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Abstract  

A vortex tube is a Thermo-fluidic device, which generates cold and hot 

streams from a single injection of pressurized gas. Without any moving parts or 

chemical reaction within the tube, the interesting phenomenon of energy separation 

results only from fluid dynamic effects.   

The main part of a typical counter-flow vortex tube is a straight tube with a 

tangential injection, through which compressed gas is injected into the tube. There 

are two exits, located at different ends of a counter-flow vortex tube, or at the same 

end for a uni-flow vortex tube. A control plug is positioned inside the tube away 

from the injection point, which has a smaller dimension than the inner diameter of 

the tube, and this allows the gas to escape from the small gap between the control 

plug and the tube. The cold exit is located in the central part of the tube at the same 

end of the injection, while the hot exit is the gap between the plug and the tube. 

When the compressed gas is injected into the tube tangentially at a high velocity, 

two streams with different temperatures will be generated and exhausted from the 

two exits of the tube. This phenomenon of temperature separation in a vortex tube 

is known as the Ranque effect.  

Several explanations for the energy separation in a vortex tube have been 

proposed since its invention. However, due to the complex internal flow, the nature 

of the energy separation in the vortex tube, is still unclear. The proposed hypotheses 

can only be used to explain part of the phenomenon and they do not cover all the 

aspects of the temperature separation in the vortex tube. Therefore, to date, there 

has not been a well-accepted explanation for the thermal separation, and the flow 

behaviour inside the vortex tube remains unclear.  

This thesis presents fundamental investigations on the Ranque-Hilsch Vortex 

Tube, with the aim to identify the dominant factors underlying in the energy 

separation phenomenon. This includes a critical review of current explanations, 

visualization of the flow pattern inside a water-operated vortex tube, accurate 



ii 

 

measurements of the flow properties inside an air-operated vortex tube, and a novel 

analysis based on the experimental data, which has led to a new understanding of 

the flow behaviour and the process of temperature separation. 

Previous research on the vortex tube is summarized in the literature review 

and included theoretical, experimental and numerical investigations. The various 

explanations for the temperature separation have been examined and the different 

factors within these previous explanations were evaluated, and a new hypothesis 

was proposed.  

Flow behaviour inside a vortex tube was visualized in this study. Visualization 

of the flow direction along a vortex tube indicated the existence of the main stream 

and oscillation of the vortex flow. For the first time, the flow behaviour inside a 

water-operated vortex tube was clearly visualized using different methods. It was 

observed that most of the cold flow came from the front part of the tube, specifically 

in the cold core. Also, the flow structure in the hot region was first visualized by dye 

and tracer particles. The visualization results agree well with the hypothesized flow 

behaviour and provide significant evidence in support of the concept proposed.  

The proposed hypothesis is also supported by the results of the obtained 

velocity profiles. Obtained from the visualization results and measured in the air-

operated vortex tube, the swirl velocity distributions near the hot end in both vortex 

tubes indicate the outwards flow and formation of a flow re-circulation region 

known as the multi-circulation. Calculations of the volumetric flow rate along the 

vortex tube indicate the existence and locations of the cold core and the multi-

circulation. The axial and radial velocity profiles in an air-operated vortex tube 

indicate the existence of the cold core. Formation of the multi-circulation is indicated 

by the 3-D velocity profiles in the rear part of the tube. Thus, the proposed 

hypothesis is strongly supported by the velocity profiles obtained in this study. 

 Exergy density analysis in the air-operated vortex tube was performed in this 

study and offered solid support for the proposed hypothesis. The analysis from this 

study, as well as the data from other studies, show a slightly decreased peripheral 
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exergy density in the rear part of the tube, which defines the dominant contribution 

to the temperature rise from the stagnation and mixture due to multi-circulation. 

The dramatically reduced exergy density in the front part of the tube, together with 

an estimation of the temperature drop based on the forced vortex assumption, 

indicate that the pressure gradient in the front part of the tube is the primary factor 

contributing to the temperature drop. 

Based on the proposed hypothesis, discussion of various geometrical effects, 

such as cold mass flow ratio, tube length, tube diameter and inlet nozzle, on the tube 

performance has been undertaken. A good agreement between the theoretical and 

experimental results demonstrates the validity of the proposed hypothesis for the 

temperature separation occurring within a vortex tube. 

As a result of the study presented, a novel explanation for the temperature 

separation phenomenon inside a vortex tube can be forwarded, and can be 

supported by the flow visualization, measured flow velocity profiles and exergy 

analysis inside the vortex tube. The explanation is best described as a pressure 

gradient near the cold end being the main factor for temperature drop, while 

stagnation and fluid mixing due to the multi-circulation being the main reason for 

the temperature rise.  
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1. Chapter 1 

Introduction 

1.1. Introductory Background 

The phenomenon of generating two streams at different temperatures from a 

vortex tube with single injection was discovered by Ranque in 1930’s, and hence was 

named as Ranque effect. Without any moving parts or chemical reaction within the 

tube, the phenomenon results only from the fluid dynamic effects. 

It is shown in Figure 1.1. that a typical counter-flow vortex tube contains a 

straight tube with tangential injection, through which compressed gas is injected into 

the tube, and two exits located at each end of the tube, which allows the streams at 

different temperatures to be exhausted from the vortex tube. As shown, the tube is 

completely hollow and there are no other parts inside the tube; hence, the separation 

of the two streams at different temperatures inside the vortex tube must be based on 

some fluid dynamic or thermodynamic effects. Other types of vortex tubes will be 

discussed in the flowing chapter, including the uni-flow vortex tube, which has the 

cold and hot exists located at the same end of the tube. Since only the counter-flow 

vortex tube was investigated in this study, hereafter the vortex tube, without any 

further specific description, will refer to a counter-flow vortex tube.  

