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ABSTRACT

The thesis presents the experimental performance study of a Ranque-Hilsch vortex
tube with a view to obtaining a maximum temperature difference at the cold.tube. To
investigate the effect of the various parameters on the temperature difference, the
experiments were made by varying the ratio of orifice to tube diameters and the
number of the inlet nozzles of the tube. From experimental results, the maximum
temperature reduction at the cold side and the maximum increase in temperature at the
hot side in comparison with the inlet temperature are —30°C and 78°C respectively,
for the orifice plate ;atio (d /D) of 0.5, 4 inlet nozzles, the cold mass fraction (u,)
of 0.328 and diameter of the vortex tube of 16 mm. In addition, wall temperature

distribution tends to increase proportionally to the cold mass fraction (u,) but tends

to decline as the cold mass fraction approaches to unity.
The dimensional analysis and the similarity geometry were carried out to yield the

empirical correlation for use in a vortex tube design with optimal performance.
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CHAPTER 1
INTRODUCTION

1.1 Background of the Ranque-Hilsch Vortex Tube

Vortex flows or swirl flows have been of considerable interest over the past
decades because of their occurrence in industrial applications, such as furnaces, gas-
turbine combustors and dust collectors (Gupta et al., 1984). Vortex (or high swirl) can
also produce a hot and a cold stream in a Ranque-Hilsch vortex tube (Promvonge,
1997, 1999). The vortex tube has been used in industrial applications of cooling and
heating processes because of a simple, compact, light and quiet (in operation) device
as shown in Fig. 1. (Bruno 1992, 1993). The physical phenomena of energy
separation in vortex tube has not been well explained by attempts, both theoretical and
experimental, to describe the phenomenon. The present survey has come across many
of experimental researches but few of numerical simulations of such flows. Since
vortex flow phenomenon taking place in a vortex tube is compressible and complex,
the simulation and solution of turbulent vortex flows is a difficult and challenging

task.

Compressed air supply
' Cone valve
/'
& ¢ ¢« < = «
~a —~
Cold air  Vortex chamber )
Hot arr

Figure 1.1 The Ranque-Hilsch vortex tube

1.2 The Work of Ranque-Hilsch Vortex Tube
Ranque-Hilsch vortex tube (or vortex tube) is a device enabling producing the hot
and cold air when the compressed air flows tangentially into the vortex chamber

through the inlet nozzles. This causes the vortex and swirl flow movement inside the



vortex tube. The air in the middle region of the tube has a lower velocity and lower
temperature than the inlet air. So the air near the wall tube has higher velocity and
higher temperature than the inlet air. The cold air in the core region of the tube flows
out through orifice plate opposite way of the cone valve which the hot air near the
wall tube flows out through the cone valve as shown in Fig. 1.2(a). The mass flow
rate of the hot air and cold air can be controlled by the cone valve.

Generally vortex tube are divided into 2 type; one is the counter flow vortex tube

type referred as a standard type. The other is the uni-flow vortex tube type as shown

in Fig. 1.2.
A'7 inlets

2%
Cold air J C ..

e
/i.@zz
Orifice plate Tangential inlets
(a)
Air inlets Cone valve
/]
Cold air
Hot air Tangential inlet

(b)

Figure 1.2 Operation of vortex tube (a) Counter flow vortex, (b) Uni-flow vortex or

parallel flow vortex.

1.3 Objectives of the Study
1.3.1 To evaluate the influence of the orifice plate size (d/D) upon the

temperature reduction of cooling of counter flow vortex tube type.

1.3.2 To evaluate the influence of the numbers of the inlet nozzles (N) on the
temperature reduction of cooling of counter flow vortex tube type.

1.3.3 To evaluate the influence of the number of inlet nozzles on the distribution

of wall temperature along the vortex tube.



" 1.3.4 To evaluate the result of the experimental for the equation for optimizing

the working point of vortex tube.

1.4 Hypothesis of the Study
1.4.1 The fluid flowing through the vortex tube is a compressible fluid.
1.4.2 The behavior of flow in the vortex tube is a steady axisymmetrical
compressible flow, neglecting body force and any an energy source
1.4.3 The changes in temperature inside the vortex tube occur under the condition

which the flow undergoes isentropic process.

1.5 The Procedure of the Study
1.5.1 Changes the geometry shapes and sizes of vortex tube and study their

influence on the distribution and the temperature reduction inside the vortex
tube.

1.5.2 Adjust the cone valve at the end of the hot air tube could help control in the
mass flow rate of cold air which leaded to decreasing the highest

temperature inside the vortex tube.

1.6 The Scopes of the Research

1.6.1 Experimentation in counter flow vortex tube type.

1.6.2 Evaluation through selection the size of orifice plates (d/D) the ranges were
from 0.4D to 0.9D.

1.6.3 Evaluation through selecting the number of nozzle (N) with the inlet vortex
tube equivalent to 1, 2 and 4 nozzles. "

1.6.4 Experimentation in the inlet pressure (P;) with the results ranges from 2.0 to

3.5 bar (gage).

1.7 The Expected Results

Referring to the studied research, the ratio of the vortex tube were found
selectable and utilized efficiently for the coldest value in energy working period, thus
leading to hypothesis of possible factor avoiding polluting the environmental
protection with the most beneficial advantage of application in industries

developments.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Several researchers had put a lot of effort to give the best and clear explanation
for the phenomena occurring during the energy separation inside vortex tube ;
however, only the inexplicable answer shown. Research studies about these
phenomena were formed mainly into 2 groups. The first group performed the
experimental research and then through the value of the results to make explanation.
The experimentation research method was done into 2 components. The first
component studies the size of the parameter, which were differently variable
according to the size of the vortex tube. The objectives of this method were to find
out the values of performance at the coldest air conditioning. The second component
deeply focussed on the systems of the energy separation inside the vortex tube as well
as the flow pattern inside the vortex tube available from the pressure, velocity and
temperature distribution patterns inside the vortex tube. Accordingly, the results
decreased the explanation of the phenomena inside the vortex tube.

The second group performed the study method in the numerical and mathematical
model way in order to help in analysis the results through mathematical model -
application for instance ; the k-Epsilon model (k-& model), Reynolds stress model
(RSM) and Algebraic Reynolds stress model (ASM). The results obtained from the
calculation were brought to make comparison with the past results and were
explicable for the phenomena of the energy separation inside the vortex tube (Wilcox,
1993; Promvonge,1997).

2.2 The Past Research Work

The vortex tube was invented quite by accident in 1928. Ranque, a French
physics student, was experimentation with a vortex-tube pump he had developed
when he noticed hot air exhausting from one end side, and cold air from other side

tube. Ranque soon forgot about his pump and started a small firm to exploit the



commercial potential for his strange device that produced hot and cold air with no
moving parts. However, it soon failed.

Interest in the vortex tube has been increasing rapidly in this country since the
publication hear of the experimental work done in Germany by Hilsch (1947). In this
basic work Hilsch determined tube proportions for optimum performance and overall
performance data over a wide range of pressures as in Fig. 2.1.

Much earlier, the great nineteenth century physicist, James Clerk Maxwell
postulated that since heat involves the movement of moleculars, we might someday
be able to get hot and cold air from the same device with the help of a friendly little
demon who would sort out and separate the hot and cold molecules of air.

After Hilsch (1947), an experimental study was made by Scheper (1951) who
measured the velocity, pressure, and total and static temperature gradients in a
Ranque-Hilsch vortex tube, using probes and visualization techniques. He concluded
that the axial and radial velocity components were much smaller than the tangential
velocity. His measurements indicated that the static temperature decreased in a
radially outward direction. This result was contrary to most other observations that
were made later. Martynovskii and Alekseev (1956) studied experimentally the effect
of various design parameters of vortex tube as in Fig, 2.2. The velocity, temperature
and pressure profiles agreed with the hypothesis of Fulton (1950) and supported the
suggestion of the conversion of a free vortex into a forced vortex inside the tube. They
also carried out measurements with CHy, CO; and NH; as working fluid and
compared the cooling effect with that from air under the same conditions.

Hartnett and Eckert (1956, 1957) measured the velocity, total temperature, and
total and static pressure distributions inside a uni.-flow vortex tube. They used the
experimental values of static temperature and pressure to estimate the values of
density and hence, the mass and energy flow at different cross sections in the tube.
The results agreed fairly well with the overall mass and energy flow in the tube.
Scheller and Brown (1957) presented measurements of the pressure, temperature, and
velocity profiles in a standard vortex tube and observed that the static temperature
decreased radially outwards as in the work of Scheper (1951), and hypothesized the
energy separation mechanism as heat transfer by forced convection. Lay (1959) used
a hot-wire anemometer and probes to measure the pressure, temperature and velocity

profiles inside a uni.-flow vortex tube as in Fig. 2.3.
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Blatt and Trusch (1962) investigated experimentally the performance of a uni.-
flow vortex tube and improved its performance by adding a radial diffuser to the end
of the shortened tube instead of a cone valve. The geometry of the tube was
optimised to maximise the temperature difference between the cold and iniet
temperatures by changing the various dimensions of the tube such as the gap of the
diffuser, tube length, and entrance geometry. Moreover, the effects of inlet pressure
and heat fluxes were examined. Erdelyi (1962) postulated that the different in
temperature of the cold and hot air depend only an the type of tube used and the
pressure ratio at the inlet and outlet of the vortex tube. Linderstrom-Lang (1964)
studied in detail the application of the vortex tube to gas separation, using different
gas mixtures and tube geometry and found that the separation effect depended mainly
on the ratio of cold and hot gas mass flow rates. The measurements of Takahama
(1965) in a counter-flow vortex tube provided data for the design of a standard type
vortex tube with a high efficiency of energy separation. He also gave empirical
formulae for the profiles of the velocity and temperature of the air flowing through the
vortex tube. Takahama and Soga (1966) used the same sets of the vortex tube of
Takahama (1965) to study the effect of the tube geometry on the energy separation
process and that of the cold air flow rate on the velocity and temperature fields for the
optimum proportion ratio of the total area of nozzles to the tube area. They also
reported an axisymmetric vortex flow in the tube (Takahama and Kawashima, 1962;
Takahama e/ al., 1971).

Vennos (1968) measured the velocity, total temperature, and total and static
pressures inside a standard vortex tube and reported the existence of substantial radial
velocity. Bruun (1969) presented the experimental data of pressure, velocity and
temperature profiles in a counter-flow vortex tube with a ratio of 0.23 for the cold to
total mass flow rate and concluded that radial and axial convective terms in the
equations of motion and energy were equally important. Although no measurements
of radial velocities were made, his calculation, based on the equation of continuity,
showed an outward directed radial velocity near the inlet nozzle and an inward radial
velocity in the rest of the tube. He reported that turbulent heat transport accounted for
most of the energy separation.

Williams (1971) studied a counter-flow type vortex tube with methane and
Algerian natural gas with a high methane content, to study the effects of gas supply

temperature and pressure. He reported that the cooling effect decreased with inlet



temperature and was absent at the gas liquefaction point, depending on the pressure,
expansion ratio across the tube. Soni (1973) tested 170 different standard vortex tube
geometries with inlet pressures up to 3 atm to determine the optimal design for each
of two criteria, namely the minimum cold temperature and maximum energy
separation performance. Only the inlet and cold air flow rates, the inlet air pressure
and temperature, and the cold and hot air temperatures were measured and an
evolutionary operation technique was used to determine the optimal performance. He
presented empirical correlation’s for the tube performance and found that the
performance of the tube had a significant degree of tolerance to derivation for the
optimum design parameters and established, as a result, a relatively simple design
procedure based on the pressure drop across the nozzles and the orifice (see also Soni
and Thomson, 1975).

Nash (1974) used vortex expansion techniques for high temperature cryogenic
cooling, applying for infrared detector applications. A summary of the design
parameters of the vortex cooler was reported by Nash (1975), (1991). Marshall
(1977) used several different gas mixtures in a variety of sizes of vortex tube and
confirmed the effect of the gas separation reported by Linderstrom-Lang (1964). A
critical inlet Reynolds number was identified at which the separation was a maximum.
Takahama et al. (1979) investigated experimentally the energy separation
performance of a steam-operated standard vortex tube and reported that the
performance worsened with wetness of steam at the nozzle outlet because of the effect
of evaporation. Energy separation was absent with the dryness fraction less than
around 0.98. The measurements of Collins and Lovelace (1979) with a two-phase,
liquid-vapour mixture, propane in a standard counter-flow vortex tube showed that for
an inlet pressure of 0.791 MPa, the separation remained significant for a dryness
fraction above 80% at the inlet. With a dryness fraction below 80%, the temperature
separation became insignificant. But the discharge enthalpies showed considerable
differences indicating that the Ranque-Hilsch process is still in effect.

Takahama and Yokosawa (1981) examined the possibility of shortening the
chamber length of a standard vortex tube by using divergent tube for the vortex
chamber. Earlier researchers such as Parulekar (1961), Otten (1958), and Raiskii and
Tunkel (1974) also employed divergent tube for all or part of the vortex chamber in
attempts to shorten the chamber and improve energy separation performance, but their

emphasis was on the maximum and minimum temperatures in the outflowing streams.



