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the main part of the vortex tube, along which the energy separation procedure happens.
This research has been done to analyze the effect of the convergent angle and cold orifice
diameter on thermal efficiency of a convergent vortex tube. The convergent hot tube angle
varies over the range of 1 to 9 deg. Attention to the main angle effect denotes that the
highest thermal ability could be achieved at § = 5 deg. Experiments denote that both
cooling capability and heating effectiveness reach the highest magnitudes when Dcoia is
around 9 mm. After these two stages, the optimized convergent vortex tube is capable of
decreasing and rising air temperatures at the cold and the hot sides up to 9.05 K (42.89%)
and 10.48 K (44.74%), respectively. A computational fluid dynamics model is employed to
predict the performance of the convergent vortex tube. The numerical investigation is done
by full 3D steady-state CFD-simulation using FLUENT6.3.26. The results show that the
agreement between computation predictions and laboratory measurements is fairly good.

(© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

The air separators are typically classified according to
the flow direction arrangement. In the Ranque-Hilsch
vortex tube (Figure 1(a)), the separated cold and hot
fluids leave the hot tube in different directions; but
in the parallel ones (Figure 1(b)), the cold and hot
streams leave at one side and the exhaust flows are
in the same direction. The Ranque-Hilsch VT /vortex
tube is an invaluable tool without any moving part,
which has the ability to separate a high-pressure fluid
into the cold and the hot fluid streams. The inlet
injectors are tangenital to the hot tube; thus, this
condition leads the entering pressured gas to acquire
the circular motion, which gives the tool its name. At
one side of injector is a fixed flow restriction named
the ‘cold exhaust’ or ‘cold orifice’ and at the second
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end of the hot tube, there is a gas controller named
the ‘hot conical’ or ‘throttle valve’. These names are
derived from the nature of the vortex tube; i.e. the air
leaving the tube through the orifice is colder than the
entering air while the air leaving through the valve is
hotter. When the gas swirls to the center of the vortex-
chamber, it is expanded and cooled. After occurrence
of the energy separation procedure in the vortex tube,
the pressured inlet gas stream is separated into two
different gas streams including the cold and hot exit
gases. The VT systems often experience temperatures
or stream separations in the axial direction. The
classical or original VT was first invented (accidentally)
by a French engineer, Ranque, in 1933. Hilsch [1] was
a German physicist, in 1947 who worked on the perfor-
mance of vortex tube and improved its efficiency. He
methodically focused on the effect of the geometrical
parameters and the pressure of injectors of the VT
on its thermal performance and considered a possible
explanation for the thermal separation process inside
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Figure 1. A schematic drawing of (a) Ranque-Hilsch vortex tube [1], and (b) parallel vortex tube.

the VT. The energy separation enhancement inside
the vortex tube has received a lot of attention; thus,
several new designs have been applied and investigated
in industries/research. These research works can be
classified into two categories: computational/numerical
and experimental.

1.1. Ezxperimental studies

Many scientists have experimentally studied geomet-
rical aspects of vortex tube. They have attempted
to demonstrate the conditions in which the highest
efficiency is achieved. The thermophysical and geomet-
rical parameters are the significant factors by which the
efficiency of VT is affected [2].

Saidi and Valipour [2] classified the affecting
factors as the thermophysical factors (such as the
pressure of injected gas, type of injected gas, and
cold flow ratio, and humidity of injected gas) and the
geometrical concepts. Xue and Arjomandi [3] analyzed
the effect of rotating flow angle on the efficiency of
vortex tube. To find the best rotating angle, they
applied several vortex angle generators. It is concluded
that using the smaller rotating angle leads to better
thermal efficiency of the vortex tube. Dincer et al. [4]
have also experimentally focused on the influences of
the position, radius, and pressure of injectors, nozzle
injector numbers, and mobile plug angle on the air
separator cooling capability. The best combination
of the geometrical designs is achieved for the plug
radius of 2.5 mm and tip angle of 30 deg when letting
the fluid inject into the vortex chamber through 4
injectors. Since the fluid pattern in the vortex tubes
is quite complex and fully turbulent, the theory is
very weak. The optimum parameters are commonly
measured experimentally. The parameters, especially
for the vortex tube, rely heavily on the particular
manufacturer’s design.

A series of complete and successful experimental
tests have been performed by Aydin and Baki [5] to
determine the effects of pipe length, nozzle injector
radius, and control/throttle valve angle on the cooling
ability of the VT. Their tests have been done for

different air pressures. Based upon their results, better
efficiency could be obtained by applying higher inlet
pressure. Thus, higher pressure means better cooling
ability. They have also noted that the cold mass
ratio is an effective parameter influencing the thermal
separation phenomenon inside the vortex tube. The
best/optimum values for the pipe length, the nozzle
injector radius, and the control/throttle valve angle are
determined. Rafiee and Sadeghiazad [6,7] conducted
computationally and experimentally a comparative in-
vestigation into the length of cone at the hot exhaust.
As their results, better cooling capability/efficiency
could be obtained by applying the optimal cone length.
Rafiee and Rahimi [8] designed a vortex chamber
with the convergent nozzles. They conducted some
numerical and experimental works on the heat transfer
and thermal separation phenomenon of the vortex
tubes with the convergent nozzles under different inlet
pressures at injectors. They found the optimum model
using computational methods (k—e turbulence model).
Rafiee and Sadeghiazad [9] made an experiment to find
the effect of hot conical valve angle on the heat transfer
and cooling efficiency of the vortex tube and obtained
the best or optimal angle (numerical optimization) with
respect to the original case. Rafiee et al. [10] designed a
vortex tube with the curved hot tube. They conducted
some numerical and experimental works on the heat
transfer and thermal separation phenomenon of the
vortex tubes with the curved main tube under different
inlet pressures at injectors. They found the optimum
angle using computational methods (RSM turbulence
model). Their tests show that we have an optimum
model between # = 0 and 6 = 20°.

