost by the tube walls (Qgt = 0).
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The internal heat transfer Qp cannot be expiained by the conversion of kinetic energy into
heat and it certainly goes against the direction of régular thermal conduction where heat only
flows from hot to cold. In the next chapter we will speculate on possible physical mechanisms

that could be responsible for this strong flow of thermal energy.
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Figure 4.12: Heét exchanged between cold core and hot core. Heat goihg from"thé cold to

the hot core is considered positive.
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4.4  Limits of temperature separation in a vortex tube

Ahlborn et al. (1994) concluded that the heating and cooling in a vortex tube could be
explained by conversion of kinetic energy into heat and by the reverse process respectively.
From this concept one can derive relations predicting limits for the temperature separation in
vortex tube which are based on the energy balance of each branches and the radial and axial

dynamics relations discussed previously in the chapter.

Limit of temperature separation T, - T,
In Ahlborn's model (1994), the limit of temperature separation Ty, - T in the hot component
was found by demanding the heat flux terms in equation 4.29 to be always positive (-Qp +

Qout > 0). The following relations for the specific heat ratio and the kinetic energy terms

were used:
¢, = (4.30)
-1
2 2 2 2
u_aM _RIM (431)
2 2 2

where R is the gas constant. Then equation (4.29) leads to:

<
Th-To S To (Y- 1)/ 2) M2 (4.32)

By combining (4.32) with the radial dynamic relation (4.15) and neglecting the term Rcz/R2

in (4.15), a temperature limit can be given for the hot flow component:

Th —To S(Y_l) po _pc =(Y_1)X (433)
T Y P, Y

o

In Figure 4.13, the temperature separation from experiments and the limiting relation (4.33)

are plotted. Almost all the data are exceeding the limit. As shown in section 4.2.1, the axial
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dynamics relation (4.15) is incorrect. An empirical relation (equation 4.16) inclixding the flow
rate ratio was found to be much more realistic. However, the major reason why thé limits of
‘temperature'separation cahnot hold is tﬁe assumption that heat transfer must aIWays go from
the hot to the cold component. By looking at Figures 4.10 and 4.11, one can see a large
. operation range where Qp is larger than Qout | sb (-Qn + Qout < 0). Therefore tl-le'inequality
in equation (4 33)1 s not true anymore. Also by assuming a completely insulated tube, Qout
would be negligible and the total heat transfer would always be from the cold to the hot
_.component. It can then be con'cluded that the limit of temperature separation should not be
strictly valid. It should be poihted out that in t._hese expeﬁments the ratio (Th - To)/To is
much larger than in the experiments underlying'Ahlborn’s 'a‘naiysis. This comes »about not
because Th is largef in the experiments ré_ported here, but bec.auserTo is smaller. In the
-pfesent Work, To was calculated from accurate measureménts of the inlet pfessure, while in

the previous measurements To was assumed to be the room temperature.
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Figure 4.13: Limit of temperature separation (T, - Tg) / Tg in a vortex tube
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Limit of temperature separatlon Te-To |
In Ahlborn's model (1994) a limit of temperature in the cold component was. obtamed by‘v
combining the energy balance (4.28) with axial dynanncs relation (4.18). In the absence of a
better knowledge, the tangential velocity ucg was assumed to be equal to ug, such that |

2=M2-M, ¢2' = M2 - M2 o (4.34)

Combining (4.28), (4.18) and (4.34), the following equation was obtained

T,

To—Tc S(‘Y_IJph—pc . 7 ) (435)
(] ‘Y pC .

.This limit was consrdered to be an approximation due to the number of assumptxons The
relatlon is plotted in Flgure 4.14 w1th the new measurements. Agaln, there is a srgmﬁcant.,

number of data points which violate the limit.
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Figure 4.14: Limits of temperature (T - T) / To in a vortex tube. The dashed line is the -

temperature limit predicted by eq. (4.35). All measured points should lie below the line.
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Contribution of Kkinetic energy at the inlet

It would now be interesting to find the main reason why the new measurements disagree with
the temperature limits predicted by Ahlborn’s model. It was first noted that the dynamical
equations of momentum balance in radial and axial directions (equation 4.15 and 4.19
respectively) do not quite agree with the new measurements. This might be reason enough to
render the energy balance incorrect. However it is believed that these discrepancies are not
the main cause of disagreement between the new measurements and Ahlborn’s model. It will
now be shown that the principal reason of discrepancy is the contribution of kinetic energy at

the inlet.

In Ahlborn's model, the inlet temperature was assumed to be the room temperature (Ty =
293K) and the maximum inlet velocity u, was considered to be around 100 m/s. By looking
at the total temperature equation, we get:

Tto = To + ((uo)?) / 20p = To + ((100m/s)2) / (2007 kI/Kg K) = Ty + 5K

Again, Ty is called the total temperature at the inlet and is a measure of the total inlet
energy, which is composed of a kinetic energy term represented by (uo)2) / 2¢cp and an
internal energy term represented by the static temperature. For this range of kinetic energy
the distinction between total and static terﬁperature is not great since the‘ kinematic
component is only a small fraction of the total temperature (5/293 K =1.7%). Therefore there
is no need to make a distinction between total and static temperature. Then the assumption
T, = 293K is adequate. However, in the present experiments the inlet velocities were reading

values up to 311 m/s, which yields a kinematic component to the total temperature of about

48 K. Since the air in the plenum chamber had a low velocity and ambient temperature and
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the flow through the nozzle was considered to be adiabatic, the air temperature in the nozzle

had to drop while the velocity was increasing.

Measurements of the inlet pressure and estimates of the heat transfer through the nozzle ring
led to the conclusion that the heat transfer through the inlet nozzle must be negligible.
Therefore the temperature could decrease considerably in the inlet nozzle. The magnitude of

this heat transfer inside the nozzle was estimated as follows:

We assumed a temperature difference of 40K between the plenum chamber and the coldest
part inside the nozzle, and estimated the heat flux through the nozzie. A net heat flux of
about 1 Watt was obtained (see appendix B). In reality the maximum temperature difference
between the outside and the inside of the nozzle measured in the present experiments was
only 20K so the real heat flux should be below 1 Watt. This amount of heat flux is negligible
compared to the convection flux of heat johio =1kW going through the nozzle. A heat flux of
1 Watt would correspond to an increase of temperature of about 1K. It can also be argued
that the fluid going through the nozzle didn't have enough time to exchange energy with the
nozzle walls, since the average traveling time through the nozzle was around 10~ seconds.
Furthermore, this decrease of temperature is consistent with the new pressure measurements
in the throat of the nozzle (pressure and temperature are closely linked in high speed flow)
and with the assumption of a maximum inlet velocity corresponding to Mach 1. If the
temperature in the nozzle had been higher, the velocity in this work would have exceeded
Mach 1. Therefore it can be concluded that the flow through the nozzle must be considered

nearly adiabatic, so that a large decrease of temperature could be present.
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In this work the inlet temperature was considered to be much lower than in Ahlborn's model
(around 270 K compared to 290 K). With a lower inlet temperature, the ratios (To-T¢)/T,
and (Tp-Ty)/T, are bigger than in Ahlborn's work. Due to the accurate pressure
measurements close to the inlet, the present results are believed to be right. This difference in

the inlet temperature is due to the underestimation of the inlet velocity in Ahlborn’s model.

Temperature separation versus total temperature separation

In Ahlborn's model, the heating is attributed to the conversion of kinetic energy into heaf and
the cooling to the reverse process. This can be easily seen in equation (4.32), where the
temperature difference Th - T, is related to the square of the Mach number My2. The
cooling effect was attributed to an increase of kinetic energy on the cold side, which
produced a decrease in temperature. The hot shell and the cold core of the vortex tube were
supposed to act independently and no form of heat or energy needed to be exchanged
between them. As a result, the heat exchange Qp, was neglected in equation (4.28) to obtain

the limit of temperature separation (T - T¢).

However, the new measurements have shown (see Figure 4.12) that a net heat flow from the
cold to the hot side is present. With this heat exchange, the fluid in the cold core exité the
tube with a lower energy than the fluid on the hot side. The vortex tube effect therefore
produce an energy separation between the two branch of the flow instead of a temperature
conversion in each branch. Since the energy of the fluid is fully described by its total
temperature, we can say that the vdrtex tube effect (or Ranque-Hilsch effect) is in fact a total

temperature separation or energy separation, and cannot be fully explained by the local

conversion of kinetic energy into heat.
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This concludes the verifications of the relations from Ahlborn's model. The new work
reported in this chapter revealed that a heat flow going from the cold core to the hot shell is
present in the vortex tube. It was also found that the limits of temperature separation
predicted by Ahlborn were exceeded by the new measurements. This discrepancy was
attributed to the fact that the inlet temperature derived from the new measurements of inlet
pressure was much lower than in the data used by Ahlborn. Similarly, the new measurements
led to a difference in the calculated inlet velocities between this work and data from Ahlborn
et al. (1994). In Ahlborn’s work, the inlet velocity was underestimated. The vortex tube
effect was finally described as a total temperature separation (or energy separation) instead of
a system that changes kinetic energy into thermal energy (static temperature separation).
Again, it should be clear that the terms energy separation and total temperature separation are

similar and describe the same phenomena. In the next chapter, explanations of the energy

separation will be presented.




S - Energy separation mechanisms

As shown in the energy balance of the previous section, there is a net energy separation in the
vortex tube. It was also shown that a certain amount of heat was transferred from the cold
core to the outer hot flow. This energy flux is quite unusual since normal thermal conduction
would go in the opposite direction, namely from the hot to the cold regime. However, the
vortex tube is not the only device which separates the energy of a fluid flow. By comparison
to other flow fields, we can obtain a better understanding of the Ranque-Hilsch vortex tube
effect. In this chapter, different flows with an energy separation will be described. A simple
model which can help to understand how heat could be transferred from the cold core to the
hot shell is also presented. Using this model, an approximate limit of total temperature
separation will be derived. Again, it should be clear from the previous chapter thatv the terms
energy separation and total temperature separation are similar and describe the same

phenomena. Finally, some comments about energy separation by sound waves will be made.
5.1 Different flows having an energy separation

In the steady flow of a fluid without viscosity and thermal conductivity there is obviously no
possibility for an énergy transfer from one stream to another since the pressure forces can
deliver no work and no heat can be transferred by conduction. Consequently, the total energy
or total temperature remains essentially constant if initially constant. However, when
viscosity and heat conduction are present, heat can be transferred even when there is no

energy flow through the system. This effect will now be described by first looking at a purely

-79-
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axial laminar flow (Poiseuille ﬂow) then by consndermg a purely rotational ﬂow and thlrd by

~ a combination of an axial and a rotational flow.

