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Abstract. Cold flow of a vortex tube exiting the tube with a swirl flow movement produces a temperature
distribution at the cold exit. In order to measure the mixing temperature of a swirl cold flow exiting cold exit of
vortex tube, a simple mixing chamber is created using pipe and copper mesh. It is observed through this
experiment that the temperature differences between inlet and cold flow increases when the cold fraction is
decreased from 1.0. In addition, the temperature differences between inlet and cold flow increases when the
inlet pressure is increased from 0.2 MPa to 0.5 MPa. The maximum value of cooling capacity in this research
is obtained at inlet pressure of 0.5MPa and cold fraction of 0.4.

1 Introduction

A Vortex Tube (VT) is a simple and useful fluid dynamic
device, used to obtain both cold and hot flows from a
compressed gas at room temperature. It can produce a
cold flow measuring around -30°C, and a hot flow of up
to around 130°C. In 1930’s, Ranque was the first to have
discovered the energy/temperature separation
phenomenon [1]. Later in 1947, the flow mechanism of
the vortex tube was investigated by Hilsch [2]. Since
then, the vortex tube is also known as The Ranque-Hilsch
Vortex Tube (RHVT).

There are a lot of advantages to VT, such as being
light, small, with no moving parts, maintenance free, and
an instant supply of cold flow. But, VT has low thermal
efficiency and low coefficient of performance (COP).

The VT has been mainly used as a device to cool
small area, for example, electrical devices, thermal
sensors, controlling cabins, cutting tools and areas under
thermal stresses [3]. In addition to that, VT is also
expected to be used as an oxygen collector of aero-
propulsion engine for a subsonic-to-supersonic vehicle in
in-flight condition [4], or as a device to clean exhaust gas
of an internal combustion engine [5].

There are two types of VT as shown in Fig. 1. Figure
1(a) shows a Uni-flow VT which consists of a vortex
chamber, multiple or a single inlet nozzle, a control
valve, and a tube. The center of the control valve at the
end of the tube is an exit where a cold flow is discharged
(cold exit). The peripheral area of the control valve is
another exit where a hot flow is discharged (hot exit).
Figure 1(b) shows a Counter-flow VT which consists of a
vortex chamber, multiple or a single inlet nozzle, a
control valve, and a tube. The cold exit is located at the
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center of the tube near inlet nozzle and hot exit is located
at the peripheral of control valve at the other end.
According to previous researches [6-7], the performance
of the counter-flow VT is better than the uni-flow VT.
Therefore, in this research, we focus on the counter-flow
VT.

Next, a generally thought to occur flow pattern inside
the counter-flow VT is explained. It should be noted that
several flow patterns is proposed by several researchers.
As was shown in Fig. 1(b), compressed air enters a VT
through a single or multiple tangential nozzles, and a
high-speed vortical flow is generated in the vortex
chamber. A part of the rotational flow follows the tube
wall towards the opposite end; hot end. Then, this flow
exits as a hot flow at the hot exit. The core flow is forced
back towards the vortex chamber by a control valve, and
exits as a cold flow at the cold exit. The temperatures of
cold and hot flows can be changed by adjusting a cold
fraction ¢, which is a ratio of the mass flow rate of a cold
flow, Mq14, to the inlet mass flow rate, m;y,;

Mceold
g = eold (M

The cold fraction is adjusted by axially moving the
control valve left or right. From the definition of Eq. (1),
the cold fraction value varies from 0 to 1. Cold fraction ¢
= 0 means, no flow exits from the cold exit, and ¢ = 1
means all flow inside the tube is discharged from the cold
exit.