1.2. Numerical studies

Berber et al. [11] used fuzzy modeling to estimate
the flow treatment and thermal performance of a
VT. Using numerical methods is more economical
than experimental tests. They applied 81 series of
experimental data collections to train the numerical
algorithm. Several three-dimensional CFD modelings
were done by Rafiee and his co-workers [12] by using
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a Computational Fluid Dynamics (CFD) code to op-
timize the vortex tube factors. The simulated results
denote that the vortex chamber radius and the shape of
nozzles have different significant effects on the cooling
ability of VT. The improvement of cooling capability
caused by using the helical nozzles and convergent
helical nozzles under the certain operating conditions
was computationally predicted. Rafiee et al. [13,14]
numerically investigated the effect of working tube
radius and the rounding off edge on vortex tube perfor-
mance and determined the optimum radii. Pourmah-
moud et al. [15] also performed a numerical study on
working fluid importance in vortex tube applications
and their study showed that CO.; was better than
Os, Na, and air. Rahimi et al. [16] conducted a
numerical simulation to analyze the effect of divergent
hot tubes on thermal performance of vortex tube.
Pourmahmoud et al. [17,18] carried out a numerical
study to investigate the flow field and temperature
separation phenomenon inside the vortex tube. Rafiee
and Sadeghiazad [19] introduced a 3D CFD exergy
analysis on the flow separation inside the vortex tube.
A precise design of the main/hot tube angle and cold
orifice geometries leads to better cooling performance
of the convergent VT. A convergent tube can be defined
based on using a convergent angle. It should be pointed
out that experimental and numerical investigations into
optimization of the convergent hot tube angle and the
diameter of cold orifice in convergent vortex tubes have
not been carried out. In this investigation, the authors
believe that choosing an appropriate convergent hot
tube angle for the main tube is one of the important
physical factors to obtain the highest cooling capability
and heating effectiveness.

2. Basic concepts

The general concepts and the presentation of results are
exactly the same for all of the RHVT (Ranque-Hilsch
Vortex Tube) and PVT (Parallel Vortex Tube) vortex
tubes. The performance graphs are almost always
presented for the hot and cold exhaust temperature
drops (AThot and ATioa). The basic independent
input is taken to be the inlet temperature or pressure
(in K or M/kPa). The dependent values or “output”
are taken to be the hot and cold exhaust temperature

drops (ATt and AT.,q) and efficiency (n). These

concepts can be presented or defined as follows:
AT‘cold = ﬂnlet - Tcold7 (1)
Airhot = Thot - T‘inleb (2>

In the entire vortex tubes (PVT/RHVT), a throttle
valve at the hot side manages the fluid streams. Here,
a fundamental physical concept should be remembered
as the cold flow ratio. This factor can be given as:

The rate of cold mass flow (rcora)

=a. 3
The rate of inlet mass flow (1inlet) (3)
The isentropic approximations are usual in the

compressible-flow theory. Isentropic efficiency is given
by:

o= AT _Ti-T. T, - T.

ATis [ Tzs

where, AT;s, AT,, P;, and P, denote the isentropic
temperature drop, cold temperature drop, pressure
inlet, and ambient pressure, respectively.

3. Experimental setup and error analysis

The specific values of the geometrical parameters of
CVT (Convergent Vortex Tube) are presented in Ta-
ble 1 for different convergent vortex tubes. In order to
find out the effect of convergent main tube on vortex
tube cooling or heating efficiency, some experimental
studies were carried out. The experimental set up/tests
and the measurement methods are explained in this
part. Figure 2 shows the sketch of the convergent VT
system. The experimental setup is sketched schemati-
cally in Figure 3. Since the air separator (vortex tube)
works with no source of heat and work, the thermal
process (energy separation process) is driven only by
the high-pressure fluid injected into the inlet injector
(nozzle). The high-pressure air is directed from the air
pipe line into the vortex tube injectors and it enters
through the nozzle generator slats. The high-speed
air creates a vortex stream in the generator chamber.
This swirl flow is divided into two streams due to

Table 1. Geometrical factors of convergent VT which is evaluated in tests.