 

Figure 1.1. Flow structure in a counter-flow vortex tube 
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It has been observed that when the compressed gas is injected into the tube 

tangentially at a high velocity, it starts rotating and moving to the hot end, i.e. the 

other end from the injection [1]. A small portion of the flow escapes from the gap 

between the control plug and the tube with higher temperature than at the injection 

point, which in the literature is referred to as the hot stream. The other part of the 

flow is then forced back by the control plug and moves to the cold end through the 

central region of the tube. This central flow is then exhausted from the central exit 

near the injection point, at a lower temperature than at the injection, and forms the 

cold stream. Thus, the injected flow is divided into two flows with different 

temperatures, and this phenomenon is well known as the temperature separation in a 

vortex tube or Ranque effect [2, 3].  

The vortex tube was invented by French physicist Georges J. Ranque in 1933 

[2]. He found that when compressed gas was injected tangentially into the tube, flow 

streams at lower and higher temperature were generated and exhausted from different 

ends of the tube. The cold stream was exhausted from the central exit near the inlet 

and the hot stream was exhausted from the peripheral exit at the other end of the tube. 

Ranque explained the separating effect in the vortex tube as one, which depended on 

expansion and compression. In 1947, the German physicist, Rudolf Hilsch, improved 

the performance of the tube and published his findings in a highly cited paper [4]. 

Due to the contributions of different researchers in developing an understanding of 

the knowledge of the vortex tube, the vortex tube has been referred to be the Ranque 

Vortex Tube (RVT), the Hilsch Vortex Tube (HVT), and the Maxwell–Demon 

vortex tube (MDVT). However, in the present time and for consistency in this work, 

it is referred to as the Ranque-Hilsch Vortex Tube (RHVT).  

Since the invention of the tube, many researchers have investigated the vortex 

tube with the aim of improving the performance of the vortex tube system, exploring 

the flow structure inside the tube, and identifying the underlying mechanism for the 

Ranque effect. In the 1960s, Takahama [5] performed a series of experiments and 

developed several formulas describing the relationships between the different 

parameters of the vortex tube and the tube performance. Balmer [6], in 1988, using 

incompressible fluid, i.e., water, as the working material in the vortex tube system, 
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found that the separation effect in the vortex tube still existed when the inlet pressure 

was 103 MPa. In recent decades, there have been numerous attempts to use 

numerical simulations to investigate the complex flow behaviours in the vortex tube 

[7-12]. Different turbulence models have been employed in simulating the flow 

inside a vortex tube. A comparison of different turbulence models in predicting the 

temperature separation in a vortex tube, showed that temperature separation 

predicted by the standard k-ε turbulence model, was better correlated to the 

experimental results [10]. The outcomes of experimental, theoretical and numerical 

investigations of the vortex tube have been summarised in [13, 14] and the 

explanations for the temperature separation in the vortex tube have been summarized 

in a critical review [3], in which a novel hypothesis has been proposed.  

Different explanations for the phenomenon of temperature separation in a 

vortex tube have been proposed. For example, one simple explanation for the 

temperature separation in relates to the pressure gradient inside the tube. The higher 

pressure of the peripheral flow and lower pressure of the central flow are the reasons 

for the generation of higher temperature and lower temperature in the tube due to the 

effects of compression and expansion, respectively. Another explanation for the 

thermal separation relates to the energy transferred from the inner flow to the outer 

flow. The angular velocity of the inner flow is believed to be higher than the flow in 

the peripheral region; hence the decrease in the angular momentum of the inner flow 

is transferred as kinetic energy to the outer vortex during the axial movement of the 

rotating flow. Then the temperature of the outer layer flow increases due to energy 

gain, and the temperature of the inner flow drops due to the loss of energy. However, 

none of these explanations covers all the aspects of the thermal separation in the 

vortex tube. Furthermore, many of the explanations and hypotheses are contradictory 

[3].  

Due to the complex structure of the internal flow, the reasons for generating 

hot and cold flows from a single injection into a vortex tube have not been identified 

and the flow behaviour inside the vortex tube, therefore, remains unclear. Aiming to 

conclude a reasonable explanation for the temperature separation in a vortex tube, 

this study presents high-fidelity experimental investigations focusing on the flow 
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behaviour inside the vortex tube. The contents of this thesis will be introduced later 

in this chapter. 

1.2. Motivation and significance 

According to the working process described previously, the vortex tube has 

many advantages compared with other thermal devices, which has no moving parts, 

no electrical or chemical input, is small, lightweight, low in cost, maintenance free, 

and produces instant adjustable cold and hot air. These advantages make the vortex 

tube an attractive device in many applications, including cooling, heating, 

dehumidification and mixture separation. For example, fluid cooling is applied to 

remove the heat generated at the cutting zone during machining, especially, during 

the machining of very hard materials. The cold air, exhausted at high velocity from 

the vortex tube, provides both cooling and removal of the chips produced during 

machining. This completely eliminates or significantly reduces the need for liquid 

coolant, the latter being more complicated, expensive, and environmentally 

hazardous. The application of the vortex tube in cooling the cutting zone has been 

investigated to optimise the cooling performance [15-17]. 

The vortex tube system has also been used to separate mixtures of gases. Peak 

oxygen purity of 80% at yields of up to 25% has been demonstrated from 

compressed air in a recent report [18], which indicates the potential application of the 

vortex tube in producing nitrogen and oxygen from a single injection of compressed 

air.  