Laminar flow in a tube: Poiseuille flow
The total temperature distribution for a laminar fluid flow in a circular tube (see Figure 5.1a)
with adiabatic walls may be Obtaine_d by the solution of the energy equation (Harnett and

Eckert, 1957):

p"'az ror\_ or '“ar2 B

where cp is the specific heét at coﬁstah_t pressure, k is the thermal cpnductiv_ity, K is the
“viscosity, all assumed td be independent of the temperatﬁré and u = (uz, ur, ugp). This.'
| equation aséumes the axial Qelocity. to be constant along z (z is the tube axis). The term on -
the- left side correspond to the chahge7 of internal energy. Ihe first term on the right side
correspond to energy transfer By' thermal conduction while the last one is the viscous
~ dissipation per unit of volume. If the gradlent of velocny is constant (as ina forced vortex)

the second term on the right side is zero.

Ttwal

~

' Figui‘e 5.1: a) Poiseuille flow; b) solid-body rotation
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If the velocity profile is known, equation (5.1) is reduced to a function T(r). For a purely
axial laminar flow (Poiseuille flow), equation (5.1) can be solved assuming a parabolic
velocity distribution:

uy(r) = u(l - (t/R)2) (5.2)
where u, is the axial velocity at r = 0 and R is the radius at the tube walls. The results can be

given in terms of the center axial velocity u; (Harnett and Eckert, 1957):

T Ttwall

e =(1-Ppr)i- (/R)] (5.3)

where Pr = ucp/k is the Prandtl number. The total temperature Tt is defined in equation (3.1).

For Pr = 1, the total temperature is constant across the tube. For air, Pr ='0.7, and the total
temperature in the center of the tube is then higher than on the tube walls. This result implies
that energy dissipated by viscosity is mainly transported to the tube walls where presumably
no heat sink (in form of heat conduction to the walls) exists. Therefore a laminar axial flow in
a tube can have a total temperature separation (or energy separation), where the total

temperature in the center of the tube will be higher than on the tube walls.

Solid-bedy rotation
A simple example of a rotating flow having energy separation is the laminar solid-body
rotation (see Figure 5.1b). A solid-body rotation is the motion of a forced vortex and is

expressed by u(r) =uy(r/R).

A solid-body motion has no shearing stresses, since du/dr is constant. Also, if no variation in

the axial direction is assumed, equation (5.1) becomes:
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3( aT)_

By imposing the following boundary conditions:
T =Twall atr=R (5.5
aT/ar =0 atr=0
it is found that T = Ty 4] everywhere in the flow. Since there is no static temperature
gradient in the flow, no heat can flow across the walls. The resulting total temperature

separation can be written as

Ttwall - Tt 2
—wall "t —1—(r/R 5.6
vy (r/R) (5.6

P
The total temperature separation (or energy separation) will then be dependent of the inlet
velocity. Also, the energy separation is independent of the Prandtl number. Here, the lowest

total temperature is in the center of the flow (r =0), as in the vortex tube.

Comparison to the vortex tube: Poiseuille flow with rotation superimposed
Harnett and Eckert (1957) studied the superposition of the two flows presented previously.

The final solution of their analysis was the following temperature distribution:

T:l{/;:,au_ = [1 - Pr{l - (%{)2 :r _ (uO/Uc)Z [1 _ (r/R)z] .7

Again ug represents the maximum tangential velocity and ug represents the maximum axial
velocity. As for the solid-body rotation, an increase in the inlet tangential velocity ugy will
cause a greater energy separation where the minimum total temperature is in the center.

However, due to the axial motion, which creates a high total temperature in the center, the

axial component of velocity u. prevents this separation from ever reaching the value
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obtainable with a pure solid-body rotation.

This simple model has some interesting correspondences with the vortex tube, wher_e the flow
has rotational and axial velocity components. As’in the vortex tube, an increase in the inlet
velocity will increase the total temperature separatioh. Also, the solid body rotation has
similarities with the forced vortex located in the entrance plane of the vortex tube.
Furthermore, the lowest total temperature is at r = 0 in both situations. However, these
equations represent laminar flow while thé vortex tube is expected to have some furbulence
(Hamnett and Eckert, 1957). Using the solid-body rotation model with a turbulent vortex,
Harnett and Eckert ('1957) developed the following relation for the maximum total
temperature difference in a turbulent solid-body rotation :
T, —T

twall

, t=2 5.8
ul/2c, (58)

This relation could be seen as the limit of cold temperatuté difference in the vortex tube, since
it is believed that any motion degrading the solid-body rotation will decrease the energy
separation. In chapter 4, it was assumed that the inlet velocity could not go higher than Mach
1. With a total inlet temperature of 295 K, the required velocity for Mach 1 is about 315 m/s
and the static temperature at the inlet would drop to 246 K (using equation 3.1). The

maximum total temperature separation from equation (5.8) would then be 99 K.

Since ‘a total separation of 99 K was never obtained in vortex tube experiments, it is
interesting to ask if the solid-body rotation represents adequately the vortex tube flow. In a
real vortex tube, the axial motion is bi-directional, i.e. there is a flow near the axis streaming

towards the cold end and an annulus of flow going towards the hot end. Furthermore, the

pure solid-body rotation is only present in the entrance plane and becomes a Rankine type
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vortex closer to the hot side.

Above all, the presence of a solid-body rotation seems to contradict the energy conservation
principle, since there is no process by which the heat taken from the cold core can be
transferred to the hot core. Considering an hypothetical vortex tube with a solid-body
rotation everywhere, the total temperature at the walls would be close to the inlet total
temperature and the energy separation would be given by equation (5.8). However, if the
center of the tube loses energy, the outer flow needs to increase its total temperature to
satisfy the conservation of energy. If the solid-body motion was obtained by rotating the tube
walls and if there was no tangential flow through the tube, then the total temperature at the
walls could increase so that the conservation of energy would be satisfied. However, in the
entrance plane of the vortex tube the total temperature at the walls has to match the inlet total
temperature. The solid-body rotation model would then lead to a cooling in the center but no
heating in the outer fluid. This violates the conservation of energy principle. We can therefore

state that the solid-body rotation model cannot be used to model adequately the vortex tube.

However, these model considerations lead to several interesting conclusions:

1 The solid-body rotation model shows the importance of the vortex structure on the
energy separation. |

2 Since the solid-body rotation is initiated by the inlet flow, the inlet nozzle becomes an
important part of the apparatus (refer to Figure 2.4).

3 The presence of a quasi solid-body rotation is one cause of the vortex tube effect.

4 The axial fluid motion would tehd to decrease the vortex tube effect.
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5.2 Paddle wheel model

The solid-body rotation model described in the previous section illustrated the importance of
high inlet velocities for energy separation. However the pure solid-body rotation differs
considerably from the vortex tube flow structure described previously in the thesis. It would
be interesting to develop a model with two separate streams (the cold core and the hot shell)
that could mutually exchange heat and thereby produce an energy separation. Such a model

will be presented in this section.

The following model should help to understand the energy separation process. As shown in
chapter 4, the flow coming from the inlet going to the cold end of the vortex tube will
experience a pressure drop. The expansion (or pressure drop) in the cold core can be
compared to the expansion in a turbine, as shown in Figure 5.2a. The turbine, representing
the cold core process, generates rotational mechanical energy out of a swirling flow as well as
out of axial motion. This mechanical energy is in the form of work but could also represent
the heat exchange Qy, flowing from the cold core to the hot shell as calculated in section 4.3.
This work can be transmitted by a shaft to a paddle wheel which can dissipate the received
energy into heat. The paddle wheel represents the process in the hot shell. The mechanical
connection between the turbine and the paddle wheel, i.e. the shaft, would represent the fluid
volume between the two streams in the vortex tube: the separatrix. In a real vortex tube,
viscosity would provide the coupling between the turbine and the paddle wheel. This friction
coupling between the two flow components would generate an additional amount of heat,
which could partly flow back into the cold core by thermal conduction. Therefore the energy

separation process pictured by the turbine-paddle wheel model would somehow overestimate

the vortex tube capability to move energy from the cold to the hot stream.
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In the paddle wheel model, the turbine will generate some work W. Since only the ratio j¢/jo

of the total fluid will contribute to work in the turbine, the work done will be described by

W =i (o - o) = o/ op)Tro - Tro) (5.9

_ This work is then converted into heat by the paddle wheel. Smce equation (5.9) is 1dent1cal to

equation (4 25), except for the parameter Qh now replaced by W, what was assumed tobea

heat transfer in section (4.3.2) can be rdentlﬁed here to be the work done by the cold core on

the hot shell.
-
a) joho b)
' jhho A
turbm paddlewheel ho
: / hc(real)

jch

Jehe ’hc(ideal) i
(cooling by (heating by : g - s»
gas expansion) gas friction) :

- Figure 5.2: a)the paddle wheel model; b)the turbine expansion

The expansion process in the paddle wheel model is pictured in Figure 5.2b. Due to
irreversibilities,‘the vortex tube (or turbine) expansien differs froni_ _an ideal process where the
entrepy s would be constant. The entropy of the .eo_ld gaS' sc will then be larger than the

entropy of the inlet gas s, According to the paddle wheel model and Figure 5.2b, it can now
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be inferred that a minimum total temperature would be obtained on the cold side of the
vortex tube when the expansion process would approach an ideal process. Since processes in
turbines are often characterized by their efficiency, it will be interesting to find an efficiency

for the vortex tube process and then try to obtain a limit of total temperature separation.