Number of injectors

Cold orifice diameter

Angle of convergent hot tube

Length of convergent hot tube

Conical valve

Nozzle section

4

7.5, 8,8.5,9, and 9.5 mm
0,1, 3,5, 7, and 9 deg
185 mm

Truncated cone

1.3 x 1.4 mm
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Figure 2. A schematic drawing of the convergent vortex
tube.
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5: Inlet nozzle
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7: Cold outlet digital manometer
8: Hot outlet digital manometer

Figure 3. Schematic drawing of the experimental setup.

the thermal separation effect/phenomenon. The cold
air leaves the convergent vortex tube from one end
side (axis region or the cold orifice), while the hot air
leaves the vortex tube through a channel in the outer
part. The inlet pressure at injectors was controlled
by a special pressure controller or a regulator and
the cold flow fraction was controlled by a valve. The
temperatures of the air at the injectors (to determine
the air temperature/pressure, a PT 100 temperature
sensor and a pressure transmitter were adjusted at the
gates) or the hot/cold end outlet were determined using
PT100 thermal resistance. Two rotameters were used
to measure the mass flow rate of both exhausts and
each rotameter was calibrated in its working range of
temperature respectively. The pressure of injected air
at the inlet injector was kept at 0.65 MPa by adjusting
the valve whenever the condition changed. The valve
at the cold line was initially closed and turned up
slowly. The results were taken when the operating
condition and the cold mass fraction remained stable.
Temperature drop initially occurred in the cold side
(expansion part) of the main tube and extended to
the cold orifice with action of the valve. It has been
confirmed that for a common vortex tube, as cold
fraction rises up, the cold-side temperature first shows

a trend of decrease and then increases. Also, the lowest
cold-side temperature is usually gained within the cold
flow ratio range of 0.2 to 0.35. In this study, the
lowest cold-side temperature occurred at 0.23-0.35. In
this study, six hot tubes with six convergent angles
of B = 0, 1, 3, 5, 7, and 9 deg are considered.
Also, five different cold orifices of 7.5, 8, 8.5, 9, and
9.5 mm for the Cold Diameter have been used. The
convergent length is fixed at 185 mm. The geometrical
factors are listed in Table 1. The error analyses of
pressure and temperature measurements are described
in this part. The maximal errors in pressure and
temperature were presented by applying the procedure
illustrated by Moffat [20]. The mentioned errors were
determined with the minimum magnitudes of accuracy
of the instrument and the output. If a considered value
k relies on independent variables such as z;, then the
error in the value of k is calculated by:

In this equation, Jz;/z; is the error in the independent
term, dz; is the measuring instrument accuracy, and
z; is the minimal magnitude of the measured output.
Pressure and temperature are directly considered in file
with accuracy of 0.01 bar and 0.1°C, respectively. The
maximum feasible errors in the case of pressure and
temperature measurement are:

57T: dTpT100 2+ OTog ?
T T‘min irlni“
05\%  /0.1)\?
_\/<10> +(10) = 0.05 = 5%, (6)
OP _ [(OPuwans ", (0Pug)’
P o Rnin Rnin
0.01\? /0.01)\?
_\/(111> +(111) —001=1%. (7

4., CFD equations

The gas in the numerical model can be assumed as
a compressible, fully turbulent, and three-dimensional
flow. The fully turbulent nature of the air stream
is considered by the k — ¢ turbulence viscous model.
The computational fluid dynamics code employs the
FVM (Finite Volume Method) approach and uses the
SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) velocity-pressure coupling algorithm. Also,
the second-order upwind discretization is used.
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4.1. Continuity equation

In computational fluid dynamics/CFD approach, the
expression of law of mass conservation is the continuity
equation; it can be written as (in vector form):

Xy apn=o, ®
where, p represents density, ¢’ is velocity of fluid
streams, and ¢ is time.

Eq. (8) is the mass conservation law and is valid
for compressible streams as well as incompressible
fields. For steady-state simulation with no mass
addition within the domain, the appropriate form of
the conservation law is:

A (p7) = 0. (9)

4.2. Momentum conservation equation

The second law of Newton explains that the rate of
momentum change of a particle in fluid field equals
the sum of flow forces (two types including body and
surface forces) on the particle in fluid. The z, y, and
z-momentum increase rates per unit volume of a flow
particle are written as:

DUI DUy D/UZ
. 1
P P ad e (10)
The body forces are:
BFa:7 BFy, and BF:~ (11)

The z-direction momentum equation is found by ad-
justing the z-momentum change rate of the flow par-
ticle (Eq. (10)) equal to the total force on the flow
element in the z direction:

Dv, OP B OTpa B OTyz  OTea

P + = - — Bp, = Oa
Dt oz or Jy 0z (12)
in the y direction:
pDvy aj B OTqy B OTyy B OT.y By =0,
Dt Jy Or Jy 0z (13)
and in the z direction:
Dv, 0P O9Or,, 01y, 0.,
P —_— - — — — Bp. =0.
Dt dz ox dy 0z o (14)

4.3. Emnergy equation

The equation of energy comes from the first law
of thermodynamics, which explains that the rate of
energy change of a particle in fluid is equal to the
heat addition rate to the particle in fluid plus the work
rate done on the particle in fluid. The rate of energy
increase in a flow stream or fluid per unit volume is
given by:

DE
Ppr

The governing equations can usually be presented as:

%(pE) v (keffVT - hidi + (Teff x ﬁ))

(15)

— S, + (B(pE + P)) = 0, (16)

v
2

E=h+— — (17)

