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Abstract

Experimental and computational fluid dynamics (CFD) are investigated
through the vortex tube system. The benefit of vortex tube is a counter flow
type tube, which has further designed and fabricated for investigation. The
whole set up is consisting of a simple device that can separate a single stream
of compressed air into two streams; one is at high temperature and the other
is lower temperature following an inlet gas stream. The advantages of this
tube are their compactness, safety, and low equipment cost mainly used in
cooling and heating applications. This study addressed three-dimensional
flows; the domain is using computational fluid dynamics (CFD) method and
experimental approach to optimize the direction of RHVT. Through the CFD
analysis, the best cold end diameter (dc), number of nozzles, and the best pa-
rameters for obtaining the highest hot gas temperature and lowest cold gas
temperature were obtained and verified by experimental procedures.
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1. Introduction

A vortex tube is a thermal device that can produce hot and cold streams conti-
nually by using only compressed gas. Air is commonly used as a working me-
dium in the vortex tube; hence, the vortex cooling is an environmentally friendly
system. The most important advantage of vortex is fast cooling in a short dura-
tion and can be adjustable over a wide temperature range and endure harsh en-
vironments, having no moving parts thus with little requirement for mainten-
ance. The device is also called Ranque-Hilsch tubes and Ranque-Hilsch vortex

tubes, named after the people who discovered a tube was a French physics stu-
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dent named Georges Ranque in the year of 1930; several studies presented the
principle of finding on the unique energy separation phenomena in the vortex
tube. Compressed gas at a higher pressure than atmospheric enters the tube inlet
tangentially passing through radial nozzles into the swirl or vortex generation
chamber where it creates a high-speed flow with thousands of rotations per
second. Two different air-streams produced then flow along the tube where a
high temperature stream is found at the outer region while a low temperature
stream is showed at the central region as shown in Figure 1(A). The cold and
the hot streams have the main tube at the opposite end for the counter-current
flow type but leave on the same side in different end for the con-current flow
type. The first type is widely used accordingly; these configurations were studied
in the current research as seen in Figure 1(A). Vortex tube is composed of inlet
nozzles, diaphragm, cold orifice, hot control valve, hot tube, and chamber the
schematic diagram of a vortex tube as given in the Figure 1(B).

Compressed air is passing to the vortex tube through the nozzle (a) in the
nozzle the air injected with high speed velocity and enters into the chamber.
Tangentially it converts it into a vortex. Form (c) this vortex is flow is created in
the chamber and air travels in spiral like motion along the periphery of the hot
side. This flow is restricted by the valve. Inside (d) the hot tube, both inner
stream of air and outer stream of air rotate with same angular velocity. The vor-
tex travels along the tube (e) tube through the diaphragm. (f) Part of this air
flows returned closer to the diaphragm (b). It then leaves the tube via the diaph-
ragm (c); then air passes through the valve. By using adjusting the valve begin-
ning the quantity of cold air and the temperature drop may be numerous. The

maximum drop is obtained for a particular establishing of the valve. A decrease
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Figure 1. (A) (B) Layout of vortex tube.
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in temperature drop will end result by way of lowering the valve establishing
underneath this opening. Due to the vortex tube’s energy separations computa-
tion of the complex flow phenomena is a challenging task. Several theories were
formulated to explain the phenomena of temperature separation in the vortex
tube. Many studies have been conducted over the strength of separation pheno-
menon, the effects and performance of the vortex tube, consequences of geome-
trical parameters on the cold and hot temperatures which are lately curved vor-
tex tube turned into popular interest for the researchers. Currently, computa-
tional fluid dynamics (CFD) modeling has been successfully utilized to explain
the basic principles behind energy separation. CFD analysis helped to recognize
the energy separation and convey analysis phenomenon as much as a certain ex-
tent. Therefore, a model of the vortex has been designed and fabricated to ex-
amine the set-up which can show the effect of geometrical parameters on the
overall performance of vortex tube [1] proposed that the switch of Tangential
shear work from inner to outer fluid layers is the cause of energy separation.
Ranque [2] proposed that the work switch as a result of compression and en-
largement results is the primary reason for the temperature separation within
the tube. Harnett and Eckert [3] present the phenomena occurring due to tur-
bulent rotating flow with solid body rotation inside the vortex tube during the
temperature-energy distribution. Because turbulent movement has a huge spec-
trum of eddy sizes, and big swirl (related to low-frequency fluctuations) and
small swirl (associated with excessive frequency fluctuations) can coexist inside
the equal extent of fluid, they recommend that the wide spectrum of vortex is the
cause for the phenomena of temperature separation. Ahlborn and Groves [4]
proposed that the embedded secondary flow is the phenomena that purpose the
energy separation. They measured the axial and azimuthal speed components to
attain the conclusion. Stephan [5] proposed that the formation of vortex on the
inside wall of the vortex tube is the purpose that drives the fluid motion inside
the vortex tube. Good efforts are flow-smart secondary flows that appear in a
boundary layer go with the flow along a concave wall. If the boundary layer
thickness is corresponding to the radius of curvature, the centrifugal action creates
a pressure variation across the boundary layer. This leads to the centrifugal in-
stability of the boundary layer and the consequent formation of better efforts [6]
[7]. There work consists of effects of change in lengths and diameters of warm
and cold tubes form of entrance nozzle advanced three-dimensional numerical
version to apprehend the go with the flow traits and energy separation pheno-
menon [8].