Williams [19] proposed another potential application of the vortex tube system, 

i.e. producing ice. He stated that using a vortex tube, the objective of producing ice 

can be achieved with the additional benefits of producing water and heat, and 

increasing combustion efficiency and energy storage. The vortex tube has also been 

used to dehumidify air or generate water from air. Liew et al. [20] reported that the 

concentration of liquid increases with increasing humidity of the injected gas. 

Therefore, it is reasonable to conclude that when factors such as compactness, 

energy resources, reliability and equipment cost are to be considered, the RHVT 
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becomes a feasible device for instant heating and cooling, thermal testing, 

dehumidification, gas liquefaction, ice production, separation of mixtures, DNA 

applications and other more general purposes. These significant advantages and wide 

applications have encouraged scientists and engineers to continue doing more 

research into the mechanism underlying the vortex tube. 

The main limitations of using the vortex tube in industry are its low thermal 

efficiency, and noise. As concluded in [3, 13], the maximum thermal efficiency of 

the vortex tube can reach to about 30%, which is lower than other thermal devices. 

As such, this lower efficiency leads to a narrower industrial application of the vortex 

tube. Kurosaka [21] reported the acoustic streaming effect in the vortex tube, in 

which the noise generated by running the vortex tube reached around 125 dB. These 

drawbacks of the vortex tube may certainly limit its further application. 

With the aim of forming an explanation for the temperature separation in the 

vortex tube, the expected result of this study is obviously important in understanding 

the flow behaviour, in explaining the thermal separation, and improving the 

performance of the vortex tube system for wider application. Even if a full 

explanation is not completed, directions for, and the findings from further research, 

will benefit from investigations of the flow structure in the tube and clarification of 

the different factors, which influence the energy transfer between the different flow 

layers. 

1.3. Publications arising from this thesis 

The research results discussed in this thesis have led to the generation of a 

number of publications, including international conference articles and journal 

manuscripts. The international journals to which the work has been submitted are 

closely related to the field of the research of this dissertation and will be cited in the 

following section. The publications arising from this research are listed below: 
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Refereed Journal Articles: 

1. Y. Xue, M. Arjomandi, R. Kelso, Experimental study of the thermal 

separation in a vortex tube, Experimental Thermal and Fluid Science, 46 (2013), 

175-182.  

2. Y. Xue, M. Arjomandi, R. Kelso, Experimental study of the flow structure 

in a counter flow Ranque-Hilsch vortex tube, International Journal of Heat and Mass 

Transfer, 55(21-22) (2012) 5853-5860. 

3. Y. Xue, M. Arjomandi, R. Kelso, Visualization of the flow structure in a 

vortex tube, Experimental Thermal and Fluid Science, 35 (2011) 1514-1521.  

 4. Y. Xue, M. Arjomandi, R. Kelso, A critical review of temperature 

separation in a vortex tube, Experimental Thermal and Fluid Science, 34 (2010) 

1367-1374.  

Journal Papers submitted:  

5. Y. Xue, M. Arjomandi, R. Kelso, Energy analysis within a vortex tube, 

Experimental Thermal and Fluid Science, (Submitted). 

6. Y. Xue, M. Arjomandi, R. Kelso, The working principle of a vortex tube, 

International Journal of Refrigeration (Submitted). 

Refereed Conference Articles: 

1. Y. Xue, M. Arjomandi, R. Kelso, Experimental study of the flow structure 

in a vortex tube, The 7th Australasian Congress on Applied Mechanics, Adelaide, 

Australia, 2012. 

 2. Y. Xue, M. Arjomandi, R. Kelso, Experimental study of the thermal 

separation in a vortex tube, 18th Australasian Fluid Mechanics Conference, 

Launceston, Tasmania, Australia, Dec., 2012. 
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3. Y. Xue, M. Arjomandi, R. Kelso, Flow visualization to determine the flow 

structure in a vortex tube, 17th Australasian Fluid Mechanics Conference, Auckland, 

New Zealand, 2010. 

4. Y. Xue, M. Arjomandi, Thermal investigation of the Ranque-Hilsch vortex 

tube in:  2009 Interdisciplinary Conference on Chemical, Mechanical and Materials 

Engineering (2009 ICCMME), Melbourne, Australia, 2009. 

1.4. Preview of this thesis 

As introduced in section 1.1, different aspects of the vortex tube have been 

investigated since the invention of this device. Several hypothesises have been 

proposed to explain the temperature separation in the vortex tube. However, due to 

the complex flow condition inside the tube, there have been a number of 

explanations for the temperature separation phenomenon occurring within the vortex 

tube. This thesis presents a fundamental investigation on the Ranque-Hilsch Vortex 

Tube, aiming to identify and define the dominant factors responsible for the thermal 

separation. This study includes a critical review of the current explanations, with 

regard to the design of the experiment procedures, visualization of the flow 

behaviour, accurate measurements of the flow properties inside the tube, and analysis 

based on the experimental data. Such parameters are reviewed in this thesis with 

regard to providing a greater understanding of the flow behaviour and other factors 

which contribute to the process of temperature separation.  

This thesis is a collection of manuscripts that have been published, accepted 

for publication or are currently under review in international peer-reviewed journals. 

These publications cover the progress made in the course of this study, which 

includes the development, validation and application of the hypothesised explanation 

for the temperature separation in a vortex tube. This section describes how the 

individual journal articles are linked together to achieve the objectives related to the 

research topic.  