S

In the mentioned equation, the effective conductivity
is presented as kg, the diffusion flux 7 is J_;, and S, is
the chemical reaction heat. We assumed that the fluid
or air was an ideal gas; thus, the compressible effect is
estimated by:

p= pRT. (18)

4.4. Standard k — ¢ model equation

The standard k& — ¢ turbulence computing is a semi-
empirical modeling on the basis of computational
transport equations for the dissipation rate (¢) and flow
turbulent kinetic energy (k). In the explanation of k—¢
turbulence computing, the assumptions are that first,
the flow is fully turbulent and second, the molecular
viscosity effects are neglected. The transport equations
are:

9 B w ok 8
@(Pk) " o, [(M'i‘ %) 3%} + &vi(pkul)

-G —Grpy+pe+Yy — S, =0, (19)

and:

0 ad e\ Oe 0

2
£ £
- Cls%(Gk - Gb035)+026p? - Sg=0,(20)

where, GG, shows the turbulent kinetic energy genera-
tion by the mean velocity variations and G represents
the turbulence kinetic energy generation by buoyancy.
In fact, the constants in these equations are presented
by Ci., Cs, and C3.. Also, 0. and o represent
turbulent Prandtl numbers regarding ¢ and k.

5. CFD simulation and mesh independence
test

In this investigation, ANSYS FLUENT software was
used to predict the heat and mass transfer procedure
in the convergent vortex tube. In order to simplify the
computations, the following assumptions were consid-
ered:
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Table 2. Under-relaxation factors applied for predictions.

Under-relaxation factor Default value Step 1] Step2 Step3 Step4 Step5 Step 6
Pressure 0.3 0.1 0.2 0.3 0.3 0.3 0.3
Deunsity 1 0.1 0.4 0.6 0.8 0.9 1
Body force 1 0.1 0.4 0.6 0.8 0.9 1
Momentum 0.7 0.1 0.3 0.5 0.6 0.7 0.7
Turbulent kinetic energy 0.8 0.1 0.3 0.5 0.7 0.8 0.8
Turbulent dissipation rate 0.8 0.1 0.3 0.5 0.7 0.8 0.8
Turbulent viscosity 1 0.1 0.4 0.6 0.8 0.9 1
Energy 1 0.1 0.4 0.6 0.8 0.9 1

(d)

Figure 4. Schematic plot of boundary conditions.

1. The outer walls were considered as insulated sur-
faces;

2. The air flow in each part of the vortex tube was
fully turbulent;

3. The fluid flow was in steady state and compressible.

The simulation or computation is on the basis of the
pre-set operation geometries as shown in Table 1.
A computational model and the real model are ge-
ometrically the same if and only if all geometrical
dimensions in all three dimensions have the same
values. The three-dimensional mesh grids have been
shown in Figure 4. The convergent hot tube angle
of the main tube and the diameter of cold orifice
are the major geometrical parameters which affect the
cooling ability or heating effectiveness. Further exper-
imental/computational results are taken by changing
one of these factors when other geometrical factors
are maintained constant. The grid for the numeri-
cal domain was created applying Gambit. Different
grid numbers have been employed to check the mesh
independency. Mesh independence test is important
to ascertain validity, stability, and accuracy of the
computational results. This section demonstrates the
mesh independence test of the vortex tube in detail.

Five tests are performed for mesh numbers of 740,527,
980,100, 1,285,895, 1,861,432, and 2,951,940. The cold
temperature difference (AT, ) regarding this models are
15.48, 17.82, 20.19, 20.52, and 20.97 K, respectively
(For 8 =0, Leonvergent = 185 mm and Deolg = 8 mm).
The relative error of AT, between case 3 and case 4 is
1.6% and the mesh number of 1,285,895 is finally chosen
considering the validity, stability, and accuracy of the
numerical data and the computer resource. The range
of values for the under-relaxation factors is denoted in
Table 2 step by step. This is to improve stability. In
fact, the low under-relaxation factors help to provide
stability for the solution, especially for the high-speed
flows (the flow field inside the vortex tube). Setting
low values for URFs means that it will take longer to
reach the final solution. Thus, in this way, the solution
is more reliable and accurate.

6. Boundary conditions

The numerical domain is composed of three boundary
surfaces: inlet, cold outlet, and hot outlet surfaces as
in the schematic in Figure 5. We start by considering
the boundary conditions within the wall of the vortex
tube. To produce the uniform inlet flow and velocity
pattern and avoid velocity with a circular pattern, the
numerical domain is extended along the inlet by 2 times
the nozzle length at the position of the injector. At the
injector or inlet surface, the air enters the numerical

Inlet nozzle (pressure-inlet)

1)
"'#:'. Wall (isolated surface)

o
[
s

Hot exit (pressure-outlet)

Convergent vortex tube

Cold exit (pressure-outlet)

Figure 5. Schematic demonstration of mesh domain: (a)
Convergent VT; (b) straight VT; (c) control valve
position; and (d) nozzle injectors position.
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Table 3. Boundary conditions.

