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Introduction
A Ranque-Hilsch vortex tube is a thermal device which generates 

two exhaust gases at different temperature from a single injection port. 
The typical structure of a counter-flow vortex tube and the proposed 
flow pattern within the tube are presented in Figure 1 [1]. The working 
medium (shown in yellow), generally air or other compressible 
gases, is injected into the tube through a tangential nozzle. The low 
temperature stream (shown in blue) is discharged through the central 
exit, near the injection port, and the high temperature stream (shown 
in red) is exhausted from the peripheral exit, at the far end of the 
tube. The perceived benefits of the temperature separation within a 
vortex tube, such as instant cold and hot streams of fluid, adjustable 
stream temperatures, reliability and low cost, make it an attractive 
device in many applications where such temperature separation is 
beneficial. These applications can include the use of vortex tube for 
cooling purposes [2,3], ice production [4], and mixture separation 
[5,6]. Since its invention, in 1933 [7], investigations have been carried 
out to understand the processes involved in a vortex tube. Much of 
the earlier research in the subject matter has primarily focussed on the 
separating mechanisms within the tube, including theoretical analysis 
of the separation process [8,9], optimisation of the tube performance 
for different applications [10,11], numerical simulations of the 
temperature separation within the tube [12-15] and investigation of 
the internal flow behaviour [1,16-18]. Different understandings of the 
internal flow mechanisms and explanations for the energy separation 

within the vortex tube, which have been reviewed and analysed in 
recent publications [19-22], imply the lack of general consensus and the 
requirement of clarification of the complex separating phenomenon. 
The internal pressure gradient has been proposed as the dominating 
factor for the energy separation phenomenon within a vortex tube 
[14,23-26]. Ranque proposed that compression and expansion effects 
are the main reasons for the temperature separation in the tube [7,27]. 
In a recent research, the adiabatic expansion and compression caused 
by turbulent eddies was stated as the reason for the temperature drop 
and the temperature rise in a vortex tube, respectively [28]. However, 
the proposal regarding the compression inside a vortex tube is not 
particularly convincing, primarily due to the internal pressure profile, 
as discussed in previous research [1,22]. On the other hand, a general 
agreement regarding the expansion process with the tube as being the 
dominating factor for the temperature drop has also been observed 
in literature [1,14,25,26,29]. It has, furthermore, been reported that 
the cooling performance of a vortex tube depends on the properties 
of the working gases. In terms of the cooling performance, argon 
and helium have been found to have a better performance than any 
other gas, including carbon dioxide, air, ammonia, nitrogen, oxygen 
and water vapour [30,31]. A previous numerical investigation on the 
cooling effect of a vortex tube, considering carbon dioxide, air, helium, 
ammonia, nitrogen, oxygen and water vapour, reported the agreement 
of the helium’s best cooling effect [32]. The maximum value of specific 
heat capacity ratio and minimum molecular weight of helium was 
stated as the reason for its superior cooling performance. However, this 
explanation is not convincing, due to the significantly different tube 
performance from other publications [30,31]. Moreover, the results 
were achieved based on inappropriate parameters, i.e. the specific heat 
capacity ratio and the inlet velocity. In 2013, a comparison of the vortex 
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Abstract
The process of temperature separation in a Ranque-Hilsch vortex tube is dependent on a multitude of factors, such 

as the pressure gradients, flow stagnation and mixture, energy transfer between different flow layers and heat transfer 
between the tube and the ambient air. The pressure gradient in an expansion process within a vortex tube has been 
proposed as the dominating reason for the temperature drop. However, at present, there is no general agreement within 
the research community for the expansion process itself, primarily due to the complexity of the internal flow conditions 
in the tube. Therefore, in the present article, a deeper insight into the separation mechanism within a vortex tube 
is presented, based on an analytical analysis using different expansion models, including isentropic expansion, free 
expansion and Joule-Thomson expansion. It was observed that the isentropic expansion is the only possible expansion 
process within a vortex tube. This was confirmed through comparison with experimental results obtained from different 
sources. 
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Figure 1: The typical structure of a counter-flow vortex tube and its 
hypothesized flow pattern within the tube.
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tube performance using different gases, i.e., nitrogen, carbon dioxide, 
CH2F2, CHClF2, C2H2F4, and C2H5F, was performed, in which the Joule-
Thomson expansion was reported as the dominating expansion model 
within the vortex tube [33]. However, interestingly, the employment 
of CHClF2, C2H2F4, and C2H5F in the vortex tube did not result in the 
energy separation phenomenon. Instead, the temperature of the fluid 
at both the exits was observed to drop. This different performance 
implies the unclear nature of the expansion process in a vortex tube 
and prompts further research in the phenomenon. Therefore, in order 
to explain the expansion process in a vortex tube, this paper reports the 
findings from an analytical investigation of the cooling performance 
of different adiabatic expansion models. For a given set of conditions, 
estimates of the resultant cooling from the different models, including 
the isentropic expansion model, the free expansion model and the 
Joule-Thomson expansion model, are computed and compared with 
experimental results of a vortex tube system under similar conditions. 
The model that best predicts the overall cooling can be considered as 
the governing expansion mechanism within the tube. Furthermore, 
to investigate the effect of different expansion rates on the tube 
performance, the paper explores the effects of different working fluids 
on the expansion process. It has generally been observed that the 
working gases, within a tube, expand differently, due to their dissimilar 
properties. This difference principally indicates the significant impact 
of the gas property on both the temperature variation in the expansion 
process, as well as the cooling performance of the vortex tube [30,34-
38]. Based on the diverse cooling performance of a vortex tube through 
the use of different working fluids, further analysis of the expansion 
process is conducted to identify the impact of the fluid property and 
hence to contribute to the understanding of the expansion process. 