5.2.1 Vortex tube efficiency
An ideal turbine expansion would be isentropic and the cold temperature obtained by the

process could be expressed by the standard equation for isentropic expansion (Munson et al.,

1990): ‘
— To(pc/po)(v—l)/v (5.10)

isentropic

(4

where 7y is the specific heat ratio. Since we are dealing with high speed flow, we can assign to
the vortex tube expansion a turbine energy efficiency M, (Munson et al., 1990) that will
include kinetic terms and that can be defined by

Nturb = (energy exchanged per unit of mass) / (maximum expansion work per unit of mass)

Nturb can also be described by the following equation (Munson et al., 1990):

3 Y-l 2 2 .
My = e e =(T.-T.)/ | T, 1‘(&) o e (5.11)
hm - htc(ideal) Po Zcp ch

The right hand side of equation (5.11) contains parameters which were experimentally
determined. Therefore equation (5.11) can be used to calculate Nyrb for each operation
point. This is done in Figure 5.3a. As expected, the efficiency is always smaller than 1. The

turbine efficiency has a maximum at jo/jo = 0.5. The maximum efficiency occurs

approximately when the total temperature separation on the cold side is a maximum. In the
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total temperature separation curves presented in chapter 3 (Figure 3.1, Figure 3.2), the
minimums Ty - Tfo shift slightly toward j¢/jo = 1 with a decrease in inlet pressure. However,
the maximum efficiency location in Figure 5.3a seems to be independent of the inlet pressure.

It should also be noted that Nturb appears to have a finite value for j¢/ jo = 0.

The turbine energy efficiency Ty, can be used to describe the expansion in the cold core but
does not describe the efficiency of the vortex tube for cooling gases. In order to obtain the
efficiency of cooling a gas flow, the flow rate ratio jc/j, has to be taken into account. A

vortex tube cooling power efficiency n¢ (Hilsch, 1948) is then defined by

. Y-1/y 9 2
nc=(;—°)nm=(jc/jo)(n—n) To[l—(&J ]+ | (512

o Po 2, 2

and takes into account th¢ amount of fluid coming out of the cold side. Again, all quantities
on the right hand side of equation (5.12) were measured in the present work. The cooling
efficiency is presented in Figure 5.3b. Compare to the turbine energy efficiency Ntyrb in
Figure 5.3a, the maximum of this curve is shifted to larger flow rate ratios and 1 is zero for
jc/jo = 0. It is interesting to note from Figure 5.3b that the best range of operation for using
the vortex tube as a cooling device would not be when the minimum temperature is obtained,

since then only little cold gas comes out of the tube, but rather for jc/jo = 2/3 where plenty of

cold gas flow through the tube (albeit a moderate temperature increase).
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Figure 5.3: a) turbine energy efficiency; b) cooling power efficiency
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5.2.2 New limits of total temperature separatibn

The paddle wheel model described above attributed the cooling effect in the vortex tube to an
expansion from the inlet to the cold end. By combining the corrected radial dynamics
equation (4.16) with the efficiency equation (5.11), it is possible to obtain new limits of total
temperature separation. To this end, we first have to find out what the efficiency Nturb will
be for the process giving the maximum total temperature separation. At first sight, the
maximum cooling effect should occur if the expansion in the cold core was isentropic. Then,
the turbine energy efficiency would be Nnturb = 1. However, one has to take into account
what makes the energy separation happen. As explained in the beginning of the chapter,
viscosity and heat conduction have to be present to get a total temperature separation. When
Nturb = 1, the process is supposed to be isentropic, which means no heat transfer or friction
can occur. Under these conditions, no energy separation can be present. Therefore the

maximum cooling effect of an ideal vortex tube could not be at an energy efficiency Nturb =1.

This distinction between operation at maximum efficiency and at maximum power transfer (or
energy transfer) is present in many thermodynamic cycles. For example, heat engines with
external heat sources generally have an efficiency Mmp at which the power output is
maximized. Ny is always smaller than the Carnot efficiency NCar = 1 - T¢/Th because a
fraction ST of the temperature difference is used to drive the heat into and out the engine
through the process of thermal conduction. The energy transferred per cycle by conduction
increases with 8T, however only the remaining temperature difference T, - T - T is
available to generate work. Since the work which is produced cannot exceed the amount of
energy which can be transferred by conduction a maximum power exists at which the
efficiency has the value Mmp = 1-(Ty, - Tc)l/ 2 (Curzon and Ahlborn, 1975, also Novikov, L1,

1958). In the example presented above, the amount of work that can be generated is limited



5 - Energy separation mechanisms 91

by the temperature difference. In the vortex tube, the work is generated by the expansion.
This work has to be transferred by friction, which is an irreversible process. Therefore, an
increase in the work produced will increase the irreversibilities and thereby decrease the
efficiency. The maximum efficiency occurs when no work is generated. In the vortex tube,

the efficiency Nty Will be maximum when there is no fluid motion.

In Figure 5.3a, the efficiency My, seems to be independent of the inlet pressure. If this
efficiency is constant over a large range of inlet pressures, then the maximum efficiency in
Figure 5.3a could be the maximum operating efficiency in a vortex tube. At jo/jo = 0.4, Niturb
= 0.6, which seems to be the maximum efficiency. Using this value into equation (5.11), we
obtain

T, -T,| = (0.6)[1, [1-@./p.) "™ ]+ u2/2¢, - v /2cp] | (5.13)
As in chapter 4, we can assume the maximum possible inlet velocity to be the sound speed

(M,, = 1). From equation (4.16), we can then obtain the maximum pressure ratio:

@./p)|. =1-X_ =1-M2/(2.55-1.26(j,/j,))=1-1/(2.5-1.26(0.4))= 0.5 (5.14)

In equation (5.13) we can neglect uc2 since using equation (4.24) uc2 =~ (0.16)u02 < ug.

min

Using this approximation, combining (5.14) and (5.13), using (4.30) and (4.31) for the Mach

number relations and taking y = 1.4 for air, we obtain

T,

—to

;Tw =(0.6)1~0.5)M+M2(y =1)/2] ~(0.6]1-(0.5)°**+0.4)/2] = 0.23  (5.15)

o max

The last equation gives a limit of total temperature separation for the vortex tube used in the

present work. Since empirical relations have been used to obtain the limit, it could possibly

not be valid for other vortex tubes.
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It would now be interesting to estimate what range of total temperature separation can be
obtained with this limit. With an inlet total temperature of 290 K and My=1, T, would go
down to about 250 K. Entering this value into (5.15), one finds (Ttg - Ttc)max = 57 K. To
our knowledge, there is no data in the literature exceeding this limit. The maximum total

temperature found in the literature was 47 K by Negm (1988).

The same procedure can be used to derive a limit of total temperature for the hot end Ty, -
Tto. On the hot side, the maximum total temperature difference is found at about j./jy = 0.8
(see Figure 3.2). In Figure 5.3a, the turbine efficiency at this flow rate ratio is Ny = 0.5. In
an optimized vortex tube, we can again assume the maximum inlet Mach ‘number to be 1.
With these values, the pressure ratio in equation (5.14), will then become (p¢/po)min = 0-65.

Using equation (5.15), with the last assumptions, we obtain

(__Tw mil? ) = 05(1- (0.65)°** + MZ(y-1)/2)= 016 (5.16)
T jA:o.s

[s]

The last equation gives the total temperature separation (Tyo - Tic) when (T - Tyg) is
optimized. The energy balance equations (4.28) and (4.29) can be used to relate the two total
temperature separations if an optimized vortex tube is assumed to have no heat conduction

through the walls (Qqyt = 0). Then, combining (4.28) and (4.29) we obtain

. i
T, - T, =G./iu{ T — T ] =%[Tm ~T,] (5.17)

The estimates from equation (5.16) can now be used into (5.17) to obtain the total

temperature separation on the hot end (Ty, - Tyo):

Tlh _Tm =[ jc'/jo (Tto _th ]]
T, max 1_(jc/j0) T,

08
~—(0.16) = 0.64 5.18
- ©16) (518)

jc/jo=o-8
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With an inlet total temperature of 290 K and My=1, T, would go down to abdut 250 K and
therefore (Typ, - Tto)max = 158 K. For the same inlet condition, the limit predicts a higher
ehérgy sepafétion for the hét end than for the cold end, which does not seem to respect the
energy cbnservation principle. However the limit for the hot end is reached when ohly 20% of
the inlet gas exits by the hot end Gclio =.O.8) while the limit on the cold end is reached when
60% of the gas exits by the cold end (jc/jo= 0.6). This difference in the amount of fluid

cooled or heated explains the difference in total temperature separation for the two limits.

5 0.7 1 ' b_ | upper Limit (0.63)
(Tth-Tto)/ To | '
05 +
0.3 1.
0.1 + Sl ol M-I g " ¥ga
-0.1 “+. h ‘ . .. -
: lower limit (-0.23
(Tte-Tto)/To | : it ( )
' 0.3 ; : - i ——+ 5
-0 0.2 0.4 0.6 0.8 1

ic!jo

Figure 5.4: New limits of total temperature separation

- In Figure 5.4 the new limits are compared to the data taken in the present work. All the data

fall within the limits. The total temperature difference for the hot side is far from reaching the

limit. This can be explained by the heat trarisferred along the tube walls. With a completely

insulated tube build with a material having a low thermal conductivity, the temperature_'v
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difference on the hot side would have been higher. It should also be pointed out that the inlet
pressures in this work were not very high. In many researches (Stephan, 1982, Negm, 1988);
the vortex tube was tested with pressure ratios Ppl/Pc going up to 5. For these experiments
the temperature Ttc(min) and Tth(max) were -25 °C and 80 °C respectively. Since the
maximum total temperature differences obtained in the present work were much lower (refer

to Figure 3.2), the measured total temperatures could well be far from the limits.

It should be remembered again that the limits derived above may not be valid for every vortex
tubes since empirical relations from the present experiments were used to derive them.

However, to our knowledge, these limits are not exceeded by any experiments.