.. Pres: inlet,
Inlet injectors ressure m:et,

Temperature 293 K

Pressure-outlet,

Experimental pressure,
Cold outlet Initial Mach number 0.3,
z direction velocity,

Initial temperature 290 K

Pressure-outlet,
Initial Mach number 0.4,
Hot outlet z direction velocity,

Initial temperature 320 K

domain along the y direction at the certain pressure
Pijet and the inlet temperature Tiner (293 K), and
the cold pressure component along the z direction
is set to be the experimental pressure value (cold
experimental pressure). On the basis of the Fluent
Manual offer, the turbulent intensity K is 5%. As
we know, the air flow or fluid pattern plays a strong
and important role in the cooling ability of vortex
tube, and the geometrical factors of the convergent
vortex tube have great influences on the cooling ability
and heating efficiency. Thus, proper optimization is
essential for geometrical parameters. The boundary
conditions corresponding to the surfaces for the CFD
model are summarized in Table 3.

7. Validation

Apart from the mesh-independency analysis, we should
verify and analyze the numerical accuracy of the
computational model.

The numerical geometry parameters of the con-
vergent vortex tube are the same with the ones de-
noted in the experimental tests. Emphasis is on
the temperatures at the end sides (hot and cold)
as these factors have a high level of importance for
the efficiency comparison. All reported comparisons
between the numerical results and the measured or
laboratory data are presented in terms of the cold
flow ratio. Following the comparison and validation
processes recommended in previous studies [7,8], the
experimental comparison/validation of the numerical
method was done under different values of § in the
mentioned operating condition, by comparing the cold
and the hot temperature drops at the exit sides (cold
and hot), as shown in Figure 6. In fact, changing
the pressure at the hot side caused the pressure at
the cold side to change as the pressure difference
corresponded to the additional fluid stream through
the cold end side. According to the results, the 3D
CFD model usually over-predicted (contrary to the

predicted temperature drops) the pressure at the hot
side required for a specific cold flow ratio; however, the
general treatment agrees very well with experimental
results. The temperature at the injectors in the model
was fixed, as a constant value, at 293 K, which was
equal to the taken temperature at the inlet line to
the air separator. To use the air separator/VT with
the cold flow ratios lower than 0.35, it was important
to rise the pressure at the cold side, which was done
applying the valves on the rotameters at the cold
line; pressure rise of air at the cold side results in
a corresponding pressure rise of flow at the hot end.
The maximum and the average discrepancies between
the simulated /predicted cold temperature drop and the
experimental values are 4.31% and 2.23%, respectively,
and the maximum and the average discrepancies be-
tween the simulated/predicted hot temperature drop
and the experimental values are 5.82% and 2.52%,
respectively. The full and exact agreement between
the simulated and the experimental data proves that
the present computational simulation and method are
reliable to analyze and predict the heat separation
and the flow treatments. It is very important that
in the computational modeling, the pressure of cold
side/exhaust was fixed at the measured experimental
pressure and the pressure at the hot side was iteratively
adjusted until the experimental cold flow ratio was
reached. Figure 6 shows the thermophysical charac-
teristic variations for 8 = 0°, 1°, 3°, 5°, 7°, and 9°,
Leonvergent = 185 mm, and Do = 8 mm. Tables 4
and 5 denote the disagreement between the predicted
and the laboratory data for the cold and hot measured
temperatures data at the optimal cold flow ratio.

8. Results and discussion

In these activities, the experiments and the simulations
focused on the effects of main or hot tube convergent
angle and cold orifice diameter on the cooling ability
of convergent vortex tube. The optimum values have
been selected for all series and the effect of hot tube
angle on the cooling value is studied.

Table 4. The disagreement between laboratory and
measured results for cold thermal drop at optimal cold
flow ratio.

Angle AT.Exp AT.Num Disagreement
(deg)  (K) (K) (%)
=0 21.1 20.19 4.31
pf=1 22.54 22.85 1.37
p=3 25.07 24.84 0.91
p=5 27.86 26.85 3.62
B=T1 26.25 26.67 1.6
5=9 18.32 18.03 1.58




1760

30

—— ATcExp
—— ATcCFD
25 |—4— AThExp
—— AThCFD

20f

AT/K

15F
10F

0.2 0.4 0.6 0.8 1.0
Cold mass fraction

ow
of

35

—— ATcExp -4 AThExp

30 —— ATcCFD —- AThCFD

25 |

20 |

AT/K

15|

10 |

0.0 0.2 0.4 0.6 0.8 1.0
Cold mass fraction

30 [ [ ATcExp —& AThExp
[| <= ATcCFD — AThCFD

25F

20 F

AT/K

15F

1o oy
0.0 0.2 0.4 0.6 0.8 1.0

Cold mass fraction

S.E. Rafiee and M.M. Sadeghiazad/Scientia Iranica, Transactions B: Mechanical Engineering 23 (2016) 1753-1766

30
—— ATcExp — AThExp =1
o5 ATcCFD —+ AThCFD
= a0}
B~
<
15}
10}
5
0.0 0.2 0.4 0.6 0.8 1.0
Cold mass fraction
—— ATcExp —4— AThExp B=5
32| - ATcCFD — AThCFD
27}
e
=
q 22t
17}
12 " " . R
0.0 0.2 0.4 0.6 0.8 1.0
Cold mass fraction
__F~ ATcExp =4 AThExp B=9
27F| - ATcCFD — AThCFD
22
< [
= [
§ 17}
12
-t

0.0 0.2 0.4 0.6 0.8 1.0
Cold mass fraction

Figure 6. Model validation for different convergent hot tubes.