Chapter 2 covers previous and contemporary literature regarding the vortex 

tube, including the numerous theoretical, experimental and numerical investigations. 
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The research gaps are identified, and the objectives in the present study with 

reference to the previous literature are introduced in chapter 2. 

The research direction for this study has been identified from the analyses of 

the current explanations, which are presented in Chapter 3. In this published article, a 

review of prior explanations for the mechanism of temperature separation in a vortex 

tube is introduced and the effects of different factors are critically analysed and 

evaluated. A key knowledge gap raised within the critical review relates to the 

mechanism of energy transfer between different layers of flow d. A conceptional 

explanation has been proposed in this study relating to the fact that pressure gradient 

near the injection and partial stagnation of the multi-circulation (the supposed flow 

structure near the hot end of a vortex tube) are the mechanisms underlying the 

temperature drop and rise, respectively. With the analysis results from this published 

article, the research approach is divided into several parts, including the confirmation 

of the flow behaviour inside the tube, the clarification of the energy transfer between 

different layers of flow, and the application of the proposed explanation in explaining 

the working process and geometric effects within a vortex tube system.  

Chapter 4 reports on an experimental study of the flow structure inside a 

vortex tube, using flow visualization in a water-operated vortex tube, with the aim to 

verify the proposed flow behaviour as was described in the previous article. Return 

of the peripheral flow near the injection, and the proposed flow structure of the 

multi-circulation near the hot end, were both observed via different visualisation 

methodologies [22]. Velocity profiles inside the tube obtained from the visualization 

results provide quantitive evidence for the proposed flow structure. The volume flow 

rate along the tube, calculated from the axial velocity profiles, also indicates the 

existence and location of the proposed cold core and multi-circulation zones. The 

published manuscript supports the proposed hypothesis for the temperature 

separation in a vortex tube, by confirming the supposed flow structure with 

visualization results. As an actual vortex tube uses compressible gas as the working 

material, the following articles report the experimental studies in an air-operated 

vortex tube. 
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Chapter 5 consists of two journal papers, which firstly focus on the flow 

structure, and secondly the thermal separation inside an air-operated vortex tube. The 

flow properties, including the three dimensional velocity distribution, pressure and 

temperature gradients, were measured in a large-scale vortex tube. The first paper 

[23] reports the influence of geometrical parameters on the tube performance, upon 

which optimisation of the tube performance, was performed. These geometrical 

effects are further discussed in the following chapter, which covers the validation of 

the proposed explanation. A transformation from a forced vortex structure at the cold 

end, to an irrotational vortex near the hot end, was observed in this study based on 

the velocity measurements, and also supported by the measured static pressure 

gradient. The observed swirl velocity profiles, agreeing with the outcomes in chapter 

4, and confirm the proposed flow structure presented in this thesis. 

Further analysis of the flow structure, based on detailed measurements of the 

flow properties, is presented in the second paper. The proposed explanation is 

supported by confirming the supposed flow structure inside the air-operated vortex 

tube, particularly with regard to the axial and radial velocity profiles. In addition, the 

measurement results of the pressure, temperature and density profiles agree well with 

the hypothesised explanation. A novel analysis of exergy density inside the air-

operated vortex tube is performed in the paper for the first time, and this generates 

significant evidence for the postulated explanation, by clarifying the energy transfer 

between different layers of flow.  

The experimental results reported in this chapter further support the proposed 

explanation, by providing significant evidence confirming both the flow structure 

and clarifying the energy transfer process. The proposed explanation can be further 

validated using the experimental data from other reports, and the theoretical analysis 

of the working process plays an important role in the validation of the hypothesis. 

This will be presented in Chapter 6. 

The first manuscript contained in Chapter 6 reports a finalised explanation of 

the temperature separation in detail together with further exergy analysis based on 

other experimental studies. A good agreement between the exergy profiles of current 
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research and other experimental reports indicates the acceptance and effectiveness of 

this methodology, as well as the proposed explanation. The second manuscript 

provides evidence for the explanation, including the confirmation of the flow 

structure, and the exergy analysis inside a vortex tube. Comparison between the 

theoretical estimated temperature drop based on the forced vortex assumption, and 

the actual experimental results, provides positive support for the hypothesis 

forwarded in this study. According to the proposed explanation, the influence of the 

geometrical parameters on the vortex tube performance has been analysed and has 

been shown to have a good agreement with the published experimental results. 

Hence, the validation of the proposed explanation for the temperature separation in a 

vortex tube is further substantiated by the comparison of experimental data from 

other investigations, and theoretical analysis. 

Conclusions of this research and recommendations for future investigations 

are presented in chapter 7. 
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2. CHAPTER 2 

Literature review 

2.1. Introduction 

The generation of two streams at different temperatures from the vortex tube was 

discovered in 1930’s by Georges J. Ranque. Since then it has been known as the 

Ranque effect and has been a popular research topic within the scientific community. 

Ranque proposed the compression and expansion effects as the underlying reasons 

for the process of temperature separation in a vortex tube [1, 2]. Later, the 

geometrical parameters and performance optimisation of the tube were further 

investigated by Rudolf  Hilsch [3].  