5.2.3 Cooling power efficiency

The limits derived above can give some descriptions of the operation of a vortéx tube. If one
wants to use the vortex tube in a cooling system, the cooling effect has to be described not
only by a minimum temperature obtained but also by a cooling power efficiency, as shown in
Figure 5.3b. From this figure, we can find that the maximum cooling power efficiency is for a

flow rate ratio j/jo = 0.7 and

Ne(max) = GcfioMturb = (0.7)(0.6) = 42% (5.19)

This efficiency is much higher than what was calculated previously in the literature. For
example, Hilsch (1948) measured a cooling efficiency of 24%. In the present calculation, the
losses from the nozzle did not have to be taken into account since the inlet pressure used for

calculating My b Was the pressure measured after the nozzle. Having taken the inlet pressure

before the nozzle as in many previous studies, the cooling efficiency would have been in the
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range of 25%. It can then be concluded that the cooling efficiency of the vortex tube itself is
high, but the "approach” of the fluid in the nozzle is not very efficient. In the present work,
the use of a plenum chamber decreased considerably the efficiency of the fluid "approach"
“due to the strong area variation. A more efficient nozzle would have a smooth and much

slower area variation, minimizing pressure losses.

It will now be interesting to summarize the results from the paddle wheel model and to add
some criticism. The paddle wheel model seen previously explains partly how the energy
separation can be obtained in the vortex tube. With the turbine expansion, the model seems to
adequately describe the cooling effect. However, the link between the heating and cooling
processes is missing. In the paddle wheel model, the efficiency of the expansion process can
be matched to obtain the right total temperature separation. However, there is no real
similarities between the turbine-paddle wheel coupling and the frictional momentum transfer
in the vortex tube. One can see how the cooling can be accomplished. However, it is not clear
how the work extracted during the cooling expansion can be transferred to the outer fluid and
can be dissipated there to generate heat. In a way, the explanation fails to correctly model the
shaft connecting the turbine to the paddle wheel. Yet, by knowing the cooling process, one
can at least estimate the net heating by invoking the conservation of energy. Therefore, the
paddle wheel model help to understand the vortex tube effect and can be used for calculating

total temperature separations, but fails to fully describe the physical process behind the

energy separation effect.
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5.3  Energy transfer by sound waves

So far in the thesis, nothing was said about the importance of sound waves. Takahama (1982)
demonstrated the importance of sound waves in a modified vortex tube. By tuning an
acoustic cavity which was replacing the standard tube, he was able to considerably reduce the
temperature separation effect. He then proposed that strong sound waves were producing a
tangential acoustic streaming close to the inlet, which was then driving a solid-body rotation.
However, he just explained the cooling effect and nothing was said about the heating. Despite
the lack of explanation of sound production and energy transfer processes, his discovery
somehow pointed towards the importance of sound waves for temperature separation in
vortex tubes. A model including sound waves in vortex tube could possibly explain how work
extracted during the cooling expansion can be transferred to the outer fluid and can be

dissipated there to generate heat. This process was unexplained by the paddle wheel model.

The vortex tube is not thé only device where energy separation and sound waves are present.
In 1954, Sprenger observed strong energy separation effects in a resonance tube. An example
of its results are shown in Figure 5.5, which also contains a sketch of the set up. A jet of air
with a total temperature close to 20 °C leaves the nozzle shown of the left-hand side of the
sketch and impinges on a tube which is closed at the right end. The recovery temperature
(temperature at the wall) T, was varying strongly with the distance 1 and temperatures up to
440 °C were recorded when sound resonance was heard. Sound was produced by vortex

rings created at the entrance.

The thermoacoustic effect, discovered by Wheatley in 1982 could explain the effect in the

resonance tube and throw some light on the energy separation process in vortex tubes. For
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instance it is now known that in thermoacoustics devices, the maximum heat flux is not

obtained at the point where the. Carnot efficiency has a maximum but rather at a smaller

efficiency (Ahlborn et Camiré, 1995). This agrees with the éxperimental evidence of‘ the _
vortéx tube (see Figures 5.3a and 5.3b), where the efficiency Nc(max) is at a different

location than T]turb(rhax)- In thermoacoustics, sound waves can’ pump heat -against a

temperature gradient. This effect seems to be present in the vortex tube. Further information

about the thermoacoustic effect can be found-in an excellent review by Swift, (1988).
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figufe 5.5: The resonance tube

The examples discussed previously demonstrate the importance of sound waves in many flow

fields where strong temperature gradients are present. The sound wave interaction could

possibly explain the anomalous heat flux in a vortex tube. The presence of distinctive lines in

- the sound spectrum which were measured in this work and the variation of the spectral

features with the flow ratio jo/jo indicate that sound waves play a significant role in the physics
of the vortex tube. However, up to.now no reliable intensity measurements have been done in
the vo_rtéx tube. It is therefore premature to draw any quantitative Conclusioxis on the

importance of sound waves.
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The main objectives of this work was to develop a fully instrumented vortex tube allowing
precise measurements of pressures, temperatures and ﬂow. rates. From the measurements
obtained with this device, corrections to existing models were done in order to get a better
understanding of the Ranque-Hilsch effect. To test the existing models, especially the two-
streams model from Ahlborn et al. (1994), velocity profile measurements were performed.
Furthermore, the vortex tube was tested at low inlet pressures to verify that the Ranque-
Hilsch effe;ct is still present when the tuBe works below atmospheric pressure, i.e. when air is

sucked from the tube instead of being pushed through it.
6.1 Analysis of the two-streams model

It was found that the vortex tube used in the present work was behaving like a standard
vortex tube, i.e. the total temperature separation was similar to commercial vortex tubes.
When the data were analyzed and compared to the two-streams model from Ahlborn et
al.(1994), it was found that the inlet conditions were playing a major role. The inlet velocity
obtained from pressure measurements had been underestimated in the two-streams model.
This was mainly due to an inaccurate inlet pressure measurement taken too far from the
vortex tube. Since the pressure measurements in the present study were much more accurate,

corrections to the two-streams model were performed. A new relation for the radial dynamics

in the entrance plane was obtained.
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The limit of temperature separation predicted by Ahlborn's model were violated by the new
data. This was mainly due to some erroneous assumptions on the contribution of kinetic
energy and on the heat transfer process occurring in the vortex tube. These assumptions were
contradicted by the new experiments. In contradiction to Ahlborn's model, where the cold
and hot streams have the same amount of energy, the vortex tube effect was éxplained in this
work by a total temperature separation, in which the cold stream exits the tube with a lower

energy than the hot stream.
6.2 Energy separation mechanisms

The Ranque-Hilsch effect was also compared to other types of flow where an energy
separation is present. In a flow having a true solid-body rotation, it was found that a strong
energy separation is occurring. Since a solid-body rotation is likely to occur in some parts of

the vortex tube, the Ranque-Hilsch effect could be partly explained by its velocity field.

The pressure drop between the inlet and the cold exit in the vortex tube was also compared
to a turbine expansion. A turbine also experiences a pressure drop and at the same time a
temperature drop. The Ranque-Hilsch effect can then be compared to a paddle wheel model,
where a turbine located in the cold core would experience an expansion, then generating
work transferred to a paddle wheel located in the hot shell. The paddle wheel would dissipate
_ the energy received from the cold core by friction. This model was used to estimate the
vortex tube maximum cooling efficiency: ¢ = 42%. From the paddle wheel model and from

the new experiments, new limits of total temperature separation were obtained:

Maximum cooling effect “°;T“ =0.23 6.1)
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Maximum heating effect

=0.63 | (6.2)

o max

Although these limits are realistic, i.e., we did not observed any data in the literature
exceeding the limits, they were obtained with some empirical relations and therefore cannot
be totally explained theoretically. Initially, it was hoped to find a model without empirical
relations, where all the processes in the vortex tube could be explained. This proved to be
impossible. Some of the relations, like the radial dynamics and the new total temperature
separation limits were obtained from experimental results. Therefore, these limits could be

slightly different for another vortex tube.

To confirm without any doubts the validity of the total temperature separation limits, the
vortex tube needed to be tested at higher inlet pressure. However, due to the limitations of
the compressor in the department of Physics at UBC, such experiments could not be

performed.

6.3  Low pressure vortex tube

A low pressure vortex tube was tested. The pressures at the inlet and at the outlets were the
following: py = 0.93 atm., pc = 0.3 to 0.57 atm., pp = 0.3 to 0.66 atm. With this vortex tube,
a maximum cooling Tyg - Tyc = 16 °C and a maximum heating Ty, - Ty = 7 °C were
obtained. The low pressure vortex tube was analyzed with the same model than the standard

vortex tube, and it was found to behave like any other vortex tubes.
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6.4 Sound waves in vortex tubes

In order to test the hypothesis of a heat transfer by sound waves in the vortex tubes, sound
measurements for various inlet pressures and flow rate ratios were performed. These
measurements demonstrated the presence of axial and rotational standing waves in the vortex
tube. However, no calibrated spectrally resolved intensity measurements were obtained, and

therefore no quantitative conclusion on the importance of sound waves were drawn.
6.5  Future research

To improve the vortex tube understanding and to confirm some of the results obtained in this
work, several new experiments could be done.

1. Test the vortex tube with higher inlet pressure.

This would confirm the hypothesis of a Mach number always smaller than one. This would
also confirm the total temperature separation limits.

2. Extend the flow field analysis to various locations in the vortex tube, especially to the
cold end. In the present work some assumptions had to be done about the amount of kinetic
energy at the cold end and on the velocity field. A more detailed flow field analysis would
confirm or contradict these assumptions.

3. The low pressure vortex tube should be tested for different inlet and outlet pressures.
In the present work, the vacuum pump system limited the testing to 0.3 atm. on the cold side.
It would be interesting to test the tube to lower pressures.

4, In order to verify the possible cleaning of Diesel engine exhaust with the vortex tube,

experiments on particulate trapping should be performed.