Expansion Models
To enable the comparison between the cooling capability of the 

different models and that of a vortex tube, a simplified model of the 
cooling part of a vortex tube is selected in this analysis. It is assumed that 
pressurised gas is injected into an isolated cavity and then exhausted 
after undergoing the different expansion processes. The temperature 
variation of the exhaust fluid as a function of its initial condition is then 
compared with the average temperature drop from vortex tube systems 
under similar conditions. The models tested in the present research are 
described further, in brevity, as follows

The isentropic expansion model

In an adiabatic and isentropic expansion process, the variations in 
temperature of a real gas, T, pressure, P, and entropy, S, can be related 
by:
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From Maxwell’s equation, the variation in entropy with pressure at 
a constant temperature is given by the following expression:
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Here, α is the volume expansivity and V is the gas volume. On the 
other hand, the variation in entropy with the temperature at a constant 
pressure is given by:
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Therefore, equation (1) can be rewritten as:

  .   T

S P

P

S
T VTP

SP C
T

α
∂ 

 ∂ ∂   = − =  ∂∂   
 ∂ 

  (3)

To enable a quantitative analysis of the temperature variation in 
the expansion process, the Virial equation of state can be used in this 
analysis [39]:

2PV A BP CP= + + +

Here, A, B, C, are Virial coefficients and are dependent on the 
temperature only. Substituting the Virial equation into equation 3, and 
replacing A RT= and aB b

RT
= − , the following relationship can be

derived:
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Here, a and b are coefficients of the Van der Waals equation of 
state, R is the specific gas constant, P is the pressure. Therefore, the 
equation describes the rate of temperature change with pressure as a 
function of initial conditions of the simplified system in an isentropic 
expansion.

The free expansion model

In a free expansion, the internal energy of a system stays constant 
during the process; hence dU=0. Therefore, the temperature of an ideal 
gas in a free expansion stays constant; while, for a real gas, depending on 
the initial conditions, the temperature changes. Similar to an isentropic 
expansion, the relationship between the temperature, pressure and 
internal energy in a free expansion process can be written as:
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Furthermore, the internal energy of the system can be expressed as 
a function of enthalpy, volume and pressure.

.U H PV= −

The derivative of this function with respect to the pressure at a 
constant temperature can be written as follows:

 .
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The enthalpy of the system can be related to the physical properties 
of the gas by [39]:
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Therefore,
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At a constant pressure, the variation of the internal energy with 
temperature can be expressed by:
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Combining equation 8 and 9, gives:
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Substituting the Virial equation into equation 10 and taking, 

, aA RT B b
RT

= = −  the following relationship can be derived:
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Equation 11 depicts the free expansion model where the 
temperature variation with pressure at a constant energy level is related 
to the properties of the fluid.

The Joule-Thomson expansion model

In a Joule-Thomson expansion process, the relationship between 
the temperature and pressure can be expressed as:
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Using equation 7, equation 12 can be rewritten as:
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Substituting the Virial equation and taking, , aA RT B b
RT

= = −  the 

temperature variation in a Joule-Thomson expansion can be expressed 
by the following equation:
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The quantitative temperature difference between the isentropic and 
constant enthalpy (Joule-Thomson) expansion process is:
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Since the ratio of specific volume to the specific heat capacity at 

constant pressure is always positive, the temperature variation in an 
isentropic process is always greater than that in a Joule-Thomson 
process. In other words, if all other conditions in the process are kept 
similar, the cooling capability of an isentropic expansion is always 
greater than that of a Joule-Thomson expansion. 