Since Ranque’s discovery of the tube in 1933, the vortex tube has been 

investigated experimentally, theoretically and numerically, aiming to identify the 

dominant factors for the thermal separation phenomenon and to improve tube 

performance. Investigations of the vortex tube have been focused on several aspects, 

such as exploration of the thermal separation, optimisation of the geometrical 

parameters, theoretical analysis of the thermal separation, and numerical simulation 

of the flow process, etc. In 1954, the research history of the tube was summarised by 

Westley [4] and a total of 116 publications were analysed in his paper. Other reviews 

on the investigation of the vortex tube and its applications were published by Curley 

and McGree [5], Kalvinskas [6], Dobratz [7], Nash [8], Soni [9], Hellyer [10], Gustol 

[11] and Leont’ev [12]. In 2008, Smith and Pongjet [13] published a detailed review 

of the vortex tube, in which experimental, theoretical and numerical investigations 

were summarized. Yilmaz et al. [14] published another review in 2009, in which 

experimental parameters and design criteria were summarised.  

The previous investigations of the vortex tube are summarized in the following 

sections, including the type of the vortex tube, the working medium, the geometry of 

the tube, the flow visualization results, and the numerical simulation. The knowledge 
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gaps in the previous research and the objectives of this study are addressed in this 

chapter. 

2.2. Statement of research 

2.2.1. Different types of vortex tube 

In the investigation of the vortex tube, different types of the tube have been 

studied. The main types of vortex tube include; the counter-flow vortex tube, uni-

flow vortex tube, conical vortex tube; double-circuit vortex tube, two-stage vortex 

tube, and a vortex tube in different surroundings, such as an insulated vortex tube, a 

non-insulated vortex tube, and a vortex tube with cooling water around. 

 
Figure 2.1. Airflow structure in a counter-flow vortex tube 

As shown in Figure 2.1, a standard counter-flow vortex tube consists of a cold 

nozzle from which cold air is exhausted; a vortex chamber with tangential injection, 

a long straight tube, in which temperature separation happens, and a peripheral hot 

nozzle from which hot air exits. Passing through the vortex chamber, the 

tangentially-injected compressed air forms a strong vortical flow in the vortex 

chamber. The vortical airflow, which is moving towards the hot end, is later forced 

back by a plug placed at the hot end of the tube. The plug adjusts the balance 

between the rate of air escaping peripherally from the hot exit, and that being forced 

back to the cold end. A counter-flow vortex tube can be divided into two parts, i.e. 

the cold part and the hot part, due to the flow temperature gradient within the tube. 
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The cold part is located near the injection point and the hot part is located at the far 

end of the tube. 

The structure of a standard uni-flow vortex tube is shown in Figure 2.2. Having 

similar structure to a counter-flow vortex tube, a uni-flow vortex tube has two exits 

at the same end. When the swirling flow moves to the exit end, the peripheral part of 

the flow is exhausted from the peripheral gap between the plug and the wall of the 

tube, while the central part of the flow is exhausted from the cold nozzle at the same 

end. The uni-flow vortex tube is found to have lower efficiency than the counter-

flow vortex tube, due to the stronger mixing effect of the cold and hot flows near the 

exit [13]. 

 
Figure 2.2. Airflow structure in a counter-flow vortex tube 

 
Figure 2.3. Structure of a conical vortex tube [15] 
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In the optimisation of the vortex tube, a short conical vortex tube was found to 

be effective in shortening the tube length, as shown in Figure 2.3. In 1961, Paruleker 

reported that a small parameter Lvt/Dvt of 3 was achieved, by varying the conical 

angle of the vortex tube [15]. In order to shorten the tube length, Takahama 

introduced the divergent vortex tube in 1981. This was identical to the conical vortex 

tube as reported in [16], and was reported to exhibit the same performance 

parameters as the normal tube, but with a smaller length. The conical vortex tube has 

also been investigated by Poshernev et al. with regard to other chemical applications 

[17-22]. 

In 1996, Piralishvili and Polyaev [23] introduced a new type of vortex tube 

(Figure 2.4), termed the Double-Circuit vortex tube, with a conical tube to improve 

the performance. At the hot end, there was an orifice which allowed feedback gas to 

be injected into the vortex tube in the centre of the control valve. The feedback gas 

had the same temperature as the inlet gas but was introduced at a lower pressure. 

With this design, the cooling power of the system was increased and the performance 

of the vortex tube was claimed to be improved.  

 
Figure 2.4. Structure of the Double-Circuit vortex tube [23] 

The effect of the cooling on the vortex tube was studied by Eiamsa-ard et al. [24]. 

Cold water was placed outside the tube and heat transfer from the hot tube to the cold 

water was counted in their investigation. As the result, an increase in the temperature 

drop and the cooling efficiency of the vortex tube was found when cold water was 

applied outside of the tube as a cooling material. 
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A two-stage vortex tube system was reported in 2001 by Guillaume and Jolly 

[25]. In their study, the outlet of cold air form the first vortex tube was connected to 

the injection port of a second vortex tube. They reported that the temperature 

difference at each stage was greater than that generated by the single stage vortex 

tube under the same operating conditions. 

Similar multi-stage vortex tube systems have been investigated to optimise the 

performance of the system. Threefold type and six-cascade type vortex tube systems, 

which consisted of three and six vortex tubes connected in series, respectively, were 

investigated by Dincer [26]. They reported an improvement of the system 

performance when the number of connected vortex tubes was increased, with the six-

cascade vortex tube system generating the maximum temperature drop.  

In contrast to the straight tube, a new type of vortex tube has been reported, in 

which the main tube is curved as shown in Figure 2.5. The influence of the uniform 

curvature of the main tube on the vortex tube performance was analysed by Valipour 

and Niazi [27] in 2011. It was found that the extent of the temperature difference 

between the two exhausted streams, differed depending on the extent of vortex tube 

curvature, with the maximum refrigeration capacity occurring with the 110 degree 

curved vortex tube. However the maximum temperature difference was generated by 

the straight vortex tube. 