" Therefore, Takahama and Yokosawa (1981) compared their results with those from
the straight vortex chambers. They found that the uses of a divergent tube with a small
angle of divergence led to an improvement in temperature separation and enable the
shortening of the chamber. Kurosaka et al. (1982) carried out an experiment to study
the total temperature separation mechanism in a uni.-flow vortex tube to support their
analysis and concluded that the mechanism of energy separation in the tube is due to
acoustic streaming induced by the vortex whistle. Schlenz (1982) investigated
experimentally the flow field and the energy separation in a uni.-flow vortex tube with
an orifice rather than a conical valve to control the flow. The velocity profiles were
measured by using laser-doppler velocimetry (LDA), supported by flow visualization.

Experimental studies of a large counter-flow vortex tube with short length by
Amitani ef al. (1983) indicated that the shortened vortex tube of 6 tube diameters
length had the same efficiency as a longer and smaller vortex tube when perforated
plates are equipped to stop the rotation of the stream in the tube. Stephan et al. (1983)
measured temperatures in the standard vortex tube with air as a working medium in
order to support a similarity relation of the cold gas exit temperature with the cold gas
mass ratio, established using dimensional analysis. Kuwattanachai (1985) made the
experimentation on a changing in the diameter of the vortex tube and the pressure
within various values affecting the cold performance. It was found that the highest
temperature decreased at the cold mass fraction of 0.4

Negm et al. (1988a, 1988b) studied experimentally the process of energy
separation in the standard vortex tube to support their correlation obtained using
dimensional analysis and in a double stage vortex tube which found that the
performance of the first stage is always higher than that of the second stage tube.
Ahlborn et al. (1994) carried out measurements in standard vortex tube to support
their models for calculating limnits of temperature separation.

Cockerill (1995) had made the research study on Doctoral Degree at Sunderland
University. Energy separation ,Temperature as shown in Fig. 2.4. The changing of
the flow patterns inside the vortex tube both counter flow vortex tube type and uni.-
flow vortex tube type were the significant case studies. The study method were done
through evaluating velocity, pressure and temperature. Flow visualization techniques
were performed comparing with the past result. The calculation by mathematical
model from the basic equation : Navier’s stroke equation and the semi-empirical

model were performance in order to make comparison with the vortex tube
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experimental equipment constructed in the style design by the Linder’strom-Lang’s :
counter flow vortex type. While uni.-flow vortex tube type designed by Lay was
found that the mathematical model were in accordance with or in similarity with the

result of the experimental studies.

0 i’ | L 1 |

0 0.2 04 0.6 0.8 1 2

zim

Figure 2.4 Streamline of uni-flow vortex tube by Cockerill. (1994)

Figure 2.5 Simulation of 3-Dimension velocity by David and Bart (1995)
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David and Bart (1995) present a new algorithm for identifying vortices in
complex flows. The algorithm produces a skeleton line along the center of a vortex
by using a two-step predictor-corrector scheme. The vorticity vector filed serves as
the predictor and the pressure gradient serves as the corrector. We describe an
economical decryption of vortex tube’s cross-section: a 5-term truncated Fourier
series is generally sufficient, and it compresses the representation of the flow by a
factor of 4,000 or more. He reconstruct the vortex tube are generalized cylinders,
providing a polygonal mesh suitable for display on graphics workstation with the
Hard disk to 650 GB. He show how to reconstructed geometry of vortex tube can be

enhanced to help visualize helical motion in a static image as shown in Fig. 2.5.

Hplwg =10 Cpyplpp )+ Cupipg )y
Figure 2.6 Grid with representation of the arithmetic mean of the relation after the

correlation from Keys (Frohlingsdorf and Unger, 1999)

Figure 2.7 Contour of Velocity of Bruun vortex tube by the CFX code (Flohlingsdof
and Unger, 1999)

Flohlingsdorf and Unger (1999) study on the depressed flow inside vortex tube
(counter flow vortex tube type), the velocity and the phenomena of the energy
separation inside the vortex tube were done through Code system CFX and k-& model,
the program of finite volumn developed by AEA Institute of Technology as shown in
Fig. 2.6 and Fig. 2.7. This research study increased the term of Shear-Stress-induced
mechanical work. It was found that the results of the calculation velocity and

temperature were closed similarity with the past experimental results.(Bruun 1963)
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Figure 2.8 Contour of total temperature and velocity of Eckert and Hartnett vortex -
tube by the ASM (Promvonge, 1999)
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Figure 2.9 Contour of total temperature and velocity of Bruun vortex tube by the

ASM (Promvonge, 1999)

Promvonge (1999) used application of a mathematical model for the simulation
of a strongly swirling flow in a vortex tube as shown in Fig. 2.8 and Fig. 2.9. To
investigate the effect of numerical diffusion on the predict result. The used of
Algebraic Reynolds stress model (ASM) results in more accurate prediction than the
k-& model. Besides, influences of the numerical schemes for convection transport are

found to be insignificant in this kind of flow.




Table 2.1 Summary of experimental studies

13

Year Studies Dia., P; Totai temperature, mJ/m;
°C
D; atm T,-T; T.-T;
(mm) | (abs.)
1933 Ranque 12 7 38 -32 -
1947 Hilsch 4.6 11 140 -53 0.23
1947 Johnson 4.8 14.6 - -42.8 0.19
1950 Blaber 9.6 5 68 -40 -
1950 Webster 8.7 - - - -
1951 Scheper 38.1 2 3.9 -11.7 0.26
1956-7 | Hartnett and 76.2 2.4 35 -40 -
Eckert
1956 Martynovskiiand | 4.4/28 12 - -65 -
Alekseev
1957 Scheller and 25.4 6.1 15.6 -23 0.506
Brown
1958 Otten 20 8 40 -50 0.43
1959 Lay 50.8 1.68 9.4 -15.5 0
1960 Suzuki 16 5 54 30 1
1960 Takahama and 52.8 - - - -
Kawashima
1962 Sibulkin 44.5 - - - -
1962 Reynolds 76.2 - - - -
1962 Blatt and Trusch 38.1 4 - -99 0
1965 Takahama 28/78 - - - -
1966 Takahama and 28/78 - - - -
Soga
1968 Vennos 41.3 5.76 -1 -13 0.35
1969 Bruun 94 2 6 -20 0.23
1973 Soni 6.4/32 | 1.5/3 - - -
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Table 2.1 Summary of experimental studies (continued)

1982 Schlenz 50.8 3.36 - - -
1983 Stephan et al. 17.6 6 78 -38 0.3
1983 Amitani ef al. 800 3.06 15 -19 0.4
1985 Kuwattanachai 9.52 - - -29 0.3-0.4
1988 Negm et al. 11/20 6 30 -42 0.38
1994 Ahlborn et al. 18 + 40 -30 -
1995 Cockerill 18 - - -35 -

Note: P, = inlet pressure before nozzle

Table 2.2 Summary of computer numerical studies

Year Studies Model

1981 Kahlil et al. k-& model

1974 Gosman et al. k- model

1995 Cockerill k-& model and Semi-empirical
model

1999 Frohlingsdorf and Unger I sFmoderand CEX/Code

1997-1999 R¢Aognee k-& model and ASM model

The relevant data from the experimental work are summarized in Table 2.1. It is
found that various tube dimensions and operating conditions are used, for example,
from diameters as low as 4.6 mm and as high as 800 mm. Table 2.1 presents
variations in the maximum temperature difference between the inlet and the hot and
cold streams. In this table for the same standard tube type, Scheper (1951) used an
inlet pressure of 2.0 atm (abs.) and obtained a temperature difference of about 8°C
between the hot and cold streams while Vennos (1968) employed inlet pressure of 5.8
atm (abs.) but obtained only a temperature difference of about 12°C. This means
that, at this point, it is nearly impossible to predict how a given tube will perform
because the exact nature of flow inside the tube is in doubt. However, it can be

achieved if the energy separation mechanisms are understood.
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2.3 The Application of Research Study to Industrial Development
Nowadays the property of vortex tube has a great variety of application in
industry ; for instance ,Exair Co, Newman Tools Inc (1998). It has been widely used
in the cooling industrial fields especially Grilling, Turning and Welding on account of
the various advantages of vortex tube such as cooling without moving part, non-
electricity consuming, tiny, lightweight and inexpensive working chemical substance

inside the vortex tube, uncomplicated cooling point, cleanliness, convenience and

non-CFC’s free from pollution.

(a) (b) ()
Figure 2.10 Vortex tube appliance and air conditioning in the work of cooler (Exair
Co., 1998)

The two companies made the research study and developed designing vortex tube
for the proposed of serving in the work of industrial fields cooling work and different
application were absolutely stressed. The vortex tube appliances were developed to
be the machines producing cold and hot air efficiently from the data of Exair Co.

(1998). It was indicated that the outlet temperature of the cold air had the decreasing
value of the highest temperature of 40°C while the outlet temperature of the hot air

has the increasing value of the highest temperature of 110°C and was capable of
cooling at the highest of 20,000 Bru/hr. The vortex tube used in the industries had the
small size made from stainless as Fig. 2.11.

As Fig. 2.11 (a) Vortex tube appliances were applicable in Plastic Cutting work.
Plastic was cut in the cutting speed of the highest sharp cut and continually worked
while cutting. There had tried suing vortex tube sets in the cooling the blades for

decreasing the friction from the plastic friction accumulation and the heat caused at
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blades and work piece. = This enable to help cleaning the blades to prolong the
endurance of work with the higher proficiency.

In Fig. 2.11 (b) Vortex tube were used in the brass’s screw making which the
cold air was used from vortex tube in cooling the piece work and the screw bulb-
making instead of water this method was more convenient and cleaner. As in Fig.
2.11 (c), it was found that the turning with the round speed in high cutting made the
heat and the accumulated fraction left on the blades ; therefore, vortex tube work was

used in the particular point on the blades only.

Figure 2.11 Cooling in different processes (Newman Tools Inc., 1998)

Fig. 2.11 (d) Cleaning and drying the food pack. A set of vortex tube was
installed in a set of conveyer which continually working.

Fig. 2.11 (e) Showed the uses of vortex tube in cooling around the work of
electricity welding in a specific weld point after finishing welding with a view to
facilitating, rapidity and increasing productivity. This method was mostly used in car
industry.

Fig. 2.11 (f) Showed the work process functioning in the molding shop with the
great intensity of heat while working. The sets of vortex tube were equipped with the
staff’s dress. There made them feel cool while working in the high temperature

environment.
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At present, it was recognized that the vortex tube became more and more
applicable and widely used. Because of a lot of great advantages, vortex tube were
used beneficially in many ways; for instance, Air clearance in cooling, applicability of
the uses in liquid and gas separation. A lot of companies have been putting a lot of
great attempt on proceeding different research studies for the most beneficial
advantages of the most developed vortex tube in the industry progress.

From the research report, the increasing changes of the inlet nozzles of 1, 2 and 4
nozzles were made in the experimental studies. Moreover the changes in the ratio
size of the orifice plates with the diameter of the vortex tube were indicated the ranges
from 0.4D, 0.5D, 0.6D, 0.7D, 0.8D and 0.9D, insulated and non-insulated and inlet
pressure from 2.0, 3.0 and 3.5 bar (gage). This result affected the value of the
temperature reduction. The previous studies were shown with the various values in
the Table 2.1 and Table 2.2.

357439



CHAPTER 3
THEORY AND MECHANISM OF

THE RANQUE-HILSCH VORTEX TUBE

3.1 Ranque-Hilsch Vortex Tube

In general, vortex tube has been known in different names. The most well known
names are: vortex tube, Ranque vortex tube (named after Ranque who discovered the
result in the vortex tube in 1928); Hilsch vortex tube or Ranque-Hilsch (named after
Hilsch who had studied the sizes and parameters to develop the highest performance
of the vortex tube), and Maxwell-Demon vortex tube (derived from the name of
Maxwell and Demon group who together studied the molecule of hot air moving
within the tube). Through there are various names, “Ranque-Hilsch vortex tube” and

“yortex tube” will be used in this thesis.

3.2 Types of Vortex Tubes

As determined by flow patterns within the vortex tube, the vortex tube is divided
into two types which are the counter flow and uni-flow vortex tubes.
3.2.1 Counter Flow Vortex Tube

Fig. 3.1 shows the counter flow pattern within the tube. The compressed air
flows through inlet nozzles which sometimes can be done through 1-2-4 nozzles as
Fig. 3.2. When the air flows in the tube, it will swirl in tangential line as Fig. 3.6
which causes two flows of air: cold and hot. To separate the air, orifice plate is
installed by the nozzle’s entry. The hot air flows out through the hot tube a controlled

by cone valve while the cold air leaves through the orifice plate.