Table 5. The disagreement between laboratory and
measured results for hot thermal drop at optimal cold flow

ratio.
Angle AT,Exp ATp,Num Disagreement
(deg) () (K) (%)
p=0 23.42 22.91 2.17
p=1 25.19 25.24 0.19
p=3 28.25 27.84 1.45
p=5 29.56 28.31 4.22
p=T 27.45 25.85 5.82
B=9 25.98 26.32 1.3

8.1. Effect of convergent angle

In this section, the effects of main tube angle (3) are
tested experimentally and computationally on the cool-
ing capability and heating effectiveness. Six hot/main
tubes are used in these setups with the main/hot tube
angles of 0, 1, 3, 5, 7, and 9 deg. It should be
emphasized that the effect of angle of convergent hot
tube has not been analyzed in the previous scientific

31
Deora = 8 mm

26

21

ATh/K
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Figure 7. Effect of convergent hot tube angle on hot

temperature drop.

research. Main tube is the main conduit and the
flow is separated through this part. Thus, the shape
or the change of hot tube angle influences the flow
treatment and heat manner inside the air separator and
the cooling ability as a consequence. Figures 7 and 8
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Figure 8. Effect of convergent hot tube angle on cold
temperature drop.

demonstrate the thermal difference variation against
the cold ratio variance. As shown in Figures 7 and 8§,
for each main tube, hot temperature drop improved
continuously over the cold fraction period of 0.15 to 0.8;
then, it decreased over the range of 0.8 to 0.9. Also, the
cold thermal drop denoted a similar trend. The cold
thermal drop ascended over the cold fraction period of
0.15 to 0.25 and then descended. The cold drop reaches
the maximum value at o = 0.23 — 0.35 and then drops
to the minimum value at o = 0.82 — 0.9. It can be
understood that the hot tube angle has a significant
influence on the temperature drops. Attention to the
main angle effects denotes that the highest thermal
ability could be achieved at 3 = 5 deg. The thermal
graphs (cold and hot temperatures) prove that the
cooling and heating abilities rise using the convergent
hot tube except for at § = 9 deg. The results denote
that the cooling ability or effectiveness descends using
the hot tube angle 0 = 9 deg. In other words, the
convergent VT can obtain a high cooling and heating
effectiveness when the convergent angle of main tube is
equal to or less than 7 deg. Figures 7 and 8 emphasize
that both heating effectiveness and cooling effectiveness
reach a maximum value when the hot tube angle is
around 5 deg.

The improvement (compared to 5 = 0 or the
straight vortex tube) of heating and cooling abilities
is explained in Table 6. Table 6 shows the fact that
applying the convergent VTs and optimization of hot
tube convergent angle elevate the cooling and heating
effectiveness to around 32.03 and 26.21%, respectively.
The isentropic cooling efficiency of the convergent VT
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Figure 9. Effect of convergent hot tube angle on
convergent VT efficiency.

is calculated on basis of Eq. (4) as illustrated in
Figure 9. Because the isentropic cooling efficiency
is a function of cold thermal drop, it has a similar
variation with that of the cold temperature drop.
Actually, in Eq. (4), the cold thermal drop (AT,) is
multiplied by a constant value. By raising convergent
hot tube angle from 0 to 9 deg, the location of the
best cold flow ratio on the cold flow ratio axis is
between o = 0.23 and 0.35 (the best efficiency is taken
for the cold mass fraction changing between 0.23 and
0.35). The angle of 5 deg suggests the best cooling
efficiency among six hot tubes. This convergent main
tube offers the highest cooling efficiency among other
main tubes at the flow ratio of 0.35 with the cooling
efficiency of 22.9%. For convergent hot tube angles
smaller or greater than 5 deg, the efficiency decreases.
The cold flow ratio that corresponds to the maximum
cooling ability or efficiency (or cold temperature drop)
is named optimal cold flow ratio in this research. The
hot tube angle affects not only the efficiency value, but
also the position of the occurrence of optimum cold
flow ratio. Besides the cooling efficiency, the optimum
cold flow ratio is also affected by the convergent hot
tube angle. Figure 10 shows the temperature flow
fields inside the air separator for 8 = 5 (optimized)
and 0 deg (non-optimized), respectively. In order to
more explain the base of the optimization, a non-
optimized air separator or 3 = 0 case is shown in
Figure 10; the total temperature contours explain
the inappropriate flow structures caused by the non-
optimized hot tube. As a conclusion, the hot flow
field is confined in the middle region of the hot tube.

Table 6. AT improvement of convergent VT with optimum angle compared to 8 = 0 or straight vortex tube (basic

model).

B=1 B=3 B=5 B=7 pB=9
AT, improvement (%) 6.82 18.81 32.03 24.4 -13.17
ATy, improvement (%)  7.55 20.62 2621 1721 10.93
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Figure 10. Temperature fields for convergent V'T's and
straight one in comparison form.