 
Figure 2.5. Curved vortex tubes [27] 
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There are also other types of vortex tube system that have been investigated, 

including the triple-stream vortex tube, the self-evacuating vortex tube, and the 

vortex ejectors [14]. These tubes are being investigated or used in specific fields, and 

will not be fully discussed in this thesis.  

2.2.2. Working medium 

Different working medium have been successfully applied in the vortex tube, 

including, compressed air, oxygen, methane, and other gas mixtures. The influence 

of the different materials, including both gases and liquids, used in the vortex tube 

has been studied and will be introduced in this section. 

Due to the different temperature of the exhausted fluid from the exits, the vortex 

tube is found applicable for separating various gas mixtures. The first studies on the 

separation of mixtures with the RHVT were reported in 1967 by Linderstrom-Lang 

[28], and later by Marshall [29]. Different gas mixtures, including oxygen and 

nitrogen, carbon dioxide and helium, carbon dioxide and air, as well as other 

mixtures, have been used as the working medium inside the vortex tube. The 

separation effect was found to be a function of both the cold flow ratio, and the 

geometrical parameters. The influence of different working mediums on the tube 

performance has been further investigated and reported [30-33], with the media 

including air, oxygen, nitrogen, and argon. The successful applications of the vortex 

tube in gas mixture separation [34], fluid concentration [35], and gas liquefaction [22, 

36], have also been reported. These successful applications show the diversity of gas, 

and gas mixtures, which can be used in the vortex tube. 

A two-phase steam, consisting of both gas and liquid phase water, has been 

tested in a vortex tube [37]. The percentage of the gaseous component in the mixture 

was reported to be an important parameter in generating the temperature difference 

between the two exhausted streams.  In 1979, two-phase propane [38] was used in 

the vortex tube as the working medium. It was stated that a significant temperature 

difference between the two outlets could be achieved when the dryness of the liquid 

and gaseous propane was higher than 0.8.  
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Liquid, as the working material in a vortex tube, was injected into the tube at 

high inlet pressure (103 MPa), and the rise in the temperature of the exhausted water 

from both exits was reported [39]. In contrast, when a low pressure was set at the 

inlet, no measurable temperature difference between the two exhausted water flows 

from the vortex tube was reported [40]. Hence, the Ranque effect does not exist 

when liquid is used inside the vortex tube. Instead, temperature of the working 

medium rises when high pressure is set at the inlet. 

In conclusion, compressible gases can be used as the working medium inside a 

vortex tube for the successful operation of a vortex tube system. When a two-phase 

flow is employed, the high extent dryness of the injected stream, which leads to the 

stream performing as a gas, ensures the generation of significant temperature 

difference. Liquid cannot be used in a vortex tube for generating the Ranque effect, 

i.e., hotter and cooler streams from the same injection. Therefore, compressed air has 

been selected in this research and the use of water in the study described is only 

aimed at gaining a better understanding of the flow behaviour within the vortex tube. 

2.2.3. Geometry of the tube 

In the investigations on the vortex tube, the tube performance has been found to 

be sensitive to the geometrical parameters, including the size and shape of the control 

plug, the size and shape of the injection port, the diameter and length of the tube, the 

structure of the vortex chamber, the diameter of the cold and hot nozzles, among 

other factors. Many investigations on these geometrical parameters have been 

reported, with the aim of identifying the primary factors underlying the energy 

separation, and also with regard to optimise the performance of the vortex tube 

system. 

Studies on the effect of the tube geometry were started by Hilsch [3] in 1947. 

Based on his experimental results, the friction between the peripheral and internal 

gas layers was proposed as the reason for the temperature rise within the vortex tube, 

and these correlated with his experimental results obtained. Later, the influence of 

the geometry of the vortex tube system on its performance was optimised 
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experimentally [41]. It was found that the optimum operation of the vortex tube 

could be described by a relationship between the injection area, the tube length and 

diameter, the cold and hot exits characteristics, and the inlet pressure.  

A series of papers on the RHVT were published since the 1960s by Takahama 

[16, 37, 42-47], reported on the various relationships between the different 

parameters of the vortex tube and the optimum tube performance. Similar research 

on the geometrical effects was reported by Soni [48], and in his work the 

relationships between the design parameters for an optimum vortex tube were 

proposed. 

In a vortex tube, the mass flow rate of the injection and the formation of the 

vortex flow are generally dictated by the inlet nozzle. Investigations on the injection 

port, which mainly concern the shape, size and number of the inlet nozzles, have 

been reported. Considering the conventional tangential injection port, a new inlet 

nozzle with equal Mach number gradient and an intake flow passage with equal flow 

velocity was designed and tested in a modified vortex tube by Wu et al. [49] (Figure 

2.6.). The experimental results indicated that the cooling effect of the improved 

nozzle was about 2.2  lower than that of the normal rectangular nozzle, and 5  

lower than that of the nozzle with an Archimedes’ spiral design.  

 
Figure 2.6. Different inlet nozzles in the vortex tube 

Eiamsa-ard [50] reported an investigation of various geometrical parameters, 

including a different number of the snail entries, and reported that an increase in the 

nozzle number and the supply pressure led to a rise in the vortex intensity and thus 
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the energy separation in the vortex tube. Similar observations have been reported in 

other publications [51-53]. 