Using a 3-D CFD model has very small millions of cells to analyze the flow
field of RHVT. Authors reported that drag force caused due to the pressure dif-
ference between the flow field in RHVT and cold end acts constantly on particles
that moving towards the hot end. When there is no particle left with any mo-
mentum to flow opposite of this pressure gradient, however, the axial velocity
close down to zero and later on inverse its direction of flow, by moving towards

the cold end [9]. The main reason of difficulties in obtaining experimental mea-
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surements within the vortex tube, there has no longer been consistent informa-
tion to do with the flow behavior, by using of a special pitot tube and thermo-
couple mechanism to measure the pressure, velocity and temperature separation
inside a counter flow vortex tube with Nitrogen. It shows that the cone angle has
an influential effect on the performance of the vortex tube [10]. The Comparing
of CFD model with the experimental measurement uses different diameter D, 2
D, 0.5 D, 0.25 D, 0.125 D from that they conclude that for a small diameter has a
low effect [11]. Behavior on energy separation and flow field properties of a vor-
tex tube by utilize helical nozzles. Simulated and analyzed numerically the flow
and thermal field behavior of parallel Flow vortex tube [12]. Secondary zone
model is found at the core region near the inlet to the middle of the vortex tube
[13]. In recent years, the mechanism of (CFD) computational fluid dynamics
modeling has been advanced for more surveys and simplification. Some re-
searchers utilized a CFD model analysis to study the flow field and the tempera-
ture separation phenomena and conclude that separation occurs when an inlet
pressure is sufficiently high [14] [15] [16] [17]. Some previous studies had
shown that the CFD model tasted the velocity, pressure, and temperature inside
a vortex tube is basic factors for the separation of hot and cold temperatures [18]
[19] [20].

Conduct a CFX two-dimensional code to simulate the separation phenome-
non in VT with gaseous air at cryogenic temperature as a working fluid. The re-
sults show that the energy separation decreases with an increase in hot outlet
mass fraction [21] [22] [23]. The effect of varying the cone valve diameter and
also increasing the inlet air pressure on the performance of the inflow vortex
tube using two nozzles diameter investigated experimentally [24]. The present
study provides a comparison of the results obtained by using these turbulence
models [25].

The revised literature noticed that the quality characteristic relating to the ef-
fect like temperature difference, increased with the increase of inlet pressure and
cold mass fraction and decreased with the increase in nozzle number [26] [27]
[28] [29] [30]. The main objective of the current research is to determine the op-
timum value of cold and hot end temperature and mass of the cold air with im-
proving the COP and cooling effect by designing the vortex tube with the best
possible design parameters with the help of CFD and experimental techniques.
From the past research, experimental results provide comparisons with theoret-
ical approximations and thus validation of the suggested method has been de-
scribed.

The first part of the current study focuses on the experimentation of the vortex
tube using CFD by preparing the three-dimensional flow domains to find out the
optimum value of cold and hot end temperature. The second part includes the de-
sign and manufacturing of diverge model of vortex tube which is given in Figure
2. The experimental test set up is carried out in a laboratory and an experiment

was performed to determine the optimum value of cold and hot end temperature.
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Figure 2. Fabricated model of vortex tube.

In the last part of this work consists of, comparison of the results obtained from
CFD analysis and experimental studies.
Hence, on the base of the geometrical parameter is given in Table 1, A fabri-

cated model was obtained as shown in Figure 2.

2. Materials and Methods

The principal objective of the current research is to find out the optimum value
show off the results of the CFD and experimental modeling of the vortex tube
and evaluate with each different to get fine result. Experimenting with steeliness
metal material, converting all geometric parameters of the vortex tube are few
fundamental newly sampled changes shown in Figure 2.

A model of vortex tube is created in solid work by using basic parameters and
after that assembly is imported into workbench analysis for the uses of fluent
flow. The vortex tube boundary conditions and dimensions are used.