Subscripts

c cold

h hot

n nozzle

0 entrance

pl plenum

r radial

s static

t total

z axial

¢ tangential

Symbols

a sound speed

Cp specific heat at constant pressure

D tube inner diameter

dp nozzle holes diameter

d¢ cold end diameter
enthalpy

j flowrate
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Nomenclature
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jc/jo flowrate ratio

Ma Mach number

N number of holes in nozzle
p static pressure
! Q heat
‘ r radius
‘ r* radius separating free and forced vortex
R gas constant and tube inner radius
R;  cold end radius
T temperature
t time
X pressure ratio (pg - Pc) / Po
u velocity
Y specific heat ratio

Nc cooling power efficiency

Nturb turbine energy efficiency

p density

6 angle between maximum velocity vector and z axis
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Appendix A - Data processing and vortex tube data

Some calculations were required to get the desired parameters from the raw data. Some of it
was simple data conversion, which was converting data units in metric units. There was also
calculations giving other parameters that were not measured directly (i.e. velocity, flow rate,
etc.).This section shows the calculations done. The vortex tube averaged set of data is also

presented.

A.1  Data processing
Unit conversion factors
p [Pa] =6891.2 - (p [psig] +14.7) = 6891.2 - p [psia] =3377.- (30 - p[in. Hg.])
T [K] =T [°C] +273.15

Flow rate

The flow rate obtained by the orifice meters were calibrated with a rotameter Omega Fl 1413.
This was allowing simple checks during the experiments since the reading on the computer
screen was in the same units than the rotameter. However the rotameter was giving a reading
in an "SCFM equivalent" flow rate, which is the flow rate that would be true if the fluid was
at standard atmosphere. In the vortex tube experiments, the inlet conditions were different

than standard atmosphere. A conversion formula given by Omega was used:
j [CFM] = 19.602 - j [SCFM eq.] - (p[psig] +14.7) / ( T [°C] +273.15)

Then the simple gas law was used to get a mass flow rate from a volumetric flow rate:

- 108 -
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j [kg/s] =2.09 x 10-3 j [SCFM eq.] - (p[psig] +14.7)1/2 / (T [°C] +273.15)1/2

Static and stagnation temperature

The temperature measurements in moving fluids are not as simple as pressure measurements.
When a probe is inserted in a moving fluid, the measured temperature will not only indicate
the fluid temperature but in addition a temperature equivalent to the kinetic energy of the

fluid. Therefore, three temperature can be defined:

Static temperature T. This is the actual gas temperature, measured by a device that moves
with the fluid and is hence in equilibrium with the fluid.

Dynamic temperature T, This is the thermal equivalent of the fluid kinetic energy.

Total temperature T;. This temperature is the addition of the static and dynamic temperature.

The three temperature can be related by the following relation (Benedict, 1984):

Ty=T+Ty=T+u% 2,
for air, Cp = 1.0035 kJ/kg K,
Ty =T +u2/ 2007
An ideal probe will stagnate completely a moving gas and is totally isolated from the
surroundings. Therefore, the probe will measure the total temperature. However, a real probe
is subject to conductive heat transfer, and will not completely stop the moving fluid. A

dynamic correction factor K may be defined so that

Tp=T+KT,
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where Tp is the temperature measured by the probe. From Benedict (1984) , the dynamic
correction factor for a bare Iron-Constantan thermocouples used in the experiments is K =
0.75. Then,
T =Tp - KTy =Tp - 0.75Ty = Tp[K] - 0.75 (u[m/s])2/ 2007

It is necessary to calculate the static temperature since it is the one used in thermodynamic
relations. For fluid velocities < 50 m/s, the dynamic temperature is less than 1 K and the
correction is not necessary. Therefore, no correction was done on the hot side of the tube and
on the flowmeters calculations. However, the correction was necessary for measuring the

nozzle and cold side temperature and velocity.

Pipe velocity

The pipe velocity was calculated using the flow rate, the pressure and the temperature:

Upipe = JoRTO/PplenumA = 4.029 x 106 +Jo [kg/s] - To / pplenum [Pa]

Inlet velocity

Different techniques have been tried to calculate the inlet velocity. The difficulty here was to
know the pressure in the nozzle. The pressure in the plenum chamber and inside the tube
were known, and the plenum chamber pressure was generally exceeding the inside pressure

by a factor 2.

A set of experiments was done with a pressure tap right in the center of one of the orifice.
Then, this measured pressure was used to calculate the velocity from the flow rate formula:

g = joRT/(PA) = 14154 x 103 j,[kg/s] T[K] / Py[Pa]
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Since the use of this formula requires the static temperature and vice versa, an iterative

calculation was done to get both the static temperature and the velocity.
uo = 14154 x 103 j[kg/s] (Tp - 0.75u2/2007) / P[Pa]
A.2  Vortex tube data

The next pages presents the averaged set used for all the calculations. The raw data taken

directly from the computer are presented in the first columns and the calculated parameters

are following.
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€0E2'0 |2€950 |8988LLZ |82 80L. [1609 08€cZ |c08lZ |9a vy PFLLE |60tZcl |06PO00 |vPOOCL |ZZOLC |L68B00O |EP
9GEZ'0 |€/290 |29908°LLZ|€8°/01L |96'8S \L'STC . |99°SLZ  |0SvY L9'0lE |L6GPEL [¢Z¥00'0 |0ZSBLL |L0'9LZ |06800°0 [t
OLECO0 |€ELS0 |BLOS LT |L0'BOL |80'8S 0L°LZZ |c9'SlZ [L6'¥¥ 6Z0LE |ZecvEl |vovOO'0O |8OEBLL |ZB'SLC |S0800°0 [iv
LOYZ'0  [0L8Y'0 |BLSYP'O0/LZ |92'80L |SO°'SS 9L'¢eZ |69 vLiC |B0°SY IV'60E  |6BLLEL |ZEP0OO'O |2¢0Gitl |€8'viZ |80600°0 |OYF
I9EC0 |ZVLV'O |L8SvOLZ 2280l |CO'VS 99'EEZ  |LZviZ |BL'SY 68'80€ [9GPLEL |BZ¥000 ({BLZSLL |e8'viZ |L1600'0 |6€
TBET'0 |0/9v'0 |6419°0LZ[LE'80L |8¥'¥a YOveEZ |eSviZ  |9L'GY 8G'60€ |VZLOEL |SZv0O'0 |696VLL |0O'SLZ |60600°0 |8E
ZBET'0 |L¥SP'0 |esev 0LZ |69°'80L |00°€S oL'9eZ |sl'vlZ |sv'SY 96'80€ |v988ZL |9LP0O'0 |88ZYLL |L8'¥LZ |¥L6000 |LE
PLvZ0 |861¥'0 |£22669Z |29'80L |¥90S LEOYT |BL'ELZ |6V'SY Ze°LOE |L96GZL |¥BEO0'0 |GOBLLL |ce viZ |91600°0 | 9E
6vYZ'0 |£868°0 |801Z'0LZ|9.'80L |s8'8b €6 cve |9l 2Lt |L8'SP |8L'90€ |60¥PZiI |BOE00'0 |cv8OLL |e0'¥LZ |€Z600°0 |9€
OEPZ0 |6LLE0 |Z£98'69Z [€9°60L |9L°LY \PLvT  [L8°LLZ  |ovev ¥8'GOE |vGZEZl |ESE00'0 |€Z00LL |vE'PLZ |¥E600°0 [VE
8c¥Z'0 |L6GEC0 |Lv06°0LZ |00'60L |9L°GY 00'8vZ |99°LLC |BO'9Y Ob'GOE  |GEBLZL |€EE00'0 |Z16BOL |¥E'SLZ |BC600'0 |€EE
LEVZ'0 |vvbEO |SYEP'LLZ |80'60L |[8L'E€Y . |LL'6VT [69°'LLZ |OE'9P GE'GOE  |LBOLZL [12£00'0 |ZOYBOL |¥6'9/Z |LE600°0 |2€
6L¥Z0 |Z1220 |8c9/'0LZ|6960L |6ELY [9°E9Z - |8B°0LT |99°0% LL'POE  |6096LtL |Z0E00'0 |9Z0Z0L |SZ'SLZ |6£600°0 | LE
9ZvZ'0 [1B6Z0 |L£L0°ZLT|LS'80L |L9°8E [9'€9Z  |e0'LLZ |evov €CPOE |9L88LL |B/Z000 [26690L |L¥0OLZ |vE600°0 |OF
19vZ'0 |9LL20 |99B8'ZLZ |6¥'80L |ZB'SE 10'9SZ |0L'0LZ |vL'OY 99°C0E |6BLZLL |SGZ00'0 |LO6SOL [BZ'ZLZ |0¥V600°0 |62
99YZ'0 |BBSZ'0 |BLLL'CLT |89°LOL |IGEE 06'G8Z |S9°0LZ |6vev ZL'E0E  |9LL9LL |ZvZ00°0 |L¥ZGOL |19'9LZ |9€600°0 [8Z
6LPZ°0  |OZYT 0 |vivo'LLZ|8LLOL |O8'IE 9v'[GZ |cc0lZ |8g9¥ 79°20E |9LLOLL |ZZZ00'0 [ZcSS0L |66'SLZ |/£600°0 |LT
Z8YZ0 |8GLZ0 |L180°2/Z|L8° 001 |69'8Z 97992 |BTOLZ |ivo¥ 6Z°C0t |OpBPLL |ZOZOO'0 |8vepOlL €68/ |¥e600°0 {9T
16vZ'0 |0661°0 |OZVL'ELZ |6V'80L |898Z 08°'LGZ |LL'0LZ |vo'9oF TL'ZOE |SovvliL [Z8L00°0 |LZPPOL |Be'LLT |8€600°0 [9C
9Gb2'0  |vLZLL'O [1608°CLZ 9990l |S8'EZ €9°69Z |2L69C |850F 01'Z0€ |66LZELL |99100°0 |896€0L |LL1'BLZ [L€6000 [¥Z
ZLYT 0 |0€9L'0 |LLLO'VLZ |vEQ0L [LO°CC 80'09C |09°'60C |Z0°OF G0°LOE  |vOEEll |€GL000 |¥SOE0l |bZ'BLZ |8€600°0 | €2
YSYZ'0 [L6VL'0 |i¥ZL ¥IZ|Z900L |BZ2°0Z €V 19Z |2€69C |60°9¥ 9a'LOt  |PELELL |LPLOOO |vBYEOL |9€8LZ |OV600'0 |2T
90vZ'0 |ZLZL'0 |TLOL'PLZ|€TOOL |Lv'LL 86'19C |91'69Z |60°9¥ ZL°'LOE |ZLEZLL. |OZLOO'O |8SOEOL |Z6'BLZ ' |O¥600'0 |12
YOYZ 0 |LLLL'O  [19VZ'SLZ [28°S0L  [LL'SlL €819 61692 |vSO¥ lO'LOE  |888BLLL |POLOO'O |9Z820L |ev 6LZ |L£600°0 |0C
Z9v2°0  |8vZ0'0 |¥S6L'8/Z |G2'80L |SEOL 9c oz |20'80Z [1B'OV 69°'00E. |ESLLLL |OZOOO'O |E€E€E€20L |LP'0BZ |EV600°0 |61
YYYZ0 - |¥BE0'0 |0Z¥Z LBT |69°90L |L1'S Ov'99Z |07'89Z. |88 9¥ YL'00E |L900LL |P£000°0 |ZPZLOL |09'98Z |¥¥600°0 [B1
Z9YZ0 [8L000 |6018'V8Z |08'80L |cL'L 86'99C |S2'89C |€60V LO'LOE. . |pEZ60OL |ZOO0OO'0 |1GELOL |Z0°'68Z |9v600°0 [LL
ZS91'0 |9€060 |LZ1B'Z8Z 1608 07°29 99°'03L |98'98Z |0G'LE 8Z'00€ |8BEOEl |98¥00°0 |OPYOZL |$9°06Z |9€S00'0 |91
9691'0 |€068°'0 |Z000'88Z [€¥'L8 €9°29 7678l [£9°98Z |L6LE 9E°00€  |¥ZLOEL  |¥8POO'O |ZLEOZL |98°06Z |c¥S00°0 |[9L
L¥9L'0 [L008°0 |svep'98Z |L¥'08 av'8g L1'6GL |61'88Z - |09'8E ZL'ZOt |z08SCL |L¥POOO |Z660L1 |€268Z |LSS00°0 | ¥}
1981°0 |SLZL°0 |Liiev8Z (L1 08 v1°9g [£69L |00'S8Z [ZE 6E 09'Z0€  |vbacZL |80V00'0 |98¥PilL |89°/8Z |€9S00°0 |€L
6E01L°'0 [B//9°0 |180Z v8Z |6V 98 8e'Z9 €6'89L |vavBZ |1G6€ 0c'ZOt  |ObLOZI |EBEOO'O |6ESCLL [p698Z |90S00°0 |1
1891°0 [LGL9°0 |/82Z'€8Z |8E a8 vi'ev 9SG Vil |8L£8C |BC OV G0'ZOE |LZOZLL |9SE00'0 |€S00LL |S6°G8Z ° |LLS000 {1l
6v91L°'0. |9989°0 |LZLEV'Z8C |91 G8 €6'ay 90'L8L |l628C |09°O¥ SY'O0E  [19POLL |BZ€00'0 |69G60L [81L'S8Z - |LBS00'0 | Ol
65S0L'0 |0c6V'0 |6022'¢8Z L ¥8 oV iy €c'e8l |Bve8Z |6C L¥ 8L'00E |L9SElt |16200°0 |66¥L0f |/8¥8Z [165000 | 6
$ZSL°0 |€60¥'0 |2L69°Z8T [18'C8 8L Ve 68'/81 [v6'L8Z [SE'L¥ 7886 |Z8BLLL |Z¥Z000 |Z€S90L |0Z'S8Z |26S000 | 8
8ZGL'0 |6G9€°0 |£8E0'€8Z [29'Z8 09°LE (506l [BE'1BZ |LE'L¥ 99'86Z |Z800Ll |ZLZOO'O |S00SOL |89'98Z |€69000 | L
87GL'0 |60LE0  |ZLO¥'EBZ [19¢8 91T oY’ ¥6L |6L0BZ |E0Z¥ 66'L6Z |vB8BOL |Z8L00'0 |99Z¥0L |L0'98Z |20800°0 | ®
alvl'0  |OLGZ'0 |eczZ v8Z [6L°L8 \z'ee vZ'G6l  |g9°'08Z |BSLY 09267 |9GvZOl |6VLO00 |SLYEOL |69'98C |96S000 | 9
08EL'0 |9ELL'0 |/£08'v8T [LS 08 gv'si 89°'Z61 |62°08Z |ZvL¥ ZL'LBZ |0SS90L |€0LO00 |SZ0Z0L . |eZ'Z8C [£6S000 | ¥
80EL'O |LOOL'O |9€91'98Z |65°08 00'6 1200 |66'6LZ |Oov'i¥  |8L'06Z. |9Z990L |6S000°0 |[cv0ZOL [69'88Z |€6S000 | €
622ZL'0 |LELO'O |LOLE'€6Z [1T'8 YA 16°60C [LL'6LC [Z6°L¥ €V'96Z |vSOYOL |B0O000'0 |€0ZLOL |06'96Z |66G000 | 2