Air inlet
AIr inlet [ Nozzle Cold air A Hot air
—>-__ H
77 N
Y /J___
NOZZIC : Cone valv
Orifice plate

Figure 3.1 Counter flow vortex tube type
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For this counter flow vortex tube type, the cone valve located by the exit of the
hot air helps prevent the combination of cold and hot air and control the mass’s flow-
out quantity in the coid and hot air tube. Both functions effectively produce the

highest decreasing rate of cold temperature.

Nozzle \[,

Figure 3.2 Vortex tube with 1, 2 and 4 inlet nozzles.

’GIS inlet Dircstion of ¥f arm Eait
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Rreoirculating Flow
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Figure 3.3 Flow pattern in a counter flow vortex tube type.

A possible flow pattern of the counter flow vortex tube type, proposed by Fulton
- (1950) and Van Deemter (1952) and Stephan (1983), is shown in Fig. 3.3. The solid
line presents the stream surface of revolutions. The radial arrows indicate the
resulting net outward of energy. During the energy separation process there exists a
stagnation point on the axis of the vortex tube, and a stream surface through this point
divides the future cold air from the future hot air. As indicated by Fulton and
Deemter, slightly downstream toward the hot air exit of this stagnation point, the air
has a radial temperature distribution ranging from a low value at the axis to a very
high one at the wall. Furthermore Fulton stated that the tube wall in that region is
hotter than the final mixed air, and hotter than the tube wall either at the inlet or at the

far end of the tube. For a high hot air flow rate or a small value of x, the highest

temperature of the tube wall is located near the far end of the tube.
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3.2.2 Uni-Flow Vortex Tube
The other type of the flow is uni-flow or parallel flow demonstrated in Fig. 3.4

and 3.5. The Fig. 3.1 is similar to those of the counter flow vortex tube type. The
difference is that in uni-flow vortex tube type, one end of the tube, opposite the cone
valve, is closed or has no orifice plate. The closure causes both air to flow out in the
same direction to the cone valve. Many experts experimental the flow research
- recommend that this tube is low cooling performance than the counter flow type and
the energy efficiency is ineffective comparing to those of the counter flow vortex tube
type.

‘Fig. 3.4 and 3.5 are alike. The difference is that the cone valve in Fig. 3.4 has a
inlet nozzle in the middle of the valve while the cone valve in Fig. 3.5 has none.

Hot air out

—> =>

’ Cold air out
Cone valve

Figure 3.4 Uni-flow vortex tube type or parallel flow vortex tube type
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Figure 3.5 Uni-flow vortex tube type or parallel flow vortex tube type

3.3 Hypothesis on the Mechanism of the Vortex Separation Effect
Several hypotheses have been advanced to explain the mechanism of the vortex
effect (Webster, 1950; Fulton, 1950; Scheper, 1951; Martynovskii and Alekseev,
1956). The most correct of those seems to us to that Fulton and Hilsch, which in
essence is the following. The air current leaving the tube inlet to the nozzle with high
velocity and decreased static temperature develops a free vortex which, due to the

rotary current motion toward the throttle, is transformed by friction into a force
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vortex. While the vortex is so transformed, there arises a kinetic energy current
outward, so that the angular velocity of the inner air layers decreases at the greater
rate than that of the outer ones. Simultaneously, there is an inward heat current,
caused by difference in the static temperature of the outer and inner air layers. These
two radial energy currents in the vortex -are not equal; the kinetic energy current is
greater than the heat current. The outer air layers thus receive more kinetic energy
than they give away heat, and they thus attain a lower stagnation temperature whose
magnitude is close to that of the static temperature acquired by the air on leaving the

- nozzles. This cold current leaves the tube through the cone valve opening.

Tube wall

Figure 3.6 Temperature distribution in the vortex tube.

3.4 Thermodynamics: The First and Second Laws in Vortex tube

At first sight, the vortex tube may appear to represent .an impossible phenomenon,
violating some fundamental laws of thermodynamics. The reader should rest assured,
however that fabric of Physics remains intact.

3.4.1 First Law Analysis
The vortex tube satisfies the First Law of Thermodynamics. Energy is conserved.

Indeed, we can write:

Piner = Be (B cara + A= 1 (Ao 3.1

c

Where u, = m is the fraction of the inlet mass flow leaving through the cold
m

i

exit, and % represents the stagnation enthalpy. In many cases, especially with long
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vortex tube, the flow velocities at the exits to the tube are small and their influence on
the stagnation enthalpy may be neglected. For an ideal gas, the conservation equation

may now be written:

Where 7, represents the stagnation temperature of the inlet gas, 7T, the static

i

temperature of the cold stream and 7, the static temperature of the hot stream. When

rearranged . the subject, equation (3.2) gives a convenient means of estimating the

cold mass flow fraction from temperature readings alone.

For a perfect gas, ¢, with a specific heat capacity independent of thermodynamic

state, equation (3.2) may be simplified by canceling the from each term. With a real
gas, account must be taken of the dependence of enthalpy on pressure, that, is the
Joule Thomson effect, and then equation (3.2) is invalid. A revised relationship might

be written
Ti=p (T, =T, )+ (A~ p )T, —T;) (3.3)

Where T}, represents the influence of the Joule Thomson effects. Over the range

of pressure changes encountered in this thesis, generally less than 670 kPa, Joule
Thomson cooling in air is relatively small at less than 2 K. Since much of the
discussion deals with air, the Joule Thomson effect will be ignored except where
noted explicitly. Moreover, gases will in general be treated as perfect throughout this

word and thence immune to Joule Thomson cooling.

3.4.2 Second Law Arnalysis
The Clausius Statement of the Second Law Thermodynamics reads

It is impossible to construct a system, which will operate in a cycle and transfer
heat from a cooler body to a hotter body without work being done on the system by
the surroundings.

To reconcile the vortex tube with the Second Law, we have to broaden our

outlook and recognize that the closed system we should consider a system consisting
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of a compressor and a vortex tube, as shown in Fig. 3.7. The arrangement pictured is
quasi-cyclic in as much as the outlet air has been returned to its inlet pressure,
specifically, atmospheric pressure. If the two outlet streams were mixed, the resultant
gas would have a uniform enthalpy equal to that of the inlet gas, assuming that the
heat transfer from the compressor was sufficient to cool the newly compressed gas
back to ambient temperature. Note that we assume the working gas is perfect here.
Thus the open system pictured in bold could be simply .converted to closed cycle
operation with no effect on its performance by addition. of the equipment drawn
lightly. The outlet gas is mixed, passed through a heat exchanger if necessary and
returned to the compressor.

With such a scheme, the Second Law is obvicusly satisfied. Work is done to

cause the transfer of heat from the cold gas stream to the hot stream (Cockerill, 1995)
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Figure. 3.7 Diagram of thermodynamic in the vortex tube
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3.5 Parameter Indicating Vortex Tube Performance

The most important parameter indicating vortex tube’s performance is the cold

mass fraction. It is a ratio between a mass flow rate in the cold section per a mass

flow rate by the air entry (Kuwattanachai, 1985). This is shown in Fig. 3.8. It may be

written;

" Whereas the temperature reduction of cold air is -

(AT), =T~ T,
And the temperature increasing is
(AT),=T,~T,
m;, B.T;

(3.4)

(3.5)

(3.6)

m,, P, T &

-> mh,l)h:];!

Figure 3.8 Mass, pressure and temperature at the inlet and exit of the hot and cold

section within the vortex tube.

3.5.1 Cooling Air Ratio per unit of Air Inlet in the Vortex Tube

Or is cooling air ratio derived from the vortex tube. The equation may be written

as follow:

QT = mccp(]-:' - Tc)

(3.7)
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Where as ¢, is specific heat at pressure constant and (), can be found from equation

(3.8)
0.=% (3.9)
m;
_me(T-1) 9
m

Equation (3.9) can be replaced by equation (3.4), which gives
Q. = p.c,(AT), (3.10)

3.5.2 Cooling Efficiency in Thermodynamics of the Vortex Tube
To calculate the cooling efficiency of the vortex tube, the principle of adiabatic
expansion of ideal gas will be used. As the air flows into the vortex tube, the

expansion in isentropic process occurs. This can be written

(AT ), =n.(4T )., (3.11)

When; 7, is cooling efficiency, (AT ), is the difference of temperature reduction

and (AT ),,, is the difference of decreasing temperature in isentropic process.
In the case that air expands from pressure P, to pressure P, by using isentropic
process as shown in Fig. 3.9, the expansion rate of temperature from 7, to 7, can be

written

PV7 =constant (3.12)

The relation between temperature and pressure is

T (ﬁ](ﬂ (3.13)

T \P

c
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Figure 3.9 T-5 isentropic process diagram

The temperature at point 1 can be obtained from equation (3.13).

T, = (3.14)
)

The temperature reduction in isentropic process is

(AT)isen =I:' _Tl (315)

Substitute equation (3.14) and derive

(AT ), =T, -| —=—|=T, 1—(5}(7) (3.16)

The temperature reduction after flowing into the vortex tube is

(AT), =n,T, 1—(—‘;}) 2 (3.17)

26
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Cooling efficiency is received from

7. = i~ (3.18)

3.5.3 Coefficient of Performance
" To find coefficient performance (C.O.P), the same principle of isentropic
.expansion of ideal gas will be used. When C.O.P is ratio between cooling rate and

energy used in cooling, the equation is

o

COP=

: (3.19)

When; C.O.P is coefficient of performance, Q, is cooling rate per unit of air inlet

in the vortex tube, w is mechanical energy used in cooling per unit of air inlet the

tube and w is found from
P\7r
W =m:c,T, (;’—] -1 (3.20)

Mechanical energy derived from gas expansion from pressure P, to pressure P,

in isentropic process may be written

W= (3.21)

w=-—7—1RT. [ﬂJ T 1 (3.23)
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Substitute equation’(3.19) with equation (3.9) and (3.23) and derive

c (T, -T,
cop-—terll ;l) (3.24)
Y pr f_] »
y—1 P,

In equation (3.14), C.O.P. is found. The equation demonstrates the use of
mechanical energy in isentropic process per mass. But isentropic process is an ideal

process that does not really occur. Thus, the mechanical energy practically used must

be higher.



CHAPTER 4
EXPERIMENTAL APPARATUS AND

PROCEDURE

4.1 Experimental Set-Up
Vortex cooling Device or generally called vortex tube is a particular device .

designed to enable to operate the cooling function producing the hot and the cold air
simultaneously without any moving parts in the counter flow vortex tube type. The
device was designed to mainly consist of : vortex chamber, the hot tube, the cold tube,
the number and diameter of inlet nozzles, the pressure inlet to the vortex tube, cone
valve,-orifice meter and orifice plate equipped- between the hot .and the cold tube as
shown in Fig. 4.1. All of this packaging equipment immensely influenced over

cooling and temperature reduction inside the vortex tube.

‘\J

—‘
VORTEX TUBE
Sy
HOT AIR

2 -
COLD AIR

70*\*"’

Figure 4.1 The working system of the Ranque-Hilsch vortex tube.
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In figure 4.1 as shown; (1) Compressor air pump, (2) Ball valve, (3) Air dry filter,
(4) Pressure gauge, (5,12) Orifice meter, (6,10) Orifice plate, (7,8,9,13)
Thermocouple and (11) Cone valve.

In the past, there were researches trying to evaluate the geometry of the vortex
tube size for the sake of producing the temperature reduction at highest value. This
thesis was made the presentation by the analyzing the applicability of contain piece
size of equipment designed by Hilsch in 1947 to the new proportion. The applicable
design was proportional to the ability of increasing the inlet nozzle numbers through
vortex chamber from 1, 2 and 4 inlet nozzles and the applicability of the ratio of

orifice plate holes sizes (d /D) from 0.4D to 0.9D for the purpose of studying the

temperature distribution at the wall of the vortex tube and the decreasing of the
highest temperature at the cold tube. The thesis presentation was profusely
emphasized on the different proportional value of vortex tube to analyze the
proportional value of tube enabling the coldest with the design equipment as detailed

description shown in the Fig. 4.2

Figure 4.2 The Ranque—Hilsch vortex tube

In figure 4.2 as shown; (1) Cold tube, (2) Orifice plate, (3) Nut and Bolt, (4) Hot
tube, (5) Cone valve, (6) Cold flange, (7) Hot flange and (8) Inlet nozzles.

4.2 Equipment and Measurement Device
4.2.1 The Hot and the Cold of the Vortex Tube

The results of the vortex tube’s length concerning the hot and the cold tube
greatly affected the increasing of the temperature inside vortex tube. Regarding to

Hilsch’s research, it was suggested that the proper length of the hot air tube should be



32 times of the diameter of the vortex tube (32D) ; while the proper length of the cold
air tube should be 10 times of the diameter of the vortex tube (10D). Vortex tube

was indicated to be selective of the size of the diameter (D) 16 mm which obtained

the tube length of the hot air equivalent to 512 mm ; while the cold air equivalent to
160 mm. The vortex tube should made from acrylic with the smooth surface in order
to reduce potential the friction between the air and the tube surface.