Comparison of the Expansion Models 
The nature of the expansion within a vortex tube can be determined 

by comparing its cooling capability to the cooling predictions of 
different expansion models. A quantitative analysis of the temperature 
variation during different expansion processes can be achieved using 
equation 4, 11 and 14. The comparison of the expansion models can 
help elucidate the expansion process within the Ranque-Hilsch vortex 
tube. For the purpose of calculations, the initial and final pressures of 
the system are set as 2 bar and 1 bar, respectively; whereas, the initial 
temperature of the gas is set to 290 K. These initial conditions have been 
selected in order to facilitate comparisons with the actual maximum 
temperature drops from a vortex tube operating at the similar 
conditions, as reported in [30,40], including the inlet pressure, inlet 
temperature and outlet pressure. The temperature profiles in different 
expansion processes, together with the temperature drops in vortex 
tubes using different working fluids, are presented in Table 1. It should 
be noticed that the two vortex tubes, from the experiments, differ in 
dimension and the temperature drops are average values instead of 
the lowest temperatures observed inside the tube. It can clearly be seen 
from Table 1 that, for the given conditions, the temperature variations 
of different gases during an isentropic expansion are significantly 
greater than that in both free expansion and Joule-Thomson expansion 
process. This agrees well with the discussions above, regarding equation 
15, that the isentropic expansion has the best cooling capability 
compared to other expansion processes under the same conditions. 
Note that the temperature of the ideal gas system remains constant in 
a free expansion; the small magnitude temperature variations in Table 
1 are observed for real gases. Similarly, in a Joule-Thomson expansion 
process, a negligible temperature change occurs for the different gases, 
as seen in Table 1. Therefore, the free expansion model and the Joule-
Thomson model both predict a miniscule temperature drop during 
the expansion process under the given conditions. Comparing to the 
collected experimental temperature drops from vortex tube under 
the same conditions (last two columns in Table 1) it can be observed 
that the isentropic expansion is the only possible expansion process in 
the low pressure region within a vortex tube, due to its higher cooling 
capacity. As noted in previous research [18,41], the lowest temperature 
within a vortex tube occurred in the central region near the injection 
(low pressure region), which is apparently lower than the collected 
data illustrated in Table 1. Therefore, the maximum temperature drop 
within a vortex tube can be greater than that reported in the data and, 
therefore, closer to the temperature profile of an isentropic expansion 
process. Furthermore, the decrease in the flow velocity (cold flow), 

Temperature variation 
(K)

Isentropic  Expansion
TIsentropic

Free Expansion
TFree 

Joule-Thomson 
Expansion TJT 

Vortex tube
Pin=2 bar [30]

Vortex tube
Pin=2 bar [40]

Air -42.098 -0.268 -0.256 -16.5 -15.5
O2 -42.095 -0.271 -0.277 -16 ------
He -58.954 -0.0111 0.099 -21.5 ------
N2 -42.098 -0.268 -0.249 ------ ------

CO2 -32.797 -0.520 -0.688 ------ ------
Ar -58.752 -0.444 -0.377 ------ ------

NH3 -34.546 -0.648 -0.879 ------ ------

Table 1: Temperature variation prediction for different expansion processes and temperature drop from a vortex tube at similar conditions. The negative sign denotes a 
decrease in temperature as the expansion occurs.
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which can leads to an increase in the fluid temperature, is another 
important factor for the difference in the temperature variations.

Impact of fluid properties on the vortex tube cooling 
performance 

Considering the significant impact of gas properties on both the 
temperature variation in an adiabatic expansion process and the 
cooling performance of a vortex tube, the isentropic expansion model 
is further examined for different gases. The cooling performance or 
temperature drop of a vortex tube is a function of different parameters, 
including the geometrical parameters of the tube (Gvt), inlet (Pin) and 
outlet conditions (Pout), and the properties of the working fluid (Pfluid). 
This function can be expressed as:

( ) , , ,c vt in out fluidT f G P P P∆ =             (16)

The maximum temperature drops in a vortex tube using different 
gases and the theoretical temperature drops are presented in Table 2. It 
can clearly be seen from the table that the maximum temperature drop 
from the vortex tube is dependent on the inlet pressure of the working 
fluid as well as the fluid properties. Note that different geometries of the 
vortex tube and different inlet parameters have been used in all these 
investigations listed in Table 2. Therefore, in order to illustrate the 
effect of fluid properties, a normalized parameter, i.e., the temperature 
drop ratio (γF) is used in this analysis. The normalized temperature 
drop can be defined as the ratio of the actual temperature drop (∆Tc,i) 
to the temperature drop using air in the same situation (∆Tc,air). 