— ojol[(n ws ol (s/w) on| (s/w) zon| (s/w) on|{y) 1e3s 0] | (s/u)edidn D uL| (ed)ud| (/B0 (ed) od N o1l (e/Bmoll 1

a8V vV Z A X M A n 1 5 7] ) d 0




116

Appendix A - Data processing and vortex tube data.
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Appendix A ) Data procéssing and vortex tube data
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Appendix B - Heat transfer along the vortex tube walls
and nozzle

This section presents some simple calculations to verify if the amount of heat Q¢ calculated
in chapter 4 could really be transferred by simple thermal conduction. The maximum amount
of heat Qg was about 100 Watts. Also, it was verified if any considerable heat transfer

could be present in the nozzle.
B.1  Heat transfer along vortex tube walls

Three components of the vortex tube were analyzed separately: The tube, the hot end and the
entrance block (see Figure B.1). All of them were modelled as cylinders: the hot end part was
modelled as the combination of two cylinders. The heat conduction through the walls of a

cylinder is represented by the following equation:

Q=(2nkL (T} - T2)) /In(rz/17) (B.1)
Adding the heat transfer terms from the three components:
Qout (total) = Qqyt (hot end) + Qqyy¢ (glass tube) + Q¢ (entrance block) (B.2)

Glass tube
k =0.76 W/(m°C)
r; =127 cm, rp = 1.905 cm
L=61cm _
Qout (glass tube) = 7.18(T1 -Tp) (W/°C)
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a) tube o o b) nozzle -
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Figure B.i: Vortex tube parts used for heat transfer calculations: a) tube b) nozzle c) H

: entrénce block d) hot end

Hot end

k= ill W/(m°C) (bréss) | ,

part 1: r 1 =127cm, 1y = 1.905 cm | part2: r] = 1.27 cm, r9 = 5.08 cm |
L=38lem . . . L-0635em

Qout = Qout (Part 1) + Qout (part 2) = 68.75(T; - To)  (WFC)
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Entrance block
k=111 W/(m°C) (brass)
rp =127 cm, rp =5.08 cm
L=5.08 cm
Qout (entrance block) = 25.56(T - Tp ) (W/°C)

By assuming the temperature difference T - T to be the same for each parts, we obtain
Qout = 10149 (T1-T2)  (W/°C) (B.3)
With a temperature difference of about 1°C, an heat transfer of more than 100 Watts is

possible. Therefore, even with the insulation around the tube, this heat transfer was possible.

B.2  Heat transfer along vortex tube nozzle
For simple calculation, one hole of the nozzle was modelled as a cylinder (see Figure B.1b).
A maximum temperature difference was assumed to be 40 K. The temperature difference is

overestimated since the maximum temperature difference in this work was around 25 K.

k = 0.5 W/m°C (Lucite)
rp/r] =4
L=10cm
T, -T;=40K
Qnozzle =1 W
If Qpozzle is represented as a possible increase of temperature, we get
Tincrease = Qnozzle / (cpio/4) = 0.5 °C

Therefore it was concluded that the heat transfer in the nozzle was negligible.




Appendix C - Design of a new vortex tube

After having build the vortex tube VT-01 and having analyzed the results, it was found that
the vortex tube design could be improved. Some guidelines in the desigh of a better vortex

tube are pfesented in this section.

Choice of the material

Although brass is a good materi_al to wbrk with (ease of machining, soldering), its heat
conduction is so large that it can interfere with the energy separation effect in the vortex tube.
In order to reduce considerably the possible heat transfer by the tube walls, Lucite should be

used.

Entrance block design |

" The design 9f a pienum chamber allows rapid changes of the removable inlet nozzle.
However, . with that configuration ‘the fluid experiences large variation in velocity and .
pressure from the air line to the inside of the vortex tube ‘and therefore the inlet
* characteristics are difficult to measure. I.deally, the fluid Shbuld be brought to the tube in four
separate lines having very smooth area variations. A new design respecting this condition

would lead to more accurate velocity calculations.