Several numerical and experimental works had been
done to investigate the performance of the VT. Saidi et
al.[8] studied the effects of parameter on the performance
of VT by changing diameter and length of main tube,
diameter of cold exit, shape of entrance nozzle, and types
of working gas. They used a tube with an inner diameter
of 18 mm. They reported the optimum values of length to
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inner diameter ratio (L/D) is 55.5, cold exit diameter is
50% of inner diameter of tube, and diameter of inlet
nozzle is 3.5 mm with 3 inlets. They also reported that
helium is better than oxygen or air as the working gas for
a higher performance of VT. Behera et al.[9] performed a
Computational Fluid Dynamics (CFD) analysis and
experimental investigation to optimize the geometry of
VT. They reported that the optimum size of the cold exit
is 58% of the diameter of the tube. Nimbalkar et. al. [10]
performed similar experiments to determine the optimum
size of the cold exit. They reported that the optimum
diameter of the cold exit is 50% of the diameter of the
tube, which is same as Saidi et al.[8] but 8% smaller than
the result of Behera et al.[9]. Wu et al.[11] proposed a
new nozzle with an equal Mach number gradient and
flow velocity at the inlet nozzle. They reported that the
cooling effect with the new nozzle is improved compared
to the conventional nozzle. Aydin et al.[12] proposed a
new helical type of vortex generator for a counter-flow
VT. They reported that the new helical type of vortex
generator has an obvious and superior effect on
temperature separation with a temperature difference
between cold flow and inlet flow is up to be 45.5°C at
inlet pressure of 0.5MPa. Markal et al.[13] investigated
the effect of the control valve’s head angle of a counter-
flow VT. They reported that this effect is generally
negligible in a large length to tube inner diameter ratio.
Chang et al.[14] investigated the effect of a divergent
vortex chamber to the performance of the VT, with
variation of divergent angle of tube. They reported that
the performance of the VT can be improved by using the
divergent tube with a divergent angle not more than 6°.
Avci[15] studied the effects, of nozzle aspect ratio and
the nozzle number of a helical vortex generator, on the
performance of the VT. He reported that the temperature
difference increases with increasing nozzle aspect ratio
and single nozzle leads to better performance than the VT
with 2 and 3 nozzles.

Until now, most researchers measured the cold flow
temperature by inserting a thermocouple into a pipe
which connects the cold exit with mass flow meter. It is
well known that the cold flow exits cold exit in swirl flow
movement. In addition, a reversed flow is observed at the
cold exit, experimentally [16]. Thus, a radial temperature
distribution exists at the cold exit. To validate the
performance of VT, a proper measurement of cold flow
temperature is needed. In this research, a mixing chamber
is created and installed at the end of cold exit to
extinguish the radial temperature distribution at cold exit.
The measured mixing temperature is used to determine
the cooling capacity of VT.

2 Experimental Procedure

Figure 2 shows a schematic diagram of the experimental
setup of our VT. Compressed air up to 1MPa is supplied
to the vortex chamber of the VT (0), through mass flow
meters (1), stagnation chamber (3) and pressure control
valve @ Then, a vortical flow is generated through the
inlet tangential nozzles. The cold flow exit is located near
the inlet of the tangential nozzles, the left end of the VT
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in the figure. The hot flow exit is at the opposite end of
the tube. The inlet temperature and pressure were
measured by temperature/humidity sensor (11) and digital
manometer (5), respectively. The inlet pressures were
kept constant in the range of 0.2~0.5MPa. The flow
temperature discharged from the cold exit were measured
by total temperature probe (2).
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Figure 1. Classification of vortex tube.
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Figure 2. Experimental setup.

The dimensional details of the VT used in this
research are shown in Fig. 3. It has an inner tube diameter
D =14mm and a length to inner diameter ratio L/D = 20, a
cold exit diameter d, = Smm, and four tangential nozzles.
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Figure 3. Structure of vortex tube.
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Figure 4. Schematic diagram of the experimental setup for
measuring mixing temperature of cold flow.
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Figure 5. Total-temperature probe.

To evaluate the performance of VT, mixing
temperature of cold and hot flows were measured. Due to
the existence of radial temperature distribution at cold
exit, a mixing chamber is installed at the cold exit as
shown in Fig. 4 to measure the mixing temperature. As is
indicated in this figure, an acrylic pipe, which was
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inserted into a PVC pipe, was attached to the cold exit
through an adiabatic tube. It should be noted that the
inner diameter of acrylic pipe is equal to the diameter of
cold exit (d. = Smm). A copper mesh wire was installed
at the exit end of the PVC pipe. This copper mesh was
used to enhance mixing of the cold flow, which was
discharged from the acrylic pipe.

In this research, a specially created Total Temperature
Probe is used to decelerate the flow and to measure the
total temperature of the cold flow, as shown in Fig. 4. It
is made by inserting a T-type ¢0.5 thermocouple, into an
acrylic pipe, which has inner/outer diameter of
0.6/3.0mm and length of 21.5mm. Approximately 0.5mm
of the tip of the thermocouple is protruding from the rod,
and 1mm of the tip is covered with a sponge, to create a
stagnation state during the measurement period. We
investigated, the total temperature measurement error of
the probe, by inserting the probe into a center line of a
potential core region of a room temperature air jet,
discharged from a converging nozzle with an exit
diameter of 10mm. The stagnation pressure was varied in
the range of 0.12 to 0.20MPa. The result shows that the
measurement error of the total temperature probe is
within + 1.0 K.