The remarkable characteristic of this ratio is that the temperature 
drops are equitable when different gases are used in the same vortex 
tube and at same operational conditions. This implies that the 
parameters “Gvt, Pin and Pout” for the recorded temperature drops 
are exactly the same; hence, their impacts can be removed from the 
function by this division. Then, only the effect of the fluid property 
on the cooling performance of a vortex tube is indicated by this ratio. 
Using the theoretical calculation and experimental data, the normalized 
temperature drop ratio is calculated using equation 17 and presented 
in Figure 2. As can be observed, the temperature drop ratios calculated 
based on the experimental data agree well with each other. This further 
indicates the reliability of the normalized temperature drop ratio in 
this analysis. Furthermore, an agreement between the experimental 
temperature drop ratio and theoretical results in an isentropic 
expansion process is also observed from the figure, which illustrates a 
strong correlation between the adiabatic isentropic expansion model 
and the cooling performance of a vortex tube. This correlation provides 
further support for the proposed hypothesis that the temperature drop 
in a vortex tube is mainly dominated by the isentropic expansion, and 
indicates the specific heat ratio of the working fluid is the primary 
factor that determines the cooling performance of a vortex tube. 

Discussion 
During the operation process of a vortex tube, the energy separation 

phenomenon also results in the temperature difference between the 
tube itself and the surroundings. More specifically, the cold and hot 
part of the tube is generally found having lower and higher temperature 
than the ambient air, respectively. Therefore, heat transfer occurs 
during the process, which has been reported in several experimental 
investigations [30,42-43]. The heat transfer from ambient surrounding 
to the cold part of a vortex tube leads to a decrease in the temperature 
drop of the cold flow. Similarly, the heat transfers from the hot part of 
the tube to the ambient air results in a decrease in the temperature rise 
of the hot exist. However, considering the dimensions of a commercial 
vortex tube (generally of the order of 100 mm in length and 10 mm in 
diameter) [40], the magnitude of velocity in the low pressure region 
near the injection can be as high as 200 m/s [21,41-44]. This indicates 
that the expansion mechanism occurs in an extremely short time-
frame. Hence, the heat exchange between the working gas and ambient 
surrounding could be neglected. Indeed, the impact of the heat transfer 
between the vortex tube and ambient surroundings has been shown 
insignificant in the abovementioned research. The employment of an 
isolating system resulted in an average 3.8 percent improvement of the 
vortex tube cooling performance [30,42,43]. Therefore, it is justifiable 
to claim that the adiabatic expansion process can be used to describe 
the same process inside a vortex tube, to some extent. In an isentropic 
expansion, the gas does positive work during the expansion process 
and its temperature drops. Within a vortex tube, the inner part of the 
compressed gas also does positive work on both the ambient surrounding 
and the peripheral part of the flow. The velocity profiles within a vortex 
tube have been reported by many researchers [15,16,41,45]. The flow 
mechanism near the injection of a vortex tube was observed as a force 

Maximum temperature drop (K)
Isentropic 

P=2 bar
Joule-Thomson

P=2 bar Pin=1.5 bar [30] Pin=2 bar [30] Pin=3 bar [30] Pin=7 bar [31] Pin=3 bar [33]

Air 42.098 0.256 10.5 16.5 26 39.5 ------
O2 42.095 0.277 10.5 16 27 39 ------
He 58.954 -0.099 13 21.5 34.5 ------ ------
N2 42.098 0.249 ------ ------ ------ 40 6.66

CO2 32.797 0.688 ------ ------ ------ ------ 5.39
Ar 58.752 0.377 ------ ------ ------ 53 ------

NH3 34.546 0.879 ------ ------ ------ ------ ------

Table 2:  Maximum temperature drop in the vortex tube and theoretical temperature drops.