The hot end control plug is an important component influencing both the cold 

and the hot mass flow rates. The influence of the control plug dimensions on the tube 

performance has been reported, and it was shown that the cold mass flow ratio is 

dictated by the control plug, and is a determining factor of the temperature of the 

respective exhausted streams [54]. Moreover, the shape of the control plug has been 

reported not to be a significant component in the performance of the RHVT due to 

the small differences observed with different plugs  [55] (Figure 2.7).  

 
Figure 2.7.  Investigation of the effect of the control plug [55] 

A detwister is a form of vortex stopper, which can be used to block the vortex 

motion at the exhausts. The applications of the detwister in a vortex tube were 

reported by Dyskin [56], who reported positive effects on the tube performance. To 

improve the tube performance, a diffuser, which exhibits similar effects as the 

detwister in stopping the vortex motion, has also been placed in the vortex tube. It 

was reported that the application of a diffuser after the hot exit, improved the 

temperature rise at the hot end and decreased the temperature drop at the cold end 

[49]. 

As introduced in previous section, the application of a conical vortex tube can 

shorten the effective tube length in generating the significant temperature difference 

from the vortex tube. Optimisation of the conical vortex tube has been performed by 

varying the conical angle and it has been reported that the vortex tube with a conical 

angle of 2.3  surpassed a conventional straight tube by an amount of between 20% 

- 25% in its thermal efficiency [57]. Recently, when different inlets were tested, a 
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conical angle of 4  was reported as the optimum angle for a divergent vortex tube 

[58]. 

A new parameter in the investigation of the vortex tube, named the vortex angle, 

was studied experimentally by Xue and Arjomandi [59]. The influence of the vortex 

angle on the performance of the tube was plotted, and an optimum value of the 

vortex angle was reported in that study. Further investigations on the vortex angle 

have been conducted, and a similar result was reported that an increase in the vortex 

angle had negative effects in forming the strong vortex motion, and in generating a 

significant temperature difference from the tube [60-62]. 

The sizes of known vortex tubes vary over large range. For example, a vortex 

tube employed in experimental studies is generally larger than the commercial tubes, 

with a comparison between 60 mm and 10 mm in diameter, respectively, and 2000 

mm to 50 mm in length, respectively. Moreover, a micro-size vortex tube, with an 

inner diameter of 2 millimetres, has been tested. It was reported that the temperature 

distribution inside the tube, and the influence of the geometrical parameters, such as 

length of the tube and diameter of the exits, were found to be similar to that in a 

larger vortex tube [63]. 

These geometrical parameters have been also investigated by many researchers 

including, Simoes-Moreira [64], Behera et al. [65, 66], Skye et al. [67],  

Frohlingsdorf and Unger [68], Aydin et al. [60, 69, 70], Arbuzov et al. [71], Farouk 

and Farouk [72, 73], Saidi et al. [74, 75], Dincer et al. [26, 31, 51, 76, 77], Muller 

and Nimbalkar [78], Singh et al. [79], Eiamsa-ard et al. [13, 24, 50, 80-82], 

Kazantseva et al. [83], Ahlbom et al. [84-86], Aljuwayhel et al. [87], Im and Yu [88], 

Xue and Arjomandi [59], Hamdan et al. [89]. These investigations have all played an 

important role in the exploration of the physical phenomena in the vortex tube. 

The relationships between the geometrical parameters and the tube performance 

reported in the previous investigations are generally concluded based on 

experimental or numerical results. As such, there has not been a satisfactory 

explanation for the temperature difference between the two exhausted streams 

generated from a vortex tube, which covers all these geometrical effects on the tube 
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performance. This issue has been addressed in this study and will be presented in 

chapter 6 of this thesis. 

2.2.4. Flow visualization 

To explain the Ranque effect in a vortex tube, a good understanding of the flow 

behaviour inside the tube is essentially required. Flow-visualization techniques have 

been used to investigate the flow field within the vortex tube, such as dyes and 

smoke injection. With the injection of dyes or smoke, all subsequent investigations 

concentrated on tracking the flow trail on the wall near the ends of the tube, and used 

a clear tube as the main part of the vortex tube for tracking the visual elements. The 

studies which focused on flow visualization within the vortex tube are summarised in 

this section. 

In 1959, the surface trace on the tube wall was observed by injecting water into a 

transparent RHVT system [90]. Similar flow visualization of the surface trajectory 

along the clear vortex tube was also observed by Aydin and Baki [69] as presented in 

Figure 2.8. However, the difference between the flow trace in the flow visualization 

and that derived by numerical simulations (figure 2.2.5-4), which will be discussed 

below, indicates the requirement of further investigation on the flow structure within 

the vortex tube. 

 
Figure 2.8. Result of the flow visualization [69] 

A different visualization result of the surface trajectory along the inner wall of a 

transparent vortex tube is presented in Figure 2.9. It was reported that the observed 

sudden change of the trajectory on the vortex tube wall may indicate the existence of 



 24                                                                                    Chapter 2   Literature Review    

 

a partial stagnation point in the vortex tube, however it is difficult to establish the 

exact position of such a stagnation point [91]. 

 
Figure 2.9. Surface trajectory on the wall of the vortex tube [91] 

The internal flow pattern of a vortex tube is another aspect, which could be 

studied using flow visualization. However, due to the strong swirling motion and 

high turbulence intensity, it is difficult to generate clear visual results for further 

analysis. Coloured liquid [92], mixtures of powdered carbon and oil [93], and smoke 

[94, 95] have been employed to visualize the flow field within the vortex tube. 

Unfortunately, none of these visualization techniques were particularly successful. 