~ Tube design

As discﬁssed above, the use of Lucite would reduce the heat transfer along the walls.
Moreover, it would be possible to drill pressure taps and therefore méaSure accurately the
pressure variation along the tube. It would also be possible to have Aa more accurate inner

diameter than with glass.
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Appendix D - Computer program for data acquisition

#include "C:\LW\include\formatio.h"
#include "C:\LW\include\lwsystem.h"
#include "C:\LW\include\userint.h"
#include "vt.h"

#include "dt2805.h"

#define TRUE 1

#define FALSE 0

/********* fllnCthllS declarations ********/

void VTRunAvg (int);

void Settings (void);

void VTRun (void),

int ad_imm();

void InitChannelHandleStrip (int []);

void InitGainHandleStrip (int[]);

void InitChannelNameHandleStrip (int[]);

void InitChannelNameHandleLabStrip (int[]);

void InitChannelNameSpace (char *[]);

void InitCalMHandleStrip (int []);

void InitCalBHandleStrip (int []);

int MakeChannelList (int [], int[], int[], double[], double[], double[], double[], double[});
void GetChannelName (int panel, int name_hndl[], char * CNamef[]);
void SetSelectableChannels (int, int[], int[], int[]);

double CalMVector{8], CalBVector[8], CalCVector[8], CalD Vector[8], CalEVector[8],
"~ TCold, THot, TIn, PCold, PHot, PIn, FlowCold, FlowHot, FlowIn,
AvgDataBuffer[8], FirstDataBuffer[8],data[8],test1;

int VTCtrlPanel, ChannelSelectPanel, SettingsPanel,
TcoldGain, ThotGain, TinGain, PcoldGain, PhotGain, PinGain, FlowColdGain, FlowInGain,
NumOfChanng¢ls;AvDaqAvg, panel, ctrl, i,
ChannelList[8], ChannelHandle[8], GainHandle[8], CalBHandle[8], CalMHandle[8],
ChannelVector[8], GainVector[8],GainIntVec[8], ChannelNameHandle[8], Channe]lNameHandleLab[8],

FileFormat, FileAppOver,SourceHandle;
char * ChannelName[8), FileName[41];

/******* Main program ##******/

void main()

{

/* initialization */ .
InitChannelHandleStrip (ChannelHandle),
InitGainHandleStrip (GainHandle);
InitChannelNameHandleStrip (ChannelNameHandle);
InitChannelNameSpace (ChannelName);
InitCalMHandleStrip (CalMHandle);
InitCalBHandleStrip (CalBHandle);
ChannelSelectPanel = LoadPanel("VT.UIR", SELCHANS);
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VTCtriPanel = LoadPanel ("VT.UIR", VT_CTRL); .
SettingsPanel = LoadPanel ("VT.UIR", SETTINGS);

/* Main screen initialization */

SetInputMode (VTCtrlPanel, VT_CTRL_STOP, 0);
SetInputMode (VTCtrlPanel, VIT_CTRL_START, 1);
SetInputMode (VTCtrlPanel, VT_CTRL_QUIT, 1);
SetInputMode (VT CtrlPanel, VT_CTRL_SETTINGS, 1);

/* Display the main panel */
DisplayPanel (VTCtrlPanel);
SetActivePanel (VT CtrlPanel);
/* Get Ctrl Value */
GetCtrlVal (SettingsPanel, SETTINGS_AVDAQAVG, &AvDaqAvg),
GetChannelName (ChannelSelectPanel, ChannelNameHandle, ChannelName);
NumOfChannels = MakeChannelList (ChannelList, Channel Vector, GainVector, CalMVector,
CalBVector, CalCVector, CalDVector, CalEVector);
/* Then setup gain for interface */
for (i=0;i<NumOfChannels;i++) {
switch (GainVector[i]){
case 1:
GainIntVecl[i]=0;
break;
case 10:
GainIntVec[i]=1;
break;
case 100:
GainlIntVec[i]=2;
break;
case 500:
GainIntVec[i]=3;
break;
H

3
/* Then open temp.file and write date and time */

GetCtrlVal (SettingsPanel, SETTINGS_FILENAME, FileName);
SourceHandle=OpenFile (FileName,0,0,1);
FmtFile (SourceHandle,"date=%s\n",datestr());
FmtFile (SourceHandle,"time=%s\n" timestr());
FmtFile (SourceHandle,"tin\t pin\t fin\t tc\t pc\t thit phit fc\n");
while(TRUE) {
/* Wait for the user event */
GetUserEvent (1, &panel, &ctrl);
switch(ctrl) { .
case VT_CTRL_START:
SetInputMode (VTCtrlPanel, VT_CTRL_STOP, 1);
SetInputMode (VT CtrlPanel, VT_CTRL_START, 0);
SetInputMode (VTCtriPanel, VI_CTRL_QUIT, 0);
SetInputMode (VTCtrlPanel, VI_CTRL_SETTINGS, 0);
VTRunAvg (AvDaqAvg);
break;
case VT_CTRL_QUIT:
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UnloadPanel (VTCtrlPanel);
CloselnterfaceManager ();
exit (1);
break;
case VI_CTRL_SETTINGS:
HidePanel (VT CtriPanel);
Settings ();
break;
case VI_CTRL_STOP:
SetInputMode (VT CtrlPanel, VT_CTRL_STOP, 0);
SetInputMode (VTCtrlPanel, VT_CTRL_START, 1);’
SetInputMode (VTCtrlPanel, VT_CTRL_QUIT, 1);
SetInputMode (VTCtrlPanel, VT _CTRL_SETTINGS, 1);
break;
3
}
3

/*Function Settings*/
void Settings (void)

int i,loo1,1002;
DisplayPanel (SettingsPanel),
SetActivePanel (SettingsPanel);
loo1=0;
while (lool<1) {

GetUserEvent (1, &panel, &ctrl);

switch (ctrl) {
case SETTINGS_SELCHANS:
HidePanel (SettingsPanel);
DisplayPanel (ChannelSelectPanel),
1002=0;
while (loo2<1) {
GetUserEvent (1,&panel, &ctrl);
switch (ctrl) {
case SELCHANS_OK:
GetChannelName (ChannelSelectPanel, ChannelNameHandle, ChannelName);
NumOfChannels = MakeChannelList (ChannelList, ChannelVector, GainVector,
CalMVector, CalBVector, CalCVector, CalDVector, CalEVector);
/* Then setup gain for interface */
for (i=0;i<NumOfChannels;i++) {
switch (GainVector[i]){
case 1:
GainlntVecli]=0;
break;
case 10:
GainIntVec[i]=1;
break;
case 100:
GainlntVecli}=2;
break;
case 500:
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GainIntVec][i]=3;
break;
}

}
HidePanel (ChannelSelectPanel);
DisplayPanel (SettingsPanel);
loo2=1;
break;
case SELCHANS CANCEL:
HidePanel (ChannelSelectPanel);
DisplayPanel (SettingsPanel);
loo2=1,
break;
H
}
break;
case SETTINGS_CANCEL:
SetInputMode (VT CtrlPanel, VT_CTRL_START, 1);
lool=1;
HidePanel (SettingsPanel);
DisplayPanel (VTCtrlPanel),
break;
case SETTINGS_OK:
GetCtrlVal (SettingsPanel, SETTINGS_AVDAQAVG, &AvDaqAvg);
GetCtrlVal (SettingsPanel, SETTINGS_FILENAME, FileName);
SourceHandle=OpenFile (FileName,0,FileAppOver,1);
FmtFile (SourceHandle,"date=%s\n",datestr());
FmtFile (SourceHandle,"time=%s\n" timestr());
SetInputMode (VTCtriPanel, VI_CTRL_START, 1);
lool=1;
HidePanel (SettingsPanel);
DisplayPanel (VTCtriPanel);
break;

/* Function VTRunAvg: Continuous Data Acquistion */
| void VTRunAvg (int Avg)

{

int j,i,loopl, cntrl,cntr2, Event,dumi,key,beeptest;

double test;

char dumstr [80];

/* Each channels will be scanned and data will be put in a buffer */
loop1=0;

Event=0;

test1=0;

/* Do a first run to take initial values */
/* Reinitialize buffer to 0 */
for (i=0; i < NumOfChannels; i++)
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FirstDataBuffer{i]=0.0;
for (j=0; j < Avg; j+){
for (i=0; i < NumOfChannels; i++){
data[i}=ad_imm (ChannelVector[i],GainIntVeclil);
FirstDataBuffer[i]=FirstDataBuffer[i] + (data[i]/Avg);
3
H

/* Then average the buffer*/
for (i=0; i < NumOfChannels; i++)
FirstDataBuffer[i]=(FirstDataBuffer[i]-2048)/(204.8*GainVector[i]);

/* Then scale the buffer with cal.factor */
FirstDataBuffer[1] = CalMVector[1]*FirstDataBuffer[1] +CalBVector[1];
FirstDataBuffer[2] = 0.08355-FirstDataBuffer[2];
FirstDataBuffer[4] = CalMVector[4]*FirstDataBuffer[4] +CalBVector[4];
FirstDataBuffer[6] = CalMVector[6]*FirstDataBuffer[6] +CalBVector[6];
FirstDataBuffer[7] = 0.08165-FirstDataBuffer[7];
while (loopl <1) {
Event = GetUserEvent (0, &panel, &ctrl);
switch (ctrl){
case VI_CTRL_STOP:
SetInputMode (VTCtrlPanel, VT_CTRL_STOP, 0);
SetInputMode (VTCtrlPanel, VT_CTRL_START, 1),
SetInputMode (VT CtrlPanel, VT_CTRL_QUIT, 1);
SetInputMode (VTCtrlPanel, VT_CTRL_SETTINGS, 1);
loopl=1;
break,
3

/* Reinitialize buffer to 0 */
for (i=0; i < NumOfChannels; i++)
AvgDataBuffer[i]=0.0;
for (j=0; j < Avg; j+H){
for (i=0; i < NumOfChannels; i++){
data[i]=ad_imm (ChannelVector[i],GainIntVecli]);
AvgDataBuffer[i]=AvgDataBuffer[i] + (data[i]/Avg);
}
}

/* Then average the buffer*/
for (i=0; i < NumOfChannels; i++) AvgDataBuffer[i]=(AvgDataBuffer[i]-2048)/(204. 8*GamVector[1])

/* Then scale the buffer with cal.factor*/
AvgDataBuffer[0] = CalMVector[0]* AvgDataBuffer[0] +CalBVector[0];
AvgDataBuffer[1] = CalMVector[1]*AvgDataBuffer[1] +CalBVector[1] -FlrstDataBuffer[l]
AvgDataBuffer[2] = CalMVector[2] + :
CalBVector[Z]*exp(CalCVector[2]*(AngataBuﬁ'er[2]+F1rstDataBuﬂ‘er[2]))
+CalDVector[2]*exp(CalE Vector[2]*pow((AvgDataBuffer[2]+FirstDataBuffer[2]),2)) ;
AvgDataBuffer{3] = CalMVector[3]* AvgDataBuffer[3] +CalBVector[3];
AvgDataBuffer[4] = CalMVector[4]* AvgDataBuffer[4] +CalBVector[4] -FirstDataBuffer[4];
AvgDataBuffer[5] = CalMVector[5]* AvgDataBuffer[5] +CalBVector[5];
AvgDataBuffer[6] = CalMVector[6]* AvgDataBuffer[6] +CalBVector[6] -FirstDataBuffer[6];
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AvgDataBuffer[7] = CalMVector[7] +
CalBVector[7]*exp(CalCVector[7]*(AvgDataBuffer[ 7]+ FirstDataBuffer{7]))
+CalDVector[7]*exp(CalE Vector[7] *pow((AngataBuﬂ'er[7]+F1rstDataBuffer[7]) 2)) -
FirstDataBuffer[7];