All of the vortex tubes were absolutely insulated. The evaluating nozzles were
drilled for temperature distribution at the hot air tube altogether 15 points. And the

points were placed at (x /D) intervals equivalent to 0.5 as shown in Fig. 4.3.

D =16 mm| —-———of e e S o o S oo o oo

I/Lc=160 mm g Lh=512 mm J
< 2 < 2

(a) Cold tube (b) Hot tube

Figure 4.3 Hot tube and the cold tube.

4.2.2 Nozzles at the Inlet of the Vortex Chamber

Different sizes of the inlet nozzles were-made on experimental studies. And it
was found that the bigger the sizes of the diameter inlet nozzles were, the lower the
temperature values were; whereas in fact, the exaggeratedly big inlet nozzles were
unable to drive the swirl flow inside the vortex tube. It was indicated that much lower
decline of the temperature depended on the proportionally higher compressed air
pump; therefore, the sizes of the inlet nozzles were selected in proportion to the sizes

of the diameter of vortex tube which were equivalent to (D /9) according to the

result of Hilsch’s suggestion. The numbers of nozzles were increased to 2 and 4 inlet
nozzles and the sizes of diameter of inlet nozzles were equivalent to 2 mm. The
nozzles of the vortex chamber were drilled through the areas of the inlet nozzles
where to meet the tangential line of vortex tube rightfully as shown in Fig. 4.4. The
vortex chamber, which had the thickness dimension of 20 mm, was made from

acrylic. Being compatible with the hot air tube as well as the cold air tube, the vortex
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chamber was operated with the 4 points of nut lock with the o-ring placed in the

middle of the tube to seal the air within the tube.

Figure 4.5 The orifice plates with the ratio (d /D) equivalent to 0.4D to 0.9D.

4.2.3 Orifice Plates

The ratio sizes of the orifice plates immensely and efficiently affected to the
temperature reduction at the cold tube. The too much bigger the diameter of the
orifice plates were, the more the mass of the hot air flowing mixing with the mass of
the cold air increased. This influenced on the higher temperature out of the orifice
plates. Meanwhile, the too much smaller the orifice plates were, the more the mass of
the cold air flowing out decreased the values. This influence on the outcome
temperature with the inability of the producing the value of the highest temperature
reduction. In this experimentation, it was indicated to select the ratio of the diameter

of the orifice plate to the diameter of the vortex tube (d /D) from 0.4D, 0.5D, 0.6D,
0.7D, 0.8D and 0.9D with the 2 mm thickness orifice plate. The orifice plate was

made from acrylic. The orifice plates were specifically designed to the place the
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position installation around the vortex chamber near the position of the nozzle at the

distance of 2 mm from the nozzle as shown in Fig. 4.5.

4.2.4 Cone Valve

The air flowing out of the nozzles came out through 2 outlets ; the hot tube
outlets and the cold tube outlets. To control the flow of the hot air and the cold air, the
cone valves were instailed at the end of the hot tube, equipped with the set of the hot
tube connection with the ability of moving in and out to make the applicable mass
flow rate. Cone valve has the cone shape with the angle 30 degree for the purpose of
keeping flowing in the perfect symmetry of the flow and avoiding the mixing between
the cold and the hot air in the tube. The cone valve was equipped with the set of the

hot tube connection as shown in Fig. 4.6.

Figure 4.6 The cone valve controlling the flow was equipped with the hot tube

connection.

4.2.5 Air Compression

For air compressor or air pump, it is advisable that the piston type should be more
usefully applicable with the size of 10 HP and the mass flow rate of 4.5 x / 0° m’/s the
air volumn limited with the flow passing the nozzle with the diameter value 1 and the
variable pressure between 2.0, 3.0 and 3.5 bar (gage).

The pressure on function from the air compressor was at constant at the pass of 4
bar with the temperature inside the tank around 29°C. The air from the air
compressor flow through the air dry filter and pressure gauge at the inlets of the

vortex tube and all of the data of counter flow vortex tube type were shown at Table

4.1.



Table 4.1 Summery of the data of the Ranque —Hilsch vortex tube

Tube characteristic Dimension
Hot tube length, L, (mm) 512
Cold tube length, L, (mm) 160
Diameter of the vortex tube, D (mm) 1
Number of the inlet nozzles, N by Zand4
Diameter of the inlet nozzles, & (mm) :
Thickness of the vortex chamber, 7' (mm) =

Cone valve characteristic
Angle of control valve, (degree) 30
Ratio of orifice plate,(d /D) 0.4t00.9
Thickness of orifice plate, # (mm) 2
Inlet properties
Fluid inlet Air
Temperature at the inlet of vortex tube,7; (°C) 29
2.0,3.0and 3.5

Pressure at the inlet of vortex tube, P, (bar)

4.2.6 Measurement Devices
4.2.6.1 The Flow Measuring Devices

To evaluate the flow rate at the inlets and the outlets of vortex tube, it was
essential that the measurement should be done through the orifice meter as.shown in
‘Fig. 4.7. The orifice meter was preferably created in accordance with the indication
of the Japanese industrial standard (JIS Z 8762-1988). The complex construction of

the device consisted of the ratio of orifice plates (d / D) with the ratio size equivalent

to 0.5, the diameter of the vortex tube equivalent to 16 mm and the products of the
aqualic plate of 2 mm thickness. This measuring device evaluated the result values of
the pressure drop through the U-tube Manometer (Dywer Co.), which was able to
evaluate the pressure drop on the wide range of 0-500 mm of water. By means of this

method, the mass flow rate was enabled to be found out from the following equation:

m=(2.5017x10" )€ c\[24Pp, 4.1)
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‘17
Figure 4.9 The insulated at the Ranque —Hilsch vortex tube.

4.2.6.2 Temperature Measuring Devices
To measure temperature inside the vortex tube was specifically performed both in
the hot tube and the cold tube as in Fig. 4.9, both of the temperature at entry and

temperature at the orifice meter.
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All were performed through Thermocouple type K and the range of measurement
is -10°C-150°C. There were 3 sets of Thermocouples (from Sang-chai meter Co.).
And each set was capable of making measurement altogether 8 points and all of the

tube were insulated on the temperature distribution as shown in Fig. 4.8-4.9.

Figure 4.10 The set of Ranque-Hilsch vortex tube apparatus.

4.3 Procedure of Experimentation

The experimental device for the potentiality of the vortex tube as shown in Fig.
4.1,4.9 and 4.10. The experimentation was started when the air was compressed from
the air pump (1) and flow past through the ball valve (2), and the pressure gauge 4)
and then filtered at the air dry filter (3) before entering the vortex tube (5) and finally
flow into the set of orifice meter (6). The air mass flow rate values was evaluated
before entering the vortex tube ; in addition, the air would flow pass the nozzles to the
vortex chamber at the inlet pressure 2.0 bar air constant; consequently, the swirl flow

of the air occurred in the vortex flow inside the tube. Inside the vortex tube, the air
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were expanded; according, the air separaticn occurred into 2 stream: the hot and the
cold air.

The cold air would flow out from the orifice plates installed next to the inlet of
the nozzles, which the hot air would flow to the end of another tube equipped with the
control valve. The flow rate value of the cold air out of the vortex tube at the cold air
side was evaluate through adapting the mass flow rate by the cone valve.

The mass flow rate value at the inlet side, the cold air and temperature at the wall
tube would be evaluate in this following methods:

(1)By the pressure drop at the orifice plates readable from the U-tube manometer.

(2)By measuring the temperature at the inlet and the cold tube after steady flow

(7), (8) and (9) to calculation of the mass flow rate and the cold mass fraction.

(3)By the temperature distribution at the wall of hot tube as shown in Fig. 4.9.

In the experimentation, the size of the orifice plates were change from the ratio of
0.4D to 0.9D ; the vortex chamber with 1, 2 and 4 inlet nozzles and the pressure at the
inlet of the vortex tube from 2.0, 3.0 and 3.5 bar (gage). All of the significant

characteristics of the experimental of the vortex tube were shown in Table 4.1.



CHAPTER 5=
EXPERIMENTAL RESULTS AND
DISCUSSION

The thesis studies and analyses several tube parameters affecting the decrease in
temperature in the cold tube of the vortex tube. The tube parameters to be considered
in the present study are (1) insulated and non-insulated vortex tubes, (2) cold orifice
plate diameter and (3) number of the inlet nozzles including inlet conditions (supply
pressure). There are no critical dimensions of these parameters that would result in a
unique value of maximum temperature separation. Thus, the experiments of a vortex
tube with different tube parameters are needed to obtain the highest temperature
difference from these runs. The dimensional analysis and similarity geometry is used

to find the optimal performance in a design of the vortex tube.

5.1 Insulated and Non-Insulated Vortex Tubes

In the experiment, measurements of the vortex tube are made without and with
insulation at both the hot and cold tubes as shown in Fig. 4.9. The size of orifice plate
is 0.5 of the tube diameter (D) and the number of 1, 2 and 4 inlet nozzles is used, at
inlet temperature of 29°C and inlet pressure of 3.5 bar (gage).

Fig. 5.1 shows that the insulated tube has higher temperature reduction in the cold

air tube than the non-insulated one. At the cold mass fraction (u,) of 0.328, the
orifice size of 0.5D, and number of 4 inlet nozzles, the highest temperature reductions

of the insulated and non-insulated vortex tubes are —30°C and —27°C respectively.
Moreover, in the hot tube the maximum temperature differences of the insulated and
non-insulated tubes are 78°C and 68°C, respectively, at the cold mass fraction ( i, )
of 0.829.

The trends of the temperature reduction in the cold air tube and the temperature
increase in the hot tube are similar to the non-insulated tube for all the inlet nozzles.
The average temperature differences of the insulated and non-insulated tubes are

between 2 to 4°C at the cold tube and between 2 to 12°C at the hot tube. It is
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because the insulated tube has less energy transferred to surrounding than the non-

insulated one, which then causes the higher change of temperature within the tube.
For the ccld mass fraction (u,)in a range between 0.1 and 0.4, the temperature
reduction in the cold tube for all nozzles is rather higher than that for the cold mass -
fraction ( u, )Jabove 0.4. For the hot tube, when the cold mass fraction { u. )is in a

range of 0.1 to 0.8, the temperature proportionally increases but then decrease rapidly

for the cold mass fraction ( u, ) above 0.8.

o Insulated
O Non-insulated

80 T T L} v L} T T T T N L] T I.
0 1 Nozzle 1 2 Nozzles | 4 Nozzles i
P,=3.5bar P, = 3.5 bar P, =3.5bar 5
60 + * 1
d/D=0.5 d/D=0.5 o d/D=05
50 4 =
oc)“ ° (0]
EI.( 40 r T 4 .
= 30} i °
= J

T~T,C
|

02 04 06 08 O 02 04 06 08 0 02 04 06 038
Cold mass fraction,

Figure 5.1 Temperature differences at various cold mass fractions between insulated

and non-insulated tubes for inlet pressure at 3.5 bar
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5.2 Inlet Pressure of Insulated Vortex Tube

The insulated vortex tube with 16-mm diameter, 0.5D orifice diameter and
multiple inlet nozzles was selected and tested. The tests were run for three different

inlet pressures; 2.0-3.0 and 3.5 bars, and each run was at constant inlet temperature of

29°C. From experimental results, it indicates that temperature difference in the hot
and the cold tubes is a function of the cold mass fraction. In addition, the potential of
decreasing and increasing temperatures in the cold and the hot tube respectively is
similar to the case in section 5.1.

Fig. 5.2 demonstrates that for the cold mass fraction( i, ) in a range of 0.1 to 0.4,

there is distinctively a potential of higher rate of temperature reduction in the cold
tube but lower rate of temperature reduction for the range beyond 0.4. Because the
hot air in the hot tube mixes with the cold air in the core region which flows out more

through the orifice plate. For the cold mass fraction ( u,) in a range between 0.3 and

0.4, there is the highest rate of temperature reduction in the cold tube for all inlet
pressures supplied. When inlet pressures are at 2.0, 3.0 and 3.5 bars, the highest rate
of decreasing temperature in the cold tube are 18°C, 26°C and 30°C, respectively,
for 4 inlet nozzles. Moreover at a pressure of 3.5 bar, the highest rate of decreasing
temperature for 1, 2 and 4 inlet nozzles is 19°C, 29°C and 30°C respectively.

The higher the inlet pressure, the more decreasing temperature for each cold mass
fraction used. Since the air enters the vortex tube tangentially with a higher pressure,
it causes the higher tangential velocity and air mass flow rate within the tube. This
leads to an acceleration of velocity and temperature layer within the tube.
Furthermore, there is a higher momentum transfer from the central region of the tube
to the tube wall in terms of thermal energy which causes higher temperature at the
tube’s surface and reduces temperature in the core region of the tube.