The two streams are poorly separated and the vortex
tube is penalized. The maximum hot temperature
occurs in the middle region and is equal to 325 K,
while the maximum temperature should occur at the
hot end side. In optimized convergent vortex tube
(Figure 10(a)), the hot air with maximum temperature
is conducted in the hot end side and the maximum
temperature is equal to 332 K. Thus, the base of
thermal separation in the optimized convergent vortex
tube is so efficient compared to the straight one and it is
clear from this contour that the performance improves
with increasing the degree of convergent hot tube up to
5 deg. The velocity distribution and the total pressure
contours are shown in Figures 11 and 12, respectively.
According to Figure 12, the convergent vortex tube
(Figure 12(a)) has a greater magnitude of pressure drop
across the working tube than that of the straight VT
(Figure 12(b)). As seen in Figure 12, the convergent
VT pressure drop is 732.3 kPa across the main tube,
while this value is 697.9 kPa for the straight VT. This
value of pressure drop shows an appropriate energy and
flow separation procedure in the convergent VT.

8.2. Cold orifice diameter effect

Five cold orifices with various diameters are used in
this part of analysis with the cold orifice diameters of
7.5, 8, 85, 9, and 9.5 mm. It should be emphasized
that the effect of diameter of cold orifice of convergent
vortex tube has not been analyzed numerically and
experimentally in the previous scientific works (Saidi
and Valipour [3] analyzed the cold orifice diameter for
the straight vortex tubes, but not for the convergent
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Figure 11. Velocity fields for convergent VT's and
straight one in comparison form.

vortex tubes). The cooling and heating capabilities
of a VT air separator are influenced by both the
mentioned factors, i.e. the convergent main tube angle
and the diameter of cold orifice. The thermophysical
influence of the cold orifice diameter was identified
using the mentioned diameter (D.oq). The variations
of the trends of hot and cold thermal drops (AT}
and AT,) against the cold flow ratio are sketched in
Figures 13 and 14, respectively. The variations of
temperature drops have a similar trend with those of
the previous figures discussed in the previous section.
Figures 13 and 14 concentrate on the efficacy of the
cold orifice diameter (Dgola) in the cooling capability.
The laboratory results were taken by shifting the cold
orifice diameter between 7.5 and 9.5 mm, while holding
other parameters unchanged (3 = 5 deg) under the set
conditions. The rise in the horizontal axis values (cold
flow ratio) in a range of 0.15 to 0.8 creates a higher hot
temperature drop (Figure 13). According to Figures 13
and 14, the results display that the cooling drop and
the heating effectiveness rise with increasing cold orifice
diameter up to 9 mm. This may be due to the fact that
longer (up to 9 mm) cold orifice diameter leads to a rise
in the swirl velocity drop between the chamber and the
hot side. Therefore, the thermal separation process can
be improved in the channel. To gain a high cooling
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Figure 13. Effect of cold orifice diameter on hot
temperature drop.

ability and heating effectiveness, it is offered that the
cold orifice diameter should be at least 9 mm. For
these air separators in the setup, the product D.oq
was changed from 7.5 mm to 9 mm and from 9 mm
to 9.5 mm, while $ was considered to be 5 deg. All
other condition factors were considered fixed at the pre-
set operational condition, i.e. 4 injectors at chamber,
293 K of air temperature at the injectors, and air as
the system fluid. Figures 13 and 14 denoted that both
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Figure 14. Effect of cold orifice diameter on cold
temperature drop.

0.24f
0.22F
0.20f
0.18F
=
0.16 F
—— Dcola = 7.5 mm
0.14F | B Deola = 8.0 mm
’ —— Dcola = 8.5 mm
[ | —@— Dcola = 9.0 mm
012 [ | ----- Deola = 9.5 mm
ool o v v
0.0 0.2 0.4 0.6 0.8 1.0

Cold mass fraction

Figure 15. Effect of cold orifice diameter on convergent
VT efficiency.

cooling capability and heating effectiveness reach the
highest magnitudes when D o4 is around 9 mm. The
cold orifice diameters lower or higher than 9 mm lead
to upsets affecting the thermal or the fluid separation
processes of convergent vortex tube. This means that
a drop or increase of the cold orifice diameter from the
optimum cold orifice diameter (9 mm) leads to a sharp
drop in cold and hot thermal drops.

The improvement of heating and cooling abil-
ities is explained in Table 7 (compared to 8 = 0
or the straight vortex tube). Two previous tables
prove the fact that applying the convergent VTs and
the optimization of geometrical factors (cold orifice
diameter and angle) improve the cooling and heating
capabilities by around 42.89 and 44.74%, respectively.
Figure 15 displays the isentropic cooling efficiency for
all convergent vortex tubes with different cold orifices.
Among all orifices, the highest cooling efficiency is of
the orifice with the diameter of 9 mm. For this orifice,
the efficiency reaches 24.7% at the cold flow ratio of
0.33. The offered (optimized) cooling air separator was
capable of decreasing and rising the air temperatures
at the cold and hot sides up to 9.05 K (42.89%)
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Table 7. AT improvement of convergent VT with optimum diameter of cold orifice and convergent angle compared to

3 =0 or straight one (basic model).