Figure 2: Temperature drop ratio of different gases in adiabatic expansions 
and vortex tubes.
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vortex with a large-magnitude centrifugal acceleration (in order of 106 
rad/s in commercial tubes). Therefore, because of this large centrifugal 
acceleration, the central fluid exerts compression on the peripheral 
fluid. Energy is transferred towards the periphery via the work done by 
the central fluid, which contributes to the temperature drop of the cold 
flow within a vortex tube. It has also been noticed that the theoretical 
temperature variation in an isentropic expansion is greater than that 
in a vortex tube in a similar condition. This is mainly caused by three 
reasons, i.e., heat transfer from ambient air to the cold part of the tube, 
temperature gradient within a vortex tube and entropy increase of 
the working fluid. The impact of the heat transfer is discussed above. 
The temperature gradient within a vortex tube indicates the outlet 
temperature (cold end) is higher than the minimum temperature 
within the tube. Before being exhausted from the cold nozzle, gas at 
different temperatures is mixed together within the vortex tube. This 
mixture results in a reduction of the cooling performance of a vortex 
tube and, hence, leads to the different temperature variations in an 
isentropic expansion and in a vortex tube in similar condition. The 
increase of the system entropy in a vortex tube is mainly caused by the 
turbulent eddies in the central region of the tube. The turbulent flow 
behaviour has been reported in the investigations of the flow pattern 
in a vortex tube and was clearly shown by the turbulent intensity of 
the flow, particularly by the peak value of the intensity in the central 
area of the tube [1,41,46]. The increased entropy of the system also 
results in a loss of total energy, which has been noticed in previous 
investigations [18,31,35,36,42,45,47-50]. A free expansion process is 
typically achieved by allowing the gas to expand into a vacuum. Hence, 
in this process, no work is done by the gas. For the ideal gas, its internal 
energy remains constant, as well as its temperature. For a real gas, the 
temperature changes depending on the initial conditions. Clearly as 
discussed above, the work done by the gas expansion in a vortex tube 
and the comparison between the estimated temperature change in a 
free expansion and that in a vortex tube, imply that a free expansion 
clearly does not take place in a vortex tube. Finally, for a Joule-Thomson 
expansion process (isenthalpic expansion process), the gas expands via 
a valve or porous plug under steady state conditions and the enthalpy 
of the system keeps constant. However, the highly turbulent nature 
of the flow in the central region of a vortex tube and the decreased 
enthalpy of the exits provide negative evidence. Moreover, the velocity 
component of the flow, which is always neglected in a Joule-Thomson 
expansion, has significant impact on the vortex tube performance 
and must be included in analysis. From Figure 2, it can, furthermore, 

be observed that the cooling performance of Helium and Argon are 
superior to those of other working fluids; whereas, under the same 
conditions, the employment of Helium in a Joule-Thomson expansion 
process results in a temperature rise. The different cooling performance 
of the Joule-Thomson expansion process and the vortex tube, as shown 
in Figure 2, also suggests that the expansion process within a vortex 
tube should not be considered as an isenthalpic process. Additional to 
the expansion effect, the energy transferred outwards from the inner 
flow to the peripheral flow also contributes to the temperature drop in a 
vortex tube. The energy transfer is achieved through the transformation 
from a free vortex to a forced vortex. The kinetic energy level of a free 
vortex and a forced vortex is proportional to 1/r and r3, respectively 
(Figure 3); where, r is the radius of the vortex. According to previous 
data [15,18], in the central region of a vortex tube, the kinetic energy 
level of a free vortex is much higher than that of a forced vortex. Hence, 
in the transformation from a free vortex to a forced vortex, kinetic 
energy is transferred from the central flow to the peripheral flow and 
contributes to the separation process of a vortex tube. However, due to 
the lack of data, an overall quantitative analysis of the energy balance 
within a vortex tube is not available yet. An accurate energy analysis 
will, therefore, account for the kinetic energy transfer between different 
flow layers, the heat transfer between the ambient surrounding and 
the vortex tube, the effects of temperature gradient and the entropy 
increase of the working fluid due to turbulent eddies. 

Conclusion
To obtain a better understanding of the separation phenomenon 

within a vortex tube, this manuscript reports an analytical investigation 
of the expansion process within the tube and the impact of the working 
fluid on the cooling performance of the tube. For a given set of 
conditions, the temperature variations in different expansion models 
are compared. With regard to the temperature drop within a vortex 
tube under the similar conditions, it was illustrated that the isentropic 
expansion model is the only plausible explanation of the expansion 
process inside a vortex tube. Further to this, the cooling performance of 
the vortex tube using different gases was also investigated and analyzed 
based on previous experimental results. A normalized temperature 
drop ratio is defined here to focus on the impact of the working fluid 
properties on the cooling performance of a vortex tube. A generally 
good agreement between the temperature drop ratios, calculated 
from both theoretical the experimental results, provides positive 
reinforcement for the isentropic expansion proposal as the primary 
expansion process inside a vortex tube. The heat capacity ratio of the 
working fluid is found to be the primary reason for the different cooling 
performances of different gases used in the vortex tube. 
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