In hot tube, there is a potential of higher rate of increasing temperature for the
cold mass fraction (u,) from 0.1 to 0.8, but a rapid potential of lower rate of
increasing temperature for the cold mass fraction near unity. The maximum
temperature differences in the hot tube are 24°C, 61 °C,78°C, respectively, with 2.5,
3.0 and 3.5 bar (gage), at 4 inlet nozzles for the cold mass fraction of 0.835, 0.854 and
0.829. The same result is found in the cold tube. When pressure at the inlet is higher

and the increasing temperature at the hot tube is higher as well. The higher the



pressure, the more the mass flow rate into vortex tube and the momentum transfer of
hot and cold air within the tube is further higher. Thus, the-temperature of the hot air

increases while that of cold air decreases.

m P _=2.0 bar
0P, =3.0 bar
® P, =3.5 bar
80 T T T T r T r T T T v e
Insulated vortex tube Insulated vortex tube Insulated vortex tube
07T 1 Nozzle T 2 Nozzles T 4 Nozales ° |
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° La)
o
I-:
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E;" -40 T T
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Figure 5.2 Effect of inlet pressures on the increasing temperature at the hot tube and

the temperature reduction at the cold tube.
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5.3 Wall Temperature Distribution along the Insulated Vortex Tube
In experiment, the 16-mm diameter, insulated vortex tube with 0.5D orifice
diameter and multiple-inlet nozzles was employed and investigated. Each run was at

29°C. Wall temperatures of the tube were measured at 15 axial stations equally
spaced along the axial length from the orifice. The distance between stations is 0.5D
and details of locations of temperature to be measured are shown in Fig. 5.3.

1 2 3 4 5 6 7 8 91011 1213 14 15 Air out

Cold tube Hot tube

Alr out

Figure 5.3 Location of temperature to be measured in the insulated vortex tube.
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Figure 5.4 Axial wall temperature distribution
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Fig. 5.4 displays the wall temperature distribution in .terms of temperature
difference between the wall and inlet temperatures against the cold mass fraction. It
is found that in a range from x/D=1 to x/D=11, the difference of temperature
distribution has a trend to increase gradually and maximum at x/D=11. After ¥D=11,
the difference of temperature distribution tends to decrease because the hot air and the
cold air are mixed together at the beginning of the tube. The temperature of the tube
wall increases proportionally with the cold mass fraction, except for the cold mass

fraction approaching to 1. At x/D=11, the temperature differences at the tube wall
with 1, 2 and 4 inlet nozzles are 24°C, 61°Cand 78°C respectively, for the cold
mass fractions (u, ) of 0.854, 0.852 and 0.829.

5.4 Parametric Study of the Insulated Vortex Tube

5.4.1 Influence of the Orifice Plate Sizes

To consider the influence of orifice plate sizes on the temperature difference of
the tube, several orifice plate sizes ranging from 0.4D to 0.9D were employed with
different inlet nozzles. An compressed air at 3.5 bar (gage) and 29°C was used as a
working fluid throughout the experiments. The experimental result of temperature
differences between the inlet and cold temperature for various-the cold mass fraction
is depicted in Fig. 5.5. A closer look reveals that the highest temperature reduction is
achieved for all orifice plates when the cold mass fraction( i, )is in a range of 0.3 to
0.4. This means that the maximum temperature difference occurs if the cone valve is
adjusted to let the cold mass flow rate leave the tube at 30 - 40% of the inlet air. -

From Fig. 5.5, The orifice plate size of 0.5D yields the maximum temperature
reduction. The highest temperature differences for using 1,2 and 4 nozzles are 19°C,
29°C and 30°C respectively. Moreover, the decrease in temperature at the cold tube
is found to be 29°C, 30°C, 27°C, 23°C, 19°€, and 16°C for orifice plate of 0.4D,
0.5D, 0.6D, 0.7D, 0.8D and 0.9D, respectively, at the cold mass fraction (4, ) of
0.329 and the number of 4 inlet nozzles.

In addition, the orifice plate of 0.5D has the highest potential of temperature
reduction at the cold tube than the rest of orifice plates. Because the orifice plate
sizes ranging from 0.6D to 0.9D have the bigger diameters than the 0.5D one, this

allows some hot air near the wall to exit the tube with the cold air. Both the hot air
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and cold air while flowing out mix together which further affects the cold air to have
higher temperature or be warmer. In the other hand, for a small orifice plate of 0.4D,

it has a higher pressure drop and makes the temperature reduction at the cold tube

lower.
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Figure 5.5 Influence of the orifice plates size on temperature reduction.

5.4.2 Influence of the Number of Inlet Nozzles

Effects of a number of inlet nozzles on temperature reduction in the vortex tube

are experimentally investigated. A compressed air at 3.5 bar (gage) and 29°C also
was used as a working fluid. Measurements were made with three sets of inlet.
nozzles, namely, 1, 2 and 4 nozzles, and three different orifice plate sizes ; d = 0.4D,
0.5D and 0.6D. A set of multi-nozzles is equally spaced around the circumference of
the tube. The experimental results of temperature reduction against the cold mass
fractions for different orifice sizes and nozzles are depicted in Fig 5.6. It is seen that
the maximum decrease in temperature in comparison with the inlet temperature is at

the cold mass fraction in a range of 0.3 to 0.4. A closer examination reveals that the
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increase in number of inlet nozzles of the tube leads to substantial temperature
difference.
From Fig 5.6, the use of 4 inlet nozzles results in a higher decreasing temperature

at the cold tube than those of single and two nozzles for all orifice plates. Besides, the

highest temperature differences are found to be 19°C, 29°C and 30 °C forusing 1, 2
and 4 inlet nozzles, respectively. The maximum reduction mostly occurs at the cold

mass fraction (4, )in a range of 0.375. This indicates that the cone valve should be

adjusted to let the cold air at about 37.5% of total inlet air leave the tube.

Adjusting the number of the inlet nozzles to be 1, 2 and 4 nozzles, for all orifice
. plates, would speed up the flow and increases the air mass flow rate into the vortex
tube. Furthermore, it causes higher friction between the boundary of the flows and a
higher momentum transfer from the core region to the wall one. This finally reduces

temperature in the core region but increases temperature in the tube wall area.
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Figure 5.6 Influence of the number of the inlet nozzles on temperature reduction.
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5.5 Comparison with Previous Work

The present experiment work was brought in comparison with those in Hilsch’s
work in 1947. With reference to Hilsch’s sizes of vortex tubes, the present vortex
tubes were partially designed; moreaver, the results of the present work also are
compared with those of Stephan’s work in 1983. The sizes and working conditions of

the various vortex tubes are shown in Table 5.1 below.

o Stephan 1983

w Hilsch 1947

O Present study 1 nozzle
® Present study 4 nozzles

35

T~T, C

0 0.2 04 0.6 0.8
Cold mass fraction, |

Figure 5.7 Comparison of temperature reduction in the cold tube among the present
work, Hilsch work (1947) and Staephan work (1983).

Fig. 5.7 shows the temperature reduction in the cold tube against the cold mass
fraction for the present tube, Hilsch’s tube and Stephan’s tube. It is worth noting that
the trend of temperature reduction for all tubes is similar despite different tube and
conditions. All tubes yield a maximum temperature difference at the cold mass
fraction (4, ) value between 0.3 to 0.4 except for Stephan’s tube that gives a slightly
small value. A closer look reveals that for a single nozzle, the temperature difference
profile of the present tube is very close to that of Hilsch’s tube as can be seen in Fig

5.7, and has a maximum value at about 16°C for both tubes. While Stephan’s tube

gives the highest value at about 25°C for the cold mass fraction ( u, )of 0.3.
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Table 5.1 Comparison of the present tube with Hilsch’s tube and Stephan’s tube

Vortex tube characteristic - This Study Stephan Hilsch
(1983) 1947)
Pressure at the inlet, P, (bar) 3.0 2.5 3
Hot tube length, L, (mm) 512 (32D) - 300 (32D)
Cold tube length, L, (mm) 160(10D) | 352(20D) 90 (10D)
Diameter of the vortex tube, D (mm) 16 17.6 92
Diameter of nozzles,§ (mm) 2(DP) 4 (D/4.2) 1.1(D9)
Number of inlet nozzles, N land4 1 1
Ratio of orifice plate,(d /D) 0.5 0.4 -
o Stephan 1983

= Hilsch 1947
O Present study 1 nozzle
® Present study 4 nozzles

1-2 T ¥ L) T

Ti_Tc/r i—Tc,max
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Figure 5.8 Comparison of the non-dimensional temperature reduction among the

present work, Hilsch’s and Stephan’s work.




However, when the number of inlet nozzles was replaced from 1 to be 4 nozzles,
the temperature difference in the cold tube decreases significantly and is found to be
30°C.

The non-dimensional temperature reduction in the cold tube is depicted in Fig.

5.8 for various cold mass fraction ( u,)values. It is obvious that all the profiles in

Fig. 5.7 can be dropped to be a single profile when all are in a dimensional form.

Closer examination reveals that maximum temperature reduction is at a cold mass

fraction ( u, ) value ranging from 0.3 to 0.4.

5.6 Empirical Relationship of the Insulated Vortex Tube

In dimensional analysis and similarity geometry, we consider a steady
axisymmetrical compressible flow in a vortex tube according to Fig. 5.9 with
neglecting body force and any energy source. The vortex is well insulated to avoid
heat leakage to surroundings. The air flowing through the vortex tube is considered to
be an ideal gas. For the process of energy separation of the vortex tube, the
temperature of the cold tube is an important variable; which remains to determine. To
predict the cold tube temperature, the method of dimensional analysis is used. The
independent parameters, which are involved in the energy separation process, can be

listed as shown in Table 5.1 and 5.2.

For the prediction of temperature ( 7, ) of the cold tube, the following functional

relationship can be written;

f(Tc:Y}’P,'»pfrwgaP..9k,cp,cv’“1ﬁamcsL’Dvardc’d}l) =O (5'1)

Then, equation (5.1) can be expressed in a non-dimensional form as follows;

6. = F(Ma,Re,Pr,Eu,y,C",B",p",L',A,D,,D,,1i, ) (5.2)

As a first approximation, equation (5.2) can be represented by the following

equation for a variation of the inlet pressure;

8, = f,(Ma) f,(Re) £, (Pr) £, (Ew) fs (1) fs(C) f1(B")

g ort (5.3)
X fo(P ) fo(L) fio(A) fui (D) fia (D) fr3 (1))



m;,T;, B, 0;,W;,0

Figure 5.9 Dimension of the vortex tube.

Table 5.2 Summary of different independent parameter equations (Cockerill, 1995).

Independent parameters

Cp w.

- Ma=——-+1 — Re=c u/k
Ly (% /0,)" i
P c
Eu= had Cr=t 24 B’ =pT
(Piwiz) (P, /pT,;) :
T 7
Bc=(T'T ) SN AP A=68/D
D ,=d_ /D D,=d,/D W, =/

Table 5.3 Summary of independent variables (Cockerill, 1995).

Independent variable Non-dimension Remark

Ratio of temperature reduction at the cold tube . (AT,IT) (T,-T)/T,
Ratio of temperature increase at the hot tube (AT, /T) (T, -T.)/T,
Velocity ratio u/v,v/v,w/v,
Pressure ratio P/ p.'V.-z
Density ratio p/p,
Temperature ratio

T/T,
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Experimental results indicate that,when the cold mass fraction (4, ) varies from

0.0 to 1.0 and other parameters are kept constant, possesses a maximum value, which

can be, determined from the equation (5.3) as follows;

O = f1(Ma) f,(Re) f,(PD) £, (Bu) £5(1) fe(CT) f,(B")

. . 54
X fo(P ) fo(L) 1oAY 11:(D) fra (D) fis (e, )
Dividing equation (5.3) by equation (5.4), we obtain
6 Sis( B )
== —=g(H.) (5.5)
ec,max fl3( :u’c,max )
. d... CIXET ) . :
Substituting the definition for 8, = ———== in equation (5.5) and letting,
i
AT, =T, -T, (5.6)
and
ATC,thX 7 ]wl' & Tc,ma.\' (5'7)
We obtain
AT
f— = 5.8
AT, g(u,) (5.8)

Equation (5.8) shows the relation of the similarity for the change of temperature
at the cold tube. The function of the cold mass fraction ( 4, )depends on each the
vortex tube with similar shapes, each of which has the inlet nozzles from a range of 1,
2 and 4 nozzles and the size of the orifice plate (d /D )is in a range of 0.4D to 0.9D

as shown in Fig. 5.5 and 5.6. Through using the relation of the similarity in equation

(5.8), the experimental results are obtained from Fig. 5.6.
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o d/D=0.4 with 2'nozzles
0 d/D=0.4 with 4 nozzles
u d/D=0.5 with 2 nozzles
@ d/D=0.5 with 4 nozzles

35 v T T T

30+

25+
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T
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0 02 04 06 0.8
Cold mass fraction, |,

Figure 5.10 Temperature reduction at various orifice plates of 0.4D to 0.5D and for 2

and 4 inlet nozzles.

a d/D = 0.4 with 2 nozzle
o d/D = 0.4 with 4 nozzle
= d/D = 0.5 with 2 nozzle
® d/D = 0.5 with 4 nozzle

1.2 s v

08 |
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Cold mass fraction,

Figure 5.11 Non-dimensional temperature reduction at varjous orifice plates of 0.4D

to 0.5D and for 2 and 4 inlet nozzles.