This study is similar to those used by Behera [25]. In the three-dimensional
CFD model of the vortex tube analysis is then conducted in ANSYS-Fluent pack-
age by keeping time unsteady k-turbulence model. Air is used as the working
medium the geometry (physical bounds) of the model is described. The quantity
occupied via the fluid is divided into discrete cells (the mesh). The mesh may be
uniform or non-uniform. Physical modeling is described for example; the equa-
tions of motions, enthalpy, radiation, species conservation boundary conditions
are described. This involves specifying the fluid conduct and properties at the
boundaries of the problem. For transient issues, the initial condition is also de-
scribed. The simulation is run and the equations are solved iteratively as a regu-
lar or transient. Finally, a postprocessor is used for the analysis and visualization
of the resulting solution. CFD can be used to decide the overall performance of a
factor on the layout design, or it could be used to analyses difficulties with an
existing component and result in its stepped forward design. For example, the
strain drop via an element can be considered immoderate: the first step is to be-
come aware of the region of interest: The geometry of the vicinity of interest is
then defined. If the geometry already exists in CAD, it can be imported without
directly. The mesh is then created. After importing the mesh into the preprocessor,

DOI: 10.4236/0jfd.2020.103010

155 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2020.103010

M. Bilal et al.

Table 1. Geometrical parameter of vortex tube.

Design Parameters Dimensions (mm) Material (steeliness steel)
Working tube length 520 -
Working tube inlet diameter (D) 50 -
Orifice diameter 50 -
Diameter of inlet nozzle Dn 50 -
Number of nozzles 4 -
Cold exit length 20 -
Hot exit area 500 -

different elements of the simulation including the boundary conditions (inlets,
outlet, mass flow rate, etc.) and all the fluid properties like viscosity, density,
thermal conductivity are described. The flow solver is administered to provide a
record of results that comprise the version of speed, pressure, and other variables
at some point of the place of interest. The results can be visualized and may pro-
vide the engineer and knowledge of the conduct of the fluid throughout the vi-
cinity of behavior. This could cause modifications changes which can be ex-
amined by using converting the geometry of the CFD version and seeing the
impact. The procedure of acting a single CFD simulation is break up into four
additives. The path-lines representing the flow path are as shown in Figure 3 the
overall CFD results are drawn for the vortex tube with better performance in
Table 2.

2.1. Experimental Set-Up

A test rig is designed and constructed in the laboratory where a compressed air
outlet is located. Experiments were carried out at various operating conditions.
To observe the experimental configuration of energy separation inside the vortex
tube experimental tests have been designs by using the given parameters in Ta-
ble 1. Ambient air is compressed by the compressor. the air coming from the
compressor bypass through a pipe into the tube at first compressor was put on to
get the compressed air at required pressure frequently from the receiver, the air
is first injected into tube chamber passing through the nozzle the air input the
tube with tangential velocity due to which create spiral inner in the tube. Digital
Thermocouples used at the cold and hot exits of the vortex tube to measure the
temperature. The thermocouples are coupled with the millimeters to take the
temperature readings both temperatures at the hot and cold sides. Mass flow
meters provided at the inlet and the hot outlet is used to measure the inlet mass
flow rate and the hot outlet flow rate. A manometer is used to measure the stress
and additionally measure. Volumetric drift meter is installed to calculate the
mass flow with the flow fee of the compressed air. Airflow was allowed to con-
tinue the flow and temperature up to reach on steady-state. A series of experi-
ments are carried out to analyze the performance of the system and to optimize
the geometrical parameters. The experimental set up is given in Figure 4.
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Figure 3. Total temperature along the vortex tube.
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Figure 4. Experimental set up.

Table 2. CFD result.

CFD Results Inlet pressure Cold Temperature Hot Temperature
Number Pi (bar) Tc (°C) Th (°C)
1 6 16.99 30.50
2 8 14.30 32.02
3 10 13.19 34.05
4 12 11.60 36.10
5 14 9.00 39.88
6 16 7.55 41.20
7 18 5.70 43.54

Measuring Instruments Specification

In Table 3, the range of the digital thermocouple type is from —50°C to 300°C
while accuracy is —20°C to 120°C is connected to both hot and cold side streams.
Temperature readings of cold side and hot sides are observed by varying in the
inlet pressure values from 18 bars. Manometer is used for pressure measuring
range from 0 to 200 bars and volumetric flow meter is used for flow measuring.

To determine the range of temperature difference for thermoelectric operation,
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Table 3. Measuring instruments.

Sr. No. Instrument Range
1 Digital Thermocouple —-50°C +300°C
2 Manometer 0 - 200 bars
3 Volumetric flow meter 0 - 500 SLPM

the thermoelectric module was examined and the experimental result shown in
Table 4.