D=75mm D=80mm D=85mm D=90mm D =9.5mm

AT, improvement (%) 21.89 32.03
ATy improvement (%) 26.6 26.21

36.58 42.89 35.78
37.7 44.74 28.65

Table 8. The disagreement between laboratory and
measured results for cold thermal drop at optimal cold
flow ratio.

Cold AT.Exp AT.Num Disagreement
diameter (K) (K) (%)
Dcola = 7.5 mm  25.72 24.92 3.12
Dcola = 8.0 mm  27.86 26.85 3.62
Dgolg = 8.5 mm  28.82 27.72 3.82
Dcola = 9.0 mm  30.15 28.89 4.17
Dcola = 9.5 mm  28.65 27.43 4.25

Table 9. The disagreement between laboratory and
measured results for hot thermal drop at optimal cold flow
ratio.

Cold ATpExp AT,Num Disagreement
diameter (K) (K) (%)
Dgola = 7.5 mm  29.65 29.02 2.12
Dcola = 8.0 mm  29.56 28.31 4.22
Dgola = 8.5 mm  32.25 30.83 4.40
Dcola = 9.0 mm 33.9 32.59 3.86
Dgola = 9.5 mm  30.13 29.41 2.38

and 10.48 K (44.74%). The same CFD confirmation
technique, which agrees well with our laboratory model
in Section 8.1, is also successfully applied in this part.
We present some brief comparison here. The average of
dissimilarities and the maximum disagreement between
the calculated AT, and the laboratory data are 3.8%
and 4.25%, respectively, and the average of dissimi-
larities and the maximum disagreement between the
calculated AT}, and the laboratory data are 3.39% and
4.40%, respectively. The good coordination between
the calculated and the laboratory outcomes proves that
the offered numerical model and the computational
way are dependable to decide on and predict the
flow manner in the convergent VTs. Tables 8 and 9
denote the disagreement between the predicted and the
laboratory data for the cold and hot measured data at
the optimal cold flow ratio.

9. Conclusions

The cooling capability and the heating effectiveness of
a convergent air separator vortex tube have been eval-
uated. In fact, the simplified convergent system used
for cooling or heating environments or tools has been

sketched and its output efficiencies in terms of thermal
performances at two separate stages (optimization of
convergent hot tube angle and cold orifice diameter)
are evaluated (experimentally and computationally).
Six hot/main tubes are used in these setups with the
main/hot tube angles of 0, 1, 3, 5, 7, and 9 deg. It can
be understood that the hot tube angle has a significant
influence on the temperature drops. Attention to main
angle effects denotes that the highest thermal ability
could be achieved at 5 = 5 deg. The laboratory
setup results show that applying the convergent VTs
and optimization of hot tube convergent angle elevate
the cooling effectiveness and heating effectiveness by
around 32.03 and 26.21%, respectively. This conver-
gent main tube offers the highest cooling efficiency
among other main tubes at the flow ratio of 0.35 with
the cooling efficiency of 22.9%. For convergent hot
tube angles smaller or greater than 5 deg, the efficiency
decreases. Five orifices with various diameters are used
in this part of analysis with the cold orifice diameters of
7.5, 8,8.5,9,and 9.5 mm. The experiments denote that
both cooling capability and heating effectiveness reach
the highest magnitudes when D.yq is around 9 mm.
The cold orifice diameters lower or higher than 9 mm
lead to upsets affecting the thermal or the fluid separa-
tion processes of convergent vortex tube. This means
that a drop or increase of the cold orifice diameter from
the optimum cold orifice diameter (9 mm) leads to a
sharp drop in the cold and hot thermal drops. After
these two stages, the offered (optimized) cooling air
separator was capable of decreasing and rising the air
temperatures at the cold and hot sides up to 9.05 K
(42.89%) and 10.48 K (44.74%), respectively. This
work created and developed a computational model to
evaluate and predict the effect of key factors on the
efficiency. The model was validated using the original
experiment data and presented good accuracy with
the disagreement within 5.82%. The full and exact
agreement between the simulated and experimental
data proves that the present computational simulation
and method are reliable to analyze and predict the heat
separation in convergent VTs.

Nomenclature
D Diameter of vortex tube (mm)
k Turbulence kinetic energy (m?s=2)

L Length of vortex tube (mm)



r Radial distance (mm)

T Temperature (K)

T; Inlet gas temperature (K)
h Enthalpy (kJ/kg)

Z Axial length (mm)

E Fluid energy (kJ)

Dc Cold orifice diameter (mm)
i Mass flow rate (kg s™1)

R Vortex-chamber radius

S The width of a nozzle

r’ Truncated cone radius (mm)
G Truncated ratio

Rwr Working tube radius

R¢ Cold orifice radius

v Velocity of flow

P Pressure (kPa)

B Body force (kN)

S Chemical reaction heat (kJ.mol™!)
J Diffusion flux

Subscripts

in Inlet

c Cold

h Hot

t Total

T x direction

Y y direction

z z direction

Greek symbols

AT Temperature difference (K)

o Cold mass fraction

Ié] Convergent angle

€ Turbulence dissipation rate (m?s~3)
p Density (kgm—3)

o Stress (Nm~?)

1 Dynamic viscosity (kgm !s™!)
i Turbulent viscosity (kgm ‘s 1)
T Shear stress (Nm~2)

Tij Stress tensor components
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