In experimental optimization, the data at 3.5 bar of the tubes with two sizes of the
orifice pates (0.4D and 0.5D) and two numbers of inlet nozzles (2 and 4 nozzles) are
selected for comparison. This is because their working intervals give the maximum
decrease in temperature in the tube. Then, all data required of the selected tubes are
. plotted and shown in Fig. 5.10. Fig. 5.11 shows the same plot as in Fig. 5.10.but in
the non-dimensional form of temperature reduction, which is divided by its maximum
cooling.

From Fig. 5.10 and 5.11, It is found that use of an 0.5D orifice plate and 4 inlet
nozzles lead to a maximum temperature reduction. Thus, the conditions of the vortex
tube as mentioned earlier are employed and the result obtained is brought to plot, as
show in Fig. 5.12. Fig. 5.12 illustrates the non-dimensional decrease in temperature
for various inlet pressures, which can be dropped to a single curve.

Using equation (5.8) and the optimizing technique, the single curve can be

expressed as:

AT,
AT,

¢,max

=3.79u.’ -8.3u.’ +4.65u; +0.21 (5.9)

Equation (5.9) helps design the ranges of highest temperature reduction or
cooling which is used to predict the decreasing temperature at the cold tube for the
vortex tube having the orifice plate of 0.5D and 4 inlet nozzles.

Following Stephan (1983), and a cubic fitting yields, (5.10)

AT,

=3.23pu,.> —7.97u;" +3.97 4 +0.39 (5.10)

c,max

Following Cockerill (1995), and a cubic fitting yields, (5.11)

AT, _ 334u.’ -6.97u.” +3.07u. +0.57 (5.11)

¢, max

Equation (5.10) and (5.11) are experimental results used in making equation that

shows ranges of highest temperature of the vortex tube. They are experimental results
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of Stephan’s in 1983 and Cockerill’s in 1995. Both researchers experimented by
using the tube that has diameter of 18 mm and nozzle diameter of 5 mm for Stephan’s
and 7.5 mm for Cockerill’s. When compared with equation (5.9) that is already
experimented, it is found that the equation (5.9) is very similar to equation (5.10) and
(5.11).

EP =2.0bar
OP,,=3.0 bar
@P,_=3.5bar
1 -2 T I T l L] ] T l
Insulated vortex tube
4 Nozzles
1 - d/D=0.5
0.8 -
5
H?r
1 0.6 -
o
B 04
02 |- _|
0 N 1 5 I ) 1 ' 1

0 0.2 04 0.6 0.8 1
Cold mass fraction, u,

Figure 5.12 The temperature reduction in the cold tube with the inlet pressure at 2.0,
3.0 and 3.5 bars

5.7 Rate of Cooling and Coefficient of Performance

As a result of the experiment, the vortex tube gives highest rate of cooling and
coefficient of performance (C.O.P) of 99,881 J/kg and 0.11, when the ratio of orifice

plate is 0.5D ; 4 inlet nozzles and the cold mass fraction ( u, ) of 0.328.
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The rate is considered to be very.low value because it is already hypothesized the
phenomenon in the vortex tube to be in isentropic process which is ideal state. In fact,
ideal state can not actually occurs, which then causes the deriving value to be less
than the reality.

Hilsch doing research in 1947 found that cooling equipment as the vortex tube is
inappropriate to be used in air condition. Since vortex device has low efficiency of
cooling. Lately, many companies apply it to the industry that demands it in small

area, which becomes more popular nowadays.



CHAPTER 6
CONCLUSION AND RECOMMENDATION

6.1 Research Summary

The research studies and analyzes the result of the insulation in the vortex tube,
the pressure adjustment at the vortex tube’s inlet, the change of numbers of nozzles,
and the change of orifice plate ratio. Various parameters and sizes affects cooling rate
and decreasing of temperature at cool air section as following.

6.1.1 Although an experimental set-up can merely provide adiabatic condition, it
is reasonable to conclude that insulation around the vortex tube helps lessen the loss
energy to external environment. Insulated vortex tube has higher rate of temperature

reduction at the cool air section than non-insulated does. The difference of decreasing

temperature in both tubes is 2 to 12°C. Moreover, the insulated one has higher rate

of increasing of temperature at the hot air section than the non-insulated one does

which is 10 to 20°C higher at diameter of vortex tube of 16 mm, 1, 2 and 4 inlet
nozzles and the size of the orifice plate is 0.5D. '

6.1.2 Increasing in the inlet pressure at the vortex tube’s and the number of inlet
nozzles at the entry of vortex chamber will influence the higher rate of temperature
reduction. It is a result of more air mass flowing into the tube, which then increases
momentum transfer within the vortex tube. The more momentum transfer, the more
the difference of temperature at the tube’s wall and that at the middle of the tube
becomes which means lower temperature in the middle of the tube.

6.1.3 In adjusting the ratio of orifice plate to permit cool air to flow out to cold
tube, it is found that the bigger the inlet nozzles are, the more hot mass from hot tube
flowing out and mixing with cold air is. In addition, if the inlet nozzles are too small,
the air flowing out will mix with the air in the cold section which then doesn’t allow
the highest rate of decreasing of temperature or coolest air to occur. Thus, it is
necessary to choose sizes of the orifice plate that appropriately let the airflow out
through the plate.

6.1.4 The result of experiment using dimensionless parameters and similarity

geometry (which provides equations to calculate optimization coolness) presents the



similarity to those of Hilsch and Stephan having dope. in 1947 and 1983 respectively
under similar experimental conditions.

6.1.5 In distribution the temperature at the vortex tube’s wall, it is found that by
the tube’s head the temperature distribution is high. Then it gradually decreases when

moved close to the cone valve. In other words, when x, increases, the temperature
distribution will increase as well (except when g, is close to 1 because it is a position

to close the cone valve that the air flows out to the cold section and mix with the other
air more).

6.1.6 The vortex tube can decrease temperature down to 30°C or -5°C. It
enables cooling up to 99,881 J/kg and coefficient of performance (C.O.P) of 0.11.
This result occurs when pressure at the inlet of the vortex tube is 3.5 bar; numbers of

nozzles are 4 inlet nozzles; size of orifice plate is 0.5D and cold mass fraction (u,) is

0.328 at diameter of vortex tube of 16 mm.
6.1.7 Adjusting cone valve helps control the flow from the hot and cold tube and

decreases the mixing of hot and cold air within the vortex tube. The decreasing of

temperature is optimized when adjusting cone valve to have cold mass fraction (4, )

at 0.3-0.4 or to let the airflow out at 30-40% of all air.

6.2 Recommendations

Moisture in the external environment considerably affect the cooling of the
vortex tube since moisture air when entering into the tube condenses into water which
sucks the energy in the form of heat. This makes lower rate of the decreasing of
temperature within the tube. It is suggested to use air dry filter to lessen the moisture
in the air. If there is a need to adjust pressure at the inlet of the tube to be higher, it is
essential to use air dry filter having higher quality in filtering the air because higher
pressure at the inlet means higher chance of the air to be condensed within the vortex

tube.
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APPENDIX A
EXAMPLE OF CALCULATIONS OF THE

COLD MASS FRACTION

In calculation to find out the cold mass fraction (', ), it was essential that both of

the mass flow rate at the inlet and also the mass flow rate at the cold tubes, were to be
evaluated. On evaluation of the mass flow rates at both sides through the orifice
meter designed by the references from the Japanese industrial standard (JIS Z 8762 -
1988). Thus, the fixed values will be standardized as the followings:

Givens:
Gravitational acceleration (g) =9.81 m/s’
Density of water (o,,) = 1000 kg /m’
Pressure at atmosphere ( 2, ) =101.325 kPa
Viscosity (#,) =1.71x10° kg /m.s
The ratio of the orifice plate (d /D= ) =0.5D
Pressure drop at the inlet of the vortex tube (4h;) =830 mm
Pressure drop at the cold tube (4h, ) =126 mm
The temperature of the inlet air (7;) =29°C
The temperatures of the air through the orifice =25°C

To Find

1. The Pressure Loss Inside the Yortex Tube
From the Japanese industrial standard, we could find the loss inside the tubes

that:

(D)
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= 0.734P | 2)
The pressure loss inside the vortex tube at the inlet vortex tube found from

equation (2): Computing equation :

4w, =0.73x p ,gah, = (0.73)(1000kg/m> )(9.81m/s* )(0.83m)

=5943 N /m?

And for the pressure loss inside the vortex tube at the cold air tubes capably

found from the equation (2): Computing equation:

A%, =0.73x p,gdh, = (0.73)(1000kg / m* )(9.81m / 5* )(0.126m)

=902 N /m?

2. The Pressure at the inlet of the Orifice Plates

In experimentation, the values of the pressure at the pre inlets to the orifice plates
both the air at the inlet side and the cold air sides for the purpose of evaluating the
values of the expandability factor.

Therefore, computing equation

B =P +AP + Aw
€)

The pressure in front of the orifice plates at the inlets to the vortex tube

P,, =P, + AP, + AW, = 101,325+8,142+5,943

=115411 N/m?

The pressure in front of the orifice plates at the exits of the cold air

P, . =P, + 4P, + Aw_=101,325+1,236+902

=103463 N /m’
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3. Evaluation of Expandability Factor (<)
For the flow of the air inside the vortex tube, this enables the compressed
compression. It was necessary that finding the constant values (e) should do for the

purpose of obtaining the flow rate much more accurately. Computing equation :

2
e=-0.45157355 +2.62740835 i) -1.18259361 L} 4)
A P,

1 1

The values of expandability factor ('€) at the inlet of the vortex tube.

€,=~-0.45157355 + 2.62740835(%) - 1.18259361(

107,269\
115,411

3

= 0.94

The value of expandability factor (‘) at the cold tube.

€,=—-0.45157355+ 2.62740835 W2 ¢
103,463

b

2
) Z 1.18259361(1—(£’ZEJ

103,463
=0.98

4. Evaluation the Mass Flow Rate and Discharge of Coefficient

The mass flow rate was enabled to write out the computing equation which had

the increased discharge coefficient values for the purpose of the increase of accretion.

riv=1m,C (5)

o

m, =(2.5017x10™ ) & 24P, p, (6)

and
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A

A= Eﬁ @)

The mass flow rate of m,, was enabled to find at the inlets through pre-
evaluation of the density values.
Thus :

_ 115411
Pu 287(273+25)

=135 kg/m’

And the mass flow rate at the inlets were :

m, , = (2.5017x107*)(0.94)/(2 x 8,142 x1.35) = 0.035 kg /s

Therefore, the values of mass flow rate of m, . at the exits of cold air tube were

enabled to evaluate through
o 103,463
e 287(273+25)

= 1.35 kg /m’

And the mass flow rate at the vortex tube were :

i, , =(2.5017x107)(0.98)y/(2 1,236 x1.35) =0.01422 kg /s

‘The discharge coefficient obtained from the evaluation the standard formula of
JIS result in the discharge coefficient combing of different values of parameter.

Thus, the computing equation were ;

0.75
6
C=0.5959 +0.0312 #'- 0.1840 B *+ 0.0029 5 2-5[1R°_-)
e

+0.0900L, B%1- B*'-0.0337L, B’ (8)
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And equation (8) could be written :

6 0.75
C =0.5959+0.07278--0.00071875 + 0.00051265 (%—)
e

+0.0005952-0.00041788

In evaluation the coefficient of discharge, it was essential that the value of the

Reynolds number should be known before. Then we could write as the following ;

pVD D
:uair Aluair

Re =

Sine the area of the cutting section of the vortex tube came were A = 2.016 x 107

m? , the solution was accordingly rewritten;

) m(0.016)
(2.016x107*)(1.71x107%)

= 4.6537x10°m

Therefore ;

The values of Reynolds number at the inlet of vortex tube :
Re, = (4.6537x10%)(0.035) = 162,832
The values of Reynolds number at the cold tube :

Re, = (4.6537x10° )(0.014) = 66,175

Solution of Reynolds number were evaluated to find the values of C; and C, and

the results were :
106 0.75
C, =0.5959 + 0.07278-0.00071875+0.00051265{ ——8M——
162832.963

+ 0.000595 — 0.00041788
=(0.67014
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And

6 0.75
C, =0.5959 +0.07278 - 0.00071875 + 0.00051265 1"
66175.614

+ 0.000595 — 0.00041738
=0.67207

5. Cold Mass Fraction (u, )

The ratio of the cold mass fraction (z,) obtainable from the formula of : (3.1)

And the mass flow rate at the inlet of the vortex tube and the cold tube were obtained
from equation (5) and multiple with coefficient of discharge values. Thus, the results
were:

Mass flow rate at the inlet of the vortex tube.

i, = Cy,, = 0.67014 x 0.035

=0.02345 kg /s

Mass flow rate at the cold tube were :

m, = C.m,, = 067207 x 0.01422
= (.00956 kg /s

Mass flow rate leading to evaluate the values of cold mass fraction. Therefore

i, _ 0.00956
B = T 0.02345
= 0.4077

In the experimental study, the cone valve were adjusted for the purpose of using
to evaluate the values of the mass flow rate at the vortex tube. It was accordingly
necessary that the evaluation of the values of the cold mass fraction should be done in

every process.