To assure the uniformity of radial temperature
distribution at the cold exit after installing the mixing
chamber, total temperature was measured at 5 different
radial points at the end of the mixing chamber, as shown
in Fig. 6.

The experimental conditions are summarized in Table
1.

. 3
@ : Measurement point e Cold flow exit

Figure 6. Measurement points of temperature distribution.

Table 1. Experimental conditions.

0.2~0.5
Inlet pressure, [MPa] (0.1 increment)
. 0.1~0.9
Cold fraction, & (0.1 increment)
Working gas Air
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The performance of the VT is generally determined
by the total-temperature difference between the inlet tem-
perature, T, , and the cold flow total temperature, ’I_"t_cold ,
that is;

ATt cota = Tin — Tt cota 2

The cooling performance of the VT is defined by the
following equation;

Q= mcoldeATt,cold €)]
where 11144 is the mass flow rate of cold flow, ¢, is the
specific heat at constant pressure.

In this study, Egs. (2) and (3) are used to evaluate the
cold flow performance of the VT.

3 Results and Discussions

To assure that the cold flow is properly mixed,
measurement were taken at 5 different radial points at the
end of the mixing chamber during the experiments. The
result is shown in Fig. 7. The horizontal axis of the figure
shows the radial position from the center, x, and the
vertical axis shows the measured temperature, T,. The
result shows that negligible temperature fluctuation,
within 0.4°C, exists at the end of the PVC pipe. From the
result, it is understood that the cold flow is well mixed
and the mixing total temperature of the cold flow can be
obtained using the mixing chamber.

e o

[0 2]

Measured temperature, T [°C]

~J

(o))

O =W W

-3 -2 -1 0 1 2 3
Radial position from center, x [mm]

Figure 7. Radial temperature distribution at the end of mixing
chamber.
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Figure 8. Mixing temperature of cold flow.
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The mixing temperature of cold flow for p;, = 0.2 ~
0.5MPa, ¢ = 0.1 ~ 0.9 are shown in Fig. 8. The horizontal
axis of the figure shows the cold fraction, ¢, and the
vertical axis shows the temperature difference of mixing
cold flow, AT, co1q. It can be seen from this figure that
AT, co1q increases as the cold fraction decreases. This is
due to the mixing of a hotter flow with a smaller mass
flow rate at the peripheral region, with a colder flow with
a larger mass flow rate at the central core of the tube, as
the cold fraction decreases. When the inlet pressure is
increased from 0.2 to 0.5 MPa, AT, .4 increases at an
arbitrary cold fraction. The tangential velocity of the
vortex inside the tube increases when the inlet pressure
increases, which enhance the energy/temperature
separation phenomenon, causing a lower temperature of
flow at the center of the tube. It can be concluded that, to
obtain a lower temperature of cold flow, the value of cold
fraction should be smaller and inlet pressure should be
larger.

Figure 9 shows the cooling capacity of the VT. The
horizontal axis of the figure shows the cold fraction, ¢,
and the vertical axis shows the cooling capacity, Q[W].
From this figure, it can be understood that cooling
capacity increases as the inlet pressure increases. At p;, =
0.3 ~ 0.5MPa, when the cold fraction decreases from 1,
the cooling capacity increases until it reaches a maximum
value, then cooling capacity decreases to 0 at ¢ = 0.
Cooling capacity decreases at a small cold fraction due to
the decrease in the mass flow rate of cold flow. The
maximum value of cooling capacity in this research is
obtained at p;,= 0.5MPa and ¢ = 0.4.
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Figure 9. Cooling capacity of vortex tube.

4 Conclusions

An experimental study of the counter-flow vortex tube is
conducted, in order to clarify the mixing temperature of
swirl cold flow and the performance of vortex tube. The
results obtained in this study are summarized as follows;

1) The radial temperature fluctuation at the end of
mixing chamber is negligibly small, which is
within 0.4°C.

2) AT pq increases as the cold fraction decreases.



3)

4)

5)
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When the inlet pressure is increased from 0.2 to
0.5 MPa, AT 4 increases at an arbitrary cold
fraction.

When the cold fraction is decreased from 1, the
cooling capacity increases until it reaches a
maximum value, then cooling capacity decreases
to0ate=0.

The maximum value of cooling capacity in this
research is obtained at p;,= 0.5MPa and ¢ = 0.4.
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