/* Display values on screen */
SetCtrlVal (VTCtrlPanel, VT_CTRL_TEMP_IN, AvgDataBuffer[0]);
SetCtrlVal (VTCtrlPanel, VT _CTRL_PRES IN, AvgDataBuffer[1]);
SetCtrlVal (VTCtrlPanel, VT_CTRL_FLOW_IN, AvgDataBuffer[2});
SetCtriVal (VTCtrlPanel, VT _CTRL _TEMP_C, AvgDataBuffer[3]);
SetCtrlVal (VTCtrlPanel, VT_CTRL_PRES_C, AvgDataBuffer[4]);
SetCtrlVal (VTCulPanel, VT_CTRL_TEMP_H, AvgDataBuffer[5]);
SetCulVal (VTCtrlPanel, VT_CTRL_PRES_H, AvgDataBuffer[6]);
SetCtrlVal (VTCtrlPanel, VT_CTRL_FLOW_C, AvgDataBuffer[7]);
SetCtrlVal (VTCtrlPanel, VT _CTRL_FLOW_H, AvgDataBuffer[2]-AvgDataBuffer[7]);
SetCtrlVal (VTCtrlPanel, VT_CTRL_H_T, (AvgDataBuffer[2]-AvgDataBuffer[7])/AvgDataBuffer[2]);
SetCtrlVal (VT CtrlPanel, VT _CTRL_C_T,AvgDataBuffer[7]/AvgDataBuffer[2]);
SetCulVal (VTCtrlPanel, VT_CTRL_delta_Th, (AvgDataBuffer[5]-AvgDataBuffer[0]));
SetCtrlVal (VTCtrlPanel, VT _CTRL_delta_Tc, (AvgDataBuffer[3]-AvgDataBuffer{0)));

key= keyhit(),

SetCtrlVal(VTCtrlPanel, VI_CTRL_SAVING, 0);

if (key ==1) {
beep (;
SetCtrlVal(VTCtrlPanel, VT _CTRL_SAVING, 1);
FmtFile(SourceHandle,"%f\t %ef\t %of\t %ofit %f\t Yaf\t %of\t Yofit %f\n",
AvgDataBuffer[0], AvgDataBuffer[1], AvgDataBuffer[2], AvgDataBuffer[3],
AvgDataBuffer[4], AvgDataBuffer[5], AvgDataBuffer[6], AvgDataBuffer[7], timer());

}

}

3
/* RealTime Data Acquisition function */
int ad_imm(int chan,int gain)
{
int value, dummy, 11, testloop;
11=0;
while (11==0) {
11=1;
outp(COMMAND _PORT,STOP);
dummy = inp(DATA_PORT),
for (i=0; ((inp(STATUS_PORT)&READY)==0) && (1<10000);i++);
if (i==10000) 11=0;
outp(COMMAND_PORT,CLEAR_ERROR);
for (i=0;((inp(STATUS_PORT)&READY)==0) && (i<10000);i++);
if (i==10000) 11=0;
outp(COMMAND _ PORT READ AD IMM);
for (i=0;((inp(STATUS _ PORT)&DATA IN FULL)'—O) && (1<10000);i++);
if (i==10000) 11=0;
outp(DATA_PORT,gain);
for (i=0;((inp(STATUS_PORT)&DATA_IN_FULL)!=0) && (i<10000);i++);
if (i==10000) 11=0;
outp(DATA_PORT ,chan); A
for (i=0;((inp(STATUS_ PORT)&DATA IN FULL)'—-O)&& (1<10000) 1++),
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if (i==10000) 11=0;

for (i=0;((inp(STATUS_PORT)&DATA_OUT_READY)==0) && (i<10000);i++);
if (i==10000) 11=0;

value = inp(DATA_PORT),

for (i=0;((inp(STATUS_PORT)&DATA_OUT_READY)==0) && (i<10000);i++);
if (i==10000) 11=0;

}
value = value+(inp(DATA_PORT)<<S8);
return(value);
3
/***************************************************************************/
/* functions for initialization of handle arrays: */
/* The controls on LabWindows user interface panels have constant values. */
/* These values may be assigned to elements of an array, so that */
/* GetCtrlVal, SetCtrlVal, SetInputMode, etc. functions can be called in  */
/* a loop. */

/**##t*#t*##*##t*#**ttt*****************************************************/
void InitChannelHandleStrip(int HandleArrayf{])

{

HandleArray[0] = SELCHANS CHANO,;

HandleArray[1] = SELCHANS_CHANTI;

HandleArray[2] = SELCHANS CHAN?2;

HandleArray[3] = SELCHANS_CHANS3;

HandleArray[4] = SELCHANS_CHANY4;

HandleArray[5] = SELCHANS CHANS;
HandleArray[6] = SELCHANS_CHANG,;
HandleArray[7] = SELCHANS_CHANT7,
}

void InitGainHandleStrip(int HandleArray[])
{

HandleArray[0] = SELCHANS_GAINO;
HandleArray[1] = SELCHANS_GAINI,;
HandleArray[2] = SELCHANS_GAIN2;
HandleArray[3] = SELCHANS_GAINS3;
HandleArray[4] = SELCHANS GAIN4;
HandleArray[5] = SELCHANS_GAINS;
HandleArray[6] = SELCHANS_GAING;
HandleArray[7] = SELCHANS_GAINT7;
}

void InitCalMHandleStrip( int HandleArray[])
{

HandleArray[0] = SELCHANS_m0;
HandleArray[1] = SELCHANS ml;
HandleArray[2] = SELCHANS_m2;
HandleArray[3] = SELCHANS m3;
HandleArray[4] = SELCHANS m4;
HandleArray[5] = SELCHANS m5;
HandleArray[6] = SELCHANS_mé6;
HandleArray[7] = SELCHANS m7,
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}

void InitCalBHandleStrip( int HandleArray[])
{

HandleArray[0] = SELCHANS b0;
HandleArray[1] = SELCHANS bl;
HandleArray[2] = SELCHANS b2;
HandleArray[3] = SELCHANS b3;
HandleArray[4] = SELCHANS b4,
HandleArray[5] = SELCHANS bS5;
HandleArray[6] = SELCHANS b6,
HandleArray[7] = SELCHANS b7,
}

void InitChannelNameHandleStrip(int HandleArray[])
{

HandleArray[0] = SELCHANS NAMEQ;
HandleArray[1] = SELCHANS _NAME],
HandleArray[2] = SELCHANS NAME?2;
HandleArray[3] = SELCHANS NAMES3;
HandleArray[4] = SELCHANS NAME4;
HandleArray[5] = SELCHANS NAMES;
HandleArray[6] = SELCHANS NAMEG;
HandleArray[7] = SELCHANS NAME?7,

}

/****#*#****#************#**************************************************/
/* function: MakeChannelList */

/* This function gets the values of channel selection controls, and assign */

/* the the values to ChnlVector, GVector and CalVector. */

/* The total number of channels that are ON, is returned by the function. */
/****#******tlll***************t******************#***************************/
int MakeChannelList(int channel_list[], int ChnlVector[], int GVector[], double CalMVector(],
double CalBVector[], double CalCVector[], double CalD Vector[], double CalE Vector[])

{

int i, num_channels, chans_configed, index;

chans_configed = 0;

num_channels = §;

index = 0;

/* initialize */

for (i=0; i<8; i++) {

channel list[i] = O; /* reset */
ChnlVector[i] = -1;
3
for.(i=0; i<num_channels; i++) {
GetCtrlVal(ChannelSelectPanel, ChannelHandle[i], &channel_list[i]);
if (channel_list{i]) {
ChnlVector[index] =1i;
GetCtrlVal (ChannelSelectPanel, GainHandle[i], &GVector[index]);
GetCtrlVal (ChannelSelectPanel, CalMHandle[i], &CalMVector[index]));
GetCtrlVal (ChannelSelectPanel, CalBHandle[i], &CalBVector[index]);
index++;
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}
/* Flowmeter calibration */
GetCtrlVal (ChannelSelectPanel, SELCHANS_c2, &CalCVector[2]);
GetCtrlVal (ChannelSelectPanel, SELCHANS _d2, &CalDVector[2]);
GetCtrlVal (ChannelSelectPanel, SELCHANS e2, &CalEVector[2]);
GetCtrlVal (ChannelSelectPanel, SELCHANS ¢7, &CalCVector[7}]);
GetCtrlVal (ChannelSelectPanel, SELCHANS d7, &CalDVector[7]),
GetCtrlVal (ChannelSelectPanel, SELCHANS_e7, &CalEVector[7]);
chans_configed = channel_list[i] + chans_configed;

}

return (chans_configed);

3

SRRk koo k kR kR kR kb k ok kR kR ko kR kR kR Rk kR kR kR ko kk k]

/* function: InitChannelNameSpace */

/* This function initialize the character pointers to default names. of */
/* analog input channels. */
/******************i*******************************************************#/
void InitChannelNameSpace (char * CName[])

{

CName[0] = "Channel 0  *;

CName[l] ="Channel 1  *;

CName[2] ="Channel 2 ";

CName[3] ="Channel 3  ";

CName[4] ="Channel 4 ";

CName[5] = "Channel 5 ";

CName[6] ="Channel 6 ";

CName[7] ="Channel 7 *;

}

/#*******##t**#*************************************************************/

/* function: GetChannelName */
/* This function gets name from the user interface panel, and stores them */
/* character-array. */
/****##***###****************************************#***t******#***********/
void GetChannelName (int panel, int name_hndl[], char * CName[])
{
int i, num_channels;
num_channels = §;
for (i=0; i<num_channels; i++)
GetCtrlVal (panel, name_hndl[i], CNameli]);
3