APPENDIX B
TABLE OF EXPERIMENTAL RESULTS

‘Table A 1. The influence of the insulated vortex tubes on the

temperature reduction and increasing of vortex tube.

Given ;

Orifice plates(d /D) = 0.5D

Number of nozzles (N ) = 1 inlet nozzles
Pressure at the inlet of the vortex tube (F) = 3.5 bar (gage)
Temperature at the inlet of the vortex tube (T;) = 29°C

Temperature reduction at the cold tube (AT, =T, -T,)
Temperature increase at the hot tube (47, =T, —=T;)

Cold mass fraction (u,)

Insulated Non-insulated

. TOF AT _p AT i\ BT 1, LA

(C) | (C) (C) | (C)
0.051 2 12 0.051 0 11
0.147 4 15 0.147 2 14
0.196 5 16 0.196 3 15
0.225 9 17 0.225 4 16
0.303 10 18 0.303 5 17
0.345 11 19 0.345 7 18
0.365 12 19 0.365 8 18
0.411 14 18 0.411 10 17
0.463 15 18 0.463 12 16
0.559 17 17 0.559 13 15
0.647 19 16 0.647 15 13
0.774 20 14 0.774 17 12
0.857 24 13 0.857 20 11
0.959 19 11 0.959 16 10
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Table A 2. The influence of the insulated vortex tubes on the
temperature reduction and increasing of vortex tube.

Given ;

Orifice plates (d /D) = 0.5D

Number of nozzles (N ) 2 inlet nozzles

Pressure at the inlet of the vortex tube (B) 3.5 bar (gage)
Temperature at the inlet of the vortex tube (T;) = 29°C
Temperature reduction at the cold-tube (AT, =T, ~T,)

Temperature increase at the hot tube (AT, =T, —T;)

Cold mass fraction ()

Insulated Non-insulated

4. | AL, | 4L | w | 4r, | 4z

(C) | (°C) (C) | (°C)

0.039 1 14 0.038 0 12
0.079 3 16 0.078 1 14
0.140 8 19 0.139 3 17
0.221 10 21 0.220 4 19
0.236 12 24 0.235 5 22
0.293 15 27 0.292 7 25
0.315 18 28 0.314 10 26
0.350 21 29 0.349 12 26
0.386 26 29 0.385 14 26
0.422 32 28 0.421 19 25
0.546 37 27 0.545 26 24
0.675 45 26 0.674 32 21
0.773 51 23 0.772 37 18
0.854 61 20 0.853 49 13
0.933 55 15 0.932 44 11
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Table A 3. The influence of the insulated vortex tubes on- the

temperature reduction and increasing of vortex tube.

Given ;
Orifice plates (d /D)

Number of nozzles (N)

Pressure at the inlet of the vortex tube (F,)

Temperature at the inlet of the vortex tube (T;)

0.5D
4 inlet nozzles
3.5 bar (gage)
29°C

Temperature reduction at the cold tube (AT, =T, -1T,)

Temperature increase at the hot tube (47, =T, —T;)

Cold mass fraction (x,)

Insulated Non-insulated

4, | AT, | AT, | g | 4T, ] 4T,

(C) | (C) (C) | (C)

0.049 3 16 0.048 1 14
0.101 6 20 0.100 3 17
0.151 8 23 0.150 4 21
0.202 10 25 0.201 6 23
0.248 14 27 0.247 7 25
0.303 15 29 0.302 9 26
0.328 22 30 0.327 13 27
0.405 25 30 0.404 16 27
0.453 30 29 0.452 18 26
0.508 42 28 0.507 31 25
0.548 45 27 0.547 37 24
0.600 55 26 0.559 40 23
0.636 65 24 0.635 55 20
0.829 78 19 0.828 68 17
0.921 74 15 0.920 62 13
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Table B 1. The influence of the inlet pressure on the temperature

reduction and increasing of the vortex tube.

Given ;

Orifice plates (d /D)
Number of nozzles (N )

0.5D

1 inlet nozzles

Pressure at the inlet of the vortex tube (F;) = 2.0, 3.0 and 3.5 bar (gage)

Temperature at the inlet of the vortex tube (T;) = 29°C

Temperature reduction at the cold tube (AT, =T, - T,)

Temperature increase at the hot tube (47, =7, - T;)

P, =2.0 bar P, =3.0 bar P, =3.Sbar
u, | AT, | 4T, | u | af, | AT | 4 | 47, | 4T,
(C) | (C) (C) | (°C) (C) | (C)

0.068 0 7 0.055 W Y )6 0.051 2 12
0.096 1 8 0.095 2 i 0.098 3 13
0.181 2 9 0.156 V' 13 0.147 4 15
0.257 3 10 0.207 4 14 0.196 5 16
0.283 4 11 0.242 6 15 0.225 8 17
0.307 5 11 0.339 7 16 0.303 10 18
0.344 6 12 0.369 8 16 0.345 11 19
0.376 6 12 0.405 8 16 0.365 12 19
0.445 7 11 0.451 9 15 0.411 13 | 18
0.476 9 11 0.507 12 15 0.463 14 18
0.494 10 10 0.613 14 14 0.559 17 17
0.556 11 10 0.718 16 13 0.647 19 16
0.655 12 9 0.832 18 12 0.774 22 14
0.835 15 6 0.872 20 10 0.857 24 13
0.933 11 5 0.952 15 8 0.959 17 11
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Table B 2. The influence of the inlet pressure on the temperature
reduction and increasing of the vortex tube.

Given ;

Orifice plates (d /D)

0.5D

Numbei of nozzles (N ) 2 inlet nozzles

Pressure at the inlet of the vortex tube () = 2.0, 3.0 and 3.5 bar (gage)

Temperature at the inlet of the vortex tube (T} ) = 29°C

Temperature reduction at the cold tube (AT, =T; —-T,)

Temperature increase at the hot tube (AT, =T, —T;)

P, =2.0 bar P, =3.0 bar P, =3.5bar
u, | 4T, | AT | | 4T, | AT | p | 41, | 47,
(C) | (C) (C) | (C) (C) | (C)

0.048 0 9 0.042 0 10 0.039 1 14
0.097 1 11 0.093 2 15 0.079 3 16
0.138 2 13 0.133 5 18 0.140 8 19
0.240 3 14 0.224 8 21 0221 | 10 21
0.303 6 15 0.268 10 23 0.236 12 24
0.341 8 16 0.301 13 24 0.293 15 27
0.348 9 17 0.307 15 25 0816 18 28
0.376 11 17 0.356 18 25 0.350 21 29
0.412 14 16 0.376 20 25 0.386 26 29
0.477 18 16 0.434 26 24 0.422 32 28
0.606 25 15 0.554 33 23 0.546 37 27
0.657 30 13 0.728 39 22 0.675 45 26
0.730 35 11 0.822 46 19 0.773 51 23
0.799 40 9 0.867 55 14 0.854 61 20
0.907 36 6 0.935 47 8 0.933 55 15
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Table B 3. The influence of the inlet pressure on the temperature
reduction and increasing of the vortex tube.

Given ;

Orifice plates (d/D) = 0.5D

Number of nozzles (N )

4 inlet nozzles

Pressure at the inlet of the vortex tube (B) = 2.0, 3.0 and 3.5 bar (gage)

Temperature at the inlet of the vortex tube (T;) = 29°C

Temperature reduction at the cold tube (AT, =T, - T, )

Temperature increase at the hot tube (AT, =T, —T;)

P, =2.0 bar P, =3.0 bar P, =3.5bar
p, | AT, | AT, | m | 4L, [ AT, | wu | 4%, | 4z,
(’C) | (°C) () | (C) (C) | (°C)

0.084 1 8 0.067 3 13 0.049 3 6
0.108 2 10 | 0:095 4 16 | 0101 | 6 20
0.175 3 12 0.153 5 21 0.151 8 23
0.245 4 15 0.206 7 23 0.202 10 25
0.309 5 16 0.257 10 24 0.248 14 27
0.333 6 17 0.28 12 25 0.303 15 29
0.354 8 18 0.338 15 26 0.328 22 30
0.396 11 18 0.378 17 26 0.405 25 30
0.439 | 18 17 0.453 22 25° 0.453 30 29
0.47 22 16 0.473 28 24 0.508 42 28
0.593 30 15 0.501 36 23 0.548 45 27
0.706 38 13 0.661 45 19 0.6 52 26
0.746 54 11 0.806 58 16 0.636 65 24
0.795 55 9 0.895 68 12 0.829 78 19
0.896 54 7 '0.955 59 9 0.921 74 15
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Table C 1. The influence of the number of inlet nozzles on the

temperature distribution at the wall of hot tube.
Given ;
Orifice plates (d /D) = 0.5D

1 inlet nozzles

Number of nozzles (N )

]

Pressure at the inlet of the vortex tube (P.) 3.5 bar (gage)
Temperature at the inlet of the vortex tube ('T; ) = 29°C
Temperature increase at the hot tube (AT, =T, —1T;)

Cold mass fraction ()

AT, (C)

B ) T (i) | () () [ () | () [ (o) | (m) | () | (1)

0.039 | 0.140 | 0.236 | 0.293 | 0.386 | 0.422 | 0.675 | 0.773 | 0.854 | 0.933
1 0 0 1 2 2 3 5 8 10 9
2 0 0 1 2 3 4 6 11 13 10
3 0 0 2 3 4 5 7 11 15 | 10
4 0 1 2 3 4 D 7 12 17 11 +
5 0 1 3 4 5 6 8 13 19 12
6 0 1 3 5 6 7 8 15 20 14
7 1 2 3 5 6 8 9 16 20 15
8 1 2 4 6 7 9 11 16 21 15
9 1 2 4 6 8 10 12 17 22 16
10 2 '3 5 7 9 11 14 17 23 16
11 2 3 5 7 10 12 15 18 24 17
12 2 3 4 7 9 11 14 15 23 13
13 1 2 4 6 8 9 11 13 22 11
14 1 1 3 5 6 7 9 11 21 7
15 0 0 2 3 4 5 8 10 19 6
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Table C 2. The influence of the number of inlet nozzles on the
temperature distribution at the wall of hot tube.

Given ;

Orifice plates (d /D) = 0.5D

Number of nozzles (N )

2 inlet nozzles

I

Pressure at the inlet of the vortex tube (£) 3.5 bar (gage)
Temperature at the inlet of the vortex tube (7;) = 29°C
Temperature increase at the hot tube (AT, =T, - T;)

Cold mass fraction (u,)

4T, (C)

Fostton (p) | (B) | (p) | (8) | () | (i) | ()| (ue) | (1) | (1)
0.039 | 0.140 | 0.236 | 0.293 | 0.386 | 0.422 | 0.675 | 0.773 | 0.854 | 0.933

T 1 0 1] &=~ {J T G\ &0 i) ke [C 6 op\B1 | 20
2 T o0 [ 1 | 4 | 6 |10 12| 18 | 22 | 26 | 24
31 1 [ 2 | 4 | 8 [ 11 | 13 ] 23 | 28 | 32 | 30
2 | 1 | 2 | 5 |10 13 15| 25 | 35 | 40 | 37
S 1T 1 | 3 | 6 ] 12|16 ] 20| 29| 42 [ 45 | 43
6 | 2 | 3 | 7 | 13|18 | 23 | 31 | 43 | 48 | 45
71 2 | 4 | 7 | 15| 22| 25 | 33 | 46| 51 | 47
5 | 2 | 5 | 8 | 16| 25 | 28 | 35 | 45 | 53 | 48
5 1 3 | 5 | 9 | 18 27 ]33 | 38 | 47 | 58 | 5l
0] 3 | 6 | 10 | 19 ] 30 | 3 | 40 | 48 | 60 | 53
11 | 3 | 6 | 10 | 21 | 32 | 37 | 43 | 51 | 61 | 55
2 | 2 | 5 | 9 | 20 | 30 | 35 | 40 | 49 | 59 | 50
3 [ 2 | 4 | 8 | 18 | 28 | 34 | 38 | 45 | 57 | 46
4 ] 1 | 3 | 6 | 16 | 25 | 33 | 35 | 44 | 55 | 38
51 0 | 1 | 5 | 14 | 23 | 32 | 34 | 41 | 54 | 36




Table C 3. The influence of the number of inlet nozzles on the

temperature distribution at the wall of hot tube.