3. Result and Discussion

Experimental analysis has been performed to examine the temperature differ-
ence. Various observations were received for specific parameters of the vortex
tube, the hot and cold side temperatures for special inlet pressure. Table 4 which
is given suggests the variant in ATc and ATh with the variation in any change of
the following. Because the cone angle was reduced and better results had been
acquired. As we develop the cone in the hot tube as much as sure level, we get
the most efficient temperature variety. The angle became kept 11° for obtaining

the most excellent effects is shown in Figure 5.

3.1. The Effect of Change in Inlet Pressure on Cool Temperature

The effect of change in cold temperature is along with the change in inlet pres-
sure. It is observed that the temperature difference increased with the increase in
the inlet pressure. For an inlet pressure of 18 bars, the cold temperature ATc
changed as 3.70°C. The figure shows that the impact of an Increase in ATc with

an increase in inlet pressure is directly related to Pi is given in Figure 6.

3.2. The Effect of Change in Inlet Pressure on Hot Temperature

The impact of alternate hot temperature difference concerning with the change
in inlet pressure. It seems to determine that the temperature difference improved
with the mild difference with the change in inlet pressure. For an inlet pressure
of 18 bar, the hot end temperature ATh was obtained as 42.09°C. An increase in

ATh with an increase in inlet pressure Pi is shown in Figure 7.

3.3. Effect on the Performance of Vortex Tube of the Nozzle

It is important to have a high peripheral velocity in the portion of the tube im-
mediately after the nozzle. The nozzle curve affects the performance of vortex
tube. The two conventional types of nozzles are a normal rectangle and Archi-
medes’ spiral nozzles. In addition, the two types of conventional nozzle reach the
peak of the cooling effect this improvement can make the nozzle gain a larger

cooling rate per unit mass.

3.4. Effect of Hot Tube Length

The impact of hot tube length on temperature separation became observed. It
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Table 4. Experimental results.

Experimental Results

Inlet pressure

Cold Temperature

Hot Temperature

Sr. No. Pi (bar) Tc (°C) Th (°C)
1 6 15.93 33.05
2 8 13.52 34.84
3 10 11.26 35.69
4 12 9.27 37.10
5 14 6.70 39.30
6 16 4.66 41.22
7 18 3.70 42.09

w
o

Temperature (C)
N
o

18

5 10 15 20 25 30
Inlet pressure (bar)
Figure 5. Comparison between experimental and CFD analysis.
NS |
\\\ - (t:)'(:r[)),cml(:’ ttelfip
. 1 cold temp
NN
\\‘
\\ \
\\‘»
6 8 10 12 14 16 18

Figure 6.
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Increase in ATc with increase in inlet pressure Pi.
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Figure 7. Increase in ATh with increase in inlet pressure Pi.

suggests the temperature gradients among the hot side and cold side outlet as a
characteristic of cold mass frication, at specific aspect ratio for extraordinary
lengths of vortex tube ratio, for variable tube period the inlet pressure and varie-
ty of nozzle changed into kept constant four nozzles respectively. It provided
that the temperature distinction for various duration of warm tube has a rela-
tively small difference. Experimental results indicate that the length of hot tube

has little effect on temperature.

4. Conclusions

The energy separation in a vortex tube has been investigated by CFD and expe-
rimental routes. The important outcomes of this study are as follows:

1) Experimental results show that the highest temperature reduction will be
obtained at the highest inlet pressure. It is found that the Inlet pressure is a key
parameter for the vortex tube performance.

2) Increasing the inlet pressure improves the energy separation effect in gen-
eral. However, when the ratio of inlet pressure to the cold outlet pressure ratio
becomes large, then the rate of the cold outlet temperature decreases and levels
are off. Furthermore, when this pressure ratio exceeds certain values so that
shock waves appear, the temperature starts to decrease, corresponding to a tran-
sition from subsonic to supersonic flow at the tube inlet.

3) An optimization of the temperature drop with geometric parameters has
been performed starting from the original design, and a large-scale optimized
vortex tube providing the required performance is found. The temperature at the
hot end increases with the decrease in the cone angle.

4) The vortex tube length to diameter ratio has a significant effect on the
energy separation process. Nozzle has widely affected on vortex tube perfor-
mance.

5) Comparing the experimental results with the obtained CFD results. The

DOI: 10.4236/0jfd.2020.103010

160 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2020.103010

M. Bilal et al.

CFD results were 8% higher than experimental additional confidence in the cur-
rent model.
6) Experimental validation study was used to design a computational model of

vortex tube with better thermal performance.
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