Given ;

Orifice plates (d /D) = 0.5D

Number of nozzles (N ) = 4 inlet nozzles
Pressure at the inlet of the vortex tube (P) = 3.5 bar (gage)
Temperature at the inlet of the vortex tube (7} ) = 29°C

Temperature increase at the hot tube (AT, =T, —T;)

Cold mass fraction ()

AT, (°C)
Position

(i) | () | () V() | () | () | (e) | (i) | (1) | (1)

0.049 | 0.151 | 0.248 | 0.328 | 0.405 | 0.508 | 0.600 | 0.636 | 0.829 | 0.921
1 0 1 3 5 7 9 13 | 18 | 23 | 24
2 0 2 4 7 9 11 | 17 | 23 | 32 | 34
3 1 2 4 8 10| 15 [ 23 | 29 | 43 | 46
4 1 5 5 9 11 | 17 | 27 | 36 | 48 | 50
5 1 3 6 10 | 12 [ 21 | 31 | 43 | 50 [ 53
6 2 4 8 12 | 13 | 25 | 37 | 46 | 54 | 56
7 2 4 9 14 | 15 | 27 | 42 | 50 | 61 | 60
g | 2 5 9 15 | 16 | 29 | 44 | 54 | 63 | 62
9 2 5 10 | 17 | 18 | 32 | 48 | 58 [ 70 | 68
10 3 5 11 | 19 [ 21 [ 3¢ |55 ] 62 | 75| 7
11 3 6 12 | 20 | 23 [ 38 | 59 [ 65 [ 78 | 74
12 3 5 10 | 18 22 (36 |55 |6 | 77 7
13 2 3 8 16 | 20 | 35 | s1 | 60 | 75 | 66
14 1 2 6 15 | 19 | 34 | 46 | 58 | 73 | 62
15 | 0 2 5 14 | 18 [ 33 [ 45 | 55 | 71 | S8
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Table D 1. The influence of the numbers of inlet nozzles on the

temperature reduction of the cold tube.

Given ;
Orifice plates (d /D)
Number of nozzles (N )

Pressure at the inlet of the vortex tube (F)

0.4D
1, 2 and 4inlet nozzles

3.5 bar (gage)

Temperature at the inlet of the vortex tube(T; ) = 29°C

Temperature reduction at the cold tube (AT, =T, -T,)

Cold mass fraction (‘u,)

N=1 N=2 N=4
He 47, He AT, H, AT,
(C) (C) (C)

0.049 11 0.040 12 0.036 13
0.098 12 0.081 14 0.072 17
0.139 13 0.129 15 0.146 20
0.190 14 0.164 16 0.193 2%
0.220 15 0.201 20 0.237 25
0.300 16 0.233 21 0.294 28
0.332 17 0.294 25 0.329 29
0.364 18 0.335 26 0.402 29
0.408 18 0.369 27 0.452 28
0.464 17 0.422 25 0.515 27
0.541 15 0.567 23 0.557 26
0.648 14 0.680 20 0.606 25
0.773 13 0.774 18 0.756 22
0.850 11 0.855 16 0.839 20
0.952 10 0.932 14 0.930 17
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Table D 2. The influence of the numbers of inlet nozzles on the

temperature reduction of the cold tube.

Given ;

Orifice plates (d /D) = 0.5D

Number of nozzles (N ) = 1, 2 and 4inlet nozzles
Pressure at the inlet of the vortex tube () = 3.5 bar (gage)
Temperature at the inlet of the vortex tube(T; ) = 29°C

Temperature reduction at the cold tube (AT, =T, - T, )

Cold mass fraction ()

He 47, He 47, He AT,
(‘C) (C) (°C)
0051 | 12 [ 0039 | 14 [ 0.049 | 16
0098 | 13 | 0079 | 16 [ 0101 | 20
0.147 | 15 | 0140 | 19 | 0151 | 23
0196 | 16 | 0221 | 22 | 0202 | 25
0225 | 17 | 0236 | 24 | 0248 | 27
0303 | 18 | 0293 | 27 | 0303 | 29
0345 | 19 [ 0315 [ 28 | 0328 | 30
0375 | 19 | 0350 | 29 | 0405 { 30
0420 | 18 | 0386 | 28 | 0453 | 29
0463 | 18 | 0422 | 27 [ 0508 | 28
0559 | 17 | 0564 | 24 | 0548 | 27
0647 | 16 | 0675 | 20 | 0.600 | 26
0774 | 14 | 0773 | 18 | 0636 | 25
0857 | 13 | 0854 | 16 | 0829 | 19
0959 | 11 | 0933 | 14 | 0921 | 17
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Table D 3. The influence of the numbers of inlet nozzles on the

temperature reduction of the cold tube.

Given ;
Orifice plates (d /D)
Number of nozzles (N )

Pressure at the inlet of the vortex tube (B)

0.6D
1, 2 and 4inlet nozzles

3.5 bar (gage)

Temperature at the inlet of the vortex tube(T; ) = 29°C

Temperature reduction at the cold tube (AT, =T, —T,)

Cold mass fraction (4, )

N=1 N=2 N=4
u | 4L, | # | AT | B | 4%,
(°C) (C) (°C)

0.068 10 0.055 11 0.048 12
0.107 11 0.123 13 0.108 14
0.152 12 0.185 16 0.162 18
0.226 13 0.250 20 0.210 22
0.286 14 0.286 21 0.247 25
0.332 15 0.311 22 0.309 26
0.349 15 0.334 23 0.336 26
0.381 15 0441 | 23 0.399 27
0.419 15 0.530 20 0.459 26
0.463 15 0.608 19 0.532 25
0.575 14 0.663 18 0.600 24
0.646 13 0.725 16 0.653 21
0.797 11 0.818 14 0.712 18
0.884 10 0.906 13 0.814 16
0.980 9 0.968 10 0.950 13




81

Table E 1. The influence the sizes of the orifice plates on the

temperature reduction of the cold tube.

Given ;

Oriﬁc‘:e plates (d /D) = 0.4 D to 0.9D

Number of nozzles (N ) = 1 inlet nozzles
Pressure at the inlet of the vortex tube (P.) = 3.5 bar (gage)

Temperature at the inlet of the vortex tube(T; ) 29°C
Temperature reduction at the cold tube (AT, =T, -T,)

Cold mass fraction (x,)

d/D=04|d/D=05|d/D=06|d/D=07|d/D=08|d/D=09

| A | m | AT | w | AT | m | AT | w | AT, | . | 47,

[+ c c c c

(°C) (C) (°C) (°C) (C) (C)

0049 11 [0.051| 12 |[0.068| 10 |0.082| 9 |0.080| 7 [0.092| 6

0.098[ 12 [0.098] 13 [0.107| 11 }0.116| 10 |0.112| & {0.130

0.139] 13 |0.147] 15 |0.152| 12 |0.157| 11 |O.161| 9 |0.166

0.190| 14 [0.196| 16 |0.226| 13 |0.237| 12 |0.237| 10 |0.235

0220 15 [0225| 17 [0.286| 14 |0.269| 13 |0.271| 11 |0.273

| Y| o) o

0300 16 |0.303| 18 [0332( 15 |0.330| 14 |0.326| 12 0.326

0332 17 [0345| 19 [0.349| 15 |0350| 14 |0.346| 12 [0.342| 10

0364 18 10.375| 19 |0.381| 15 [0.378| 14 [0373( 12 [0372] 10

0.408 18 |0420] 18 |0.419] 15 |0.418] 14 [0412] 12 [0.412] 10

0.464| 16 [0.463| 18 |0.463| 15 |0.465| 14 10459 12 |[0.456

0.541| 15 0559| 17 |0.575| 14 [0.577] 13 [0.570| 11 [0.578

0.648 14 |0647| 16 |0.646| 13 |0.655| 12 [0.665] 10 [0.665

0.773| 13 10.774| 14 [0.797] 11 [0.795| 10 [0.800| 9 |0.794

0.850[ 11 [0.857| 13 |0.884| 10 [0.884] 9 [0.890| 7 |0.892

wm| Nl ] o] Vi O

09521 10 [0.959| 11 |0980| 9 [0972| 8 0973 6 [0.985
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Table E 2. The influence the sizes of the orifice plates on the
temperature reduction of the cold tube.

Given ;

Orifice plates (d /D)

Number of nozzles (N )

0.4 D to 0.9D

2 inlet nozzles

Il

Pressure at the inlet of the vortex tube (F.) 3.5 bar (gage) -
Temperature at the inlet of the vortex tube(T; ) = 29°C
Temperature reduction at the cold tube (AT, =T; ~T,)

Cold mass fraction (', )

d/D=04|d/D=05{d/D=06|d/D=07|d/D=08|d/D=09

M, | 4T, u, | 4T, 1. AL 19 VAT u, | 4T, a, | AT,

4 c ¢ (4 c c

(C) (C) (C) (C) (C) (C)

0.040| 12 [0.039| 14 |0.055| 10 |0.666| 7 |0.067! 6 10074 5

0.081| 14 }0.079| 18 }0.123( 12 |0.133} 10 [0.137| 9 |0.146| 7

0.129{ 15 |0.140] 21 |0.185| 1S [0.119| 14 |0.175| 13 |0.177| 8

0.164| 16 [0.221| 24 |0.250| 22 [0263| 20 [0.265| 14 [0.267| 10

0.201| 20 |0.236| 25 |0286| 23 }0.331| 21 0331 16 [0.298| 10

0.233| 24 [0.293| 27 |0311| 23 |0358| 22 |0.349| 17 (0325 11

0.294| 26 [0315| 28 (0334 24 [0415] 21 |0410| 16 |0.339| 12

0.335| 27 [0.350| 29 |0441| 22 |0480| 20 |0.468| 15 [0.397| 12

0.369| 25 [0.386| 29 |0.530| 20 |0.558| 17 |0.569| 14 |0.573| 10

0.422| 25 (0422 28 |0.608; 19 |0.618| 17 |0.630| 13 [0.652

0.567| 24 |0.564| 27 |0.663| 19 (0.770| 15 |0.775| 11 |0.770

0.680| 21 |0.675| 25 |0.725| 17 [0.844| 13 |0.851 0.843

0.855| 17 [0.854| 20 |0.906| 13 |0934| 9 ]0.921 0.920

9

8

9 7

0.774| 19 |0.773| 22 |0.818} 16 |0.882| 11 |0.894] 8 |0.891| 5
5 4

6 4

0.932| 15 [0.933| 17 0968 11 [0964| 7 |0.965 0.971
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Table E 3. The influence the sizes of the orifice plates on the

temperature reduction of the cold tube.

Given ;

Orifice plates (d /D) = 0.4Dt0 09D

Number of nozzles (N) = 4 inlet nozzles
Pressure at the inlet of the vortex tube (B) = 3.5 bar (gage)

Temperature at the inlet of the vortex tube(T;) = 29 °C

Temperature reduction at the cold tube (AT, =T, - T,)

Cold mass fraction (x,)

d/D=04|d/D=05|d/D=06|d/D=07{d/D=08|d/D=209

u, | AT, u, | AT, u, | 4T, f1¥4+ AT, u, | AT, u, | AT,

[ c 4 [

(C) (C) (C) (C) (C) (C)

0.036] 13 [0.049| 16 |0.048| 11 |0.059| 10 |0.058| 8 |[0.066| 6

0.072| 17 |0.101| 20 |0.108| 14 |0.113} 14 |0.116| 12 |0.132| 9

0.146| 20 |0.151| 23 |0.162| 18 |0.168| 16 |0.178| 15 |0.193} 13

0.193| 23 [0202| 25 [0210| 22 0212} 19 |0.219| 16 0235 15

0237 25 [0248| 27 |0247| 25 [0251| 20 10.262| 17 |0.295| 16

0294 28 [0303] 29 |0.309] 26 }0.309| 22 {0.317| 18 |0.327| 16

0.329( 29 [0.328| 30 (0.336| 27 |0.366| 23 [0371] 19 |0.377| 16

0.402| 29 |[0.405| 30 |0.399| 26 |0.403| 23 |0.403| 20 |0.408| 16

0.452| 27 [0.453| 29 |0.459| 26 |0471| 24 [0472| 18 |0.469| 14

0.515| 26 [0.508| 28 |0.532| 25 |0.533| 20 [0.551} 14 {0.558| 12

0.557| 25 |0.548| 27 |0.555| 24 |0.569| 17 |0.577| 13 [0.590| 11

0.606| 24 [0.600| 26 |0.588| 21 |0.614| 15 ]0.626| 12 |0.649

0.630| 23 [0.636| 24 |0.637| 18 |0.723| 13 |0.720| 10 |0.713

0.839| 16 |0.829| 19 |0.814| 14 |0.768| 11 |0.778| 9 |0.778

Pl 3] 0] O

0.930| 12 [0.921| 15 |0.907| 10 {0921 8 [0932} 5 10921
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Abstract

This paper concerns a cooling performance study of
Ranque-Hilsch Vortex tubes. The vortex is a device used to
separate a compressed gas stream into a cold stream and a hot
one. Effects of ratios of orifice to tube diameter on a cooling
performance are examined for the counter flow vortex-tube type.
The results show that the orifice of d/D = 0.16-0.25 gives the
highest cooling performance.
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