Another attempt of visualizing the internal flow pattern was performed by Piralishvili 

and Polyaev [23], who used the mixture of kerosene and air with the mass ratio of 

1:30. However, the visualized flow pattern obtained was not clear enough to be 

conclusive. 

The structure of the vortical double helix, which is similar to the helix within the 

vortex tube, was visualized by the method of Hilbert dichromatic filtering [71] 

(Figure 2.10). The formation of an intense vortex braid near the axis was firstly 

observed. The authors concluded from the visualization results that the physical 

mechanisms responsible for the energy separation were viscous heating of the gas 

due to friction in a thin boundary layer at the walls of the vortex tube, and the 

adiabatic cooling of the gas at the center. As indicated in the figure, the visual results 

are still not clear enough for accurate analysis of the flow behavior within the vortex 

tube. 
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Figure 2.10. Visualization of large-scale vortex in the form of a double helix [71] 

The abovementioned visualization techniques have the advantage that it is very 

easy to qualitatively determine the flow field inside the tube. The disadvantage is that 

it is not possible to obtain quantitative information about the flow and to determine 

the temperature field inside the tube. Moreover, according to the above discussed 

flow visualization results, it is reasonable to conclude that it is difficult to generate 

clear visual results of the internal flow field. 

To produce useful visualization results, the research presented in this study used 

water as the working medium within a transparent vortex tube. Flow structure inside 

the tube was observed via new visualization materials, which will be presented in 

chapter 4. 

2.2.5. Numerical simulation 

The method of numerical simulation has also been employed in the investigation 

of the vortex tube. The numerical analysis presents a clear description of the flow 

behaviour and predicts the temperature distribution accurately. Many numerical 

investigations have shown a strong correlation with the experimental results.  

A short summary of the numerical research work is discussed below, using 

different models based on Computational Fluid Dynamics package (CFD) and 

Matlab codes. A CFD model of the air flow in a vortex tube was developed by 
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Behera et al. [65] and the results were compared with experimental results for the 

same flow case. The flow inside the tube was explained as a free vortex in the 

periphery, and a forced vortex in the core. Their further investigations based on the 

CFD model suggested a different description of the internal flow, which initially 

involved the cold air being heated up and then cooled down on its way back to the 

cold end in a counter-flow vortex tube [66]. Frohlingsdorf and Unger [68] studied the 

phenomena of velocity and energy separation inside the vortex tube using CFX with 

the k-ε turbulence model. Friction between inner and outer flow layers was stated as 

the main reason for energy separation. Eiamsa-ard and Promvonge [80-82] 

introduced a mathematical model for the simulation of a strongly swirling 

compressible flow in a vortex tube by using an algebraic Reynolds stress model and 

the k-ε turbulence model to investigate the flow characteristics and energy separation 

in a vortex tube. It was found that a temperature separation in the tube existed and 

predictions of the flow and temperature fields agreed well with measurements. 

Shamsoddini and Nezhad [96] presented a numerical simulation showing the effect 

of the inlet number on the tube performance and reported that the increase of the 

numbers of inlet nozzles led to an improvement of the tube performance. 

Experimental data was collected by Dincer et al. [97] in 2008 to train the ANN 

(artificial neural networks) model which was developed with the MATLAB code, 

and the prediction of the temperature difference from the model was compared with 

the experimental data.  

The main limitation in applying computational analysis, is the uncertainty 

among the numerical simulations and the inconsistency observed between the 

simulation results and the experimental results. A partly modified standard k-ε 

turbulence model revealed that there is an obvious energy separation effect in the 

vortex tube and the numerical solutions of the flow and temperature fields agreed 

well with the experimental data [98] (Figure 2.11). 
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Figure 2.11. Total temperature distribution in the vortex tube [98] 

      
Figure 2.12. Total temperature distribution in the vortex tube [73] 

However, Farouk & Farouk in 2007 [72] and 2009 [73] applied a CFD-ACE+ 

code in the investigation using large eddy simulation. The velocity distribution, the 

temperature and the streamlines of the vortex flow were plotted. The temperature 

distribution predicted from the large eddy simulation worked better than the k-ε 

model in prediction, as shown in Figure 2.12. The substantial difference between the 

temperature distribution predicted by the k-ε model and that predicted by the large 

eddy simulation can be seen in Figure 2.11 and Figure 2.12, which indicate the 

limitations of the numerical simulation of that research.  

 
Figure 2.13. Flow trace of the inner layer in the vortex tube [72] 

 
Figure 2.14. Flow trace of the outer layer in the vortex tube [72] 

Simulation of the turbulent, compressible, high swirling flow was performed in 

2009 by Secchiaroli et al. [99], using both RANS and LES techniques. Streamline 
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and temperature gradient analysis were studied in that research, and the difference 

between the RANS and LES techniques was discussed. With the similar structure of 

the stream trace predicted by Farouk & Farouk (Figure 2.13 and 2.14), the 3-D 

streamline in Figure 2.15 represents a different structure to the flow visualization 

result obtained by Aydin and Baki [69] (Figure 2.8). The flow behaviour shown in 

the numerical simulation indicates a different result with regard to the fact that the 

vortex angle increases in the middle of the tube after decreasing from the input point. 

The conflicting results between the flow structure in the flow visualization, and the 

numerical simulation indicates the necessity for further investigation.  

 
Figure 2.15. Streamlines patterns with temperature map [99]  

Aljuwayhel et al. [87] reported on the energy separation and the flow 

phenomena in a counter-flow vortex tube using the commercial CFD code FLUENT 

and found that the RNG k-ε model predicted the velocity and temperature variations 

better than the standard k-ε model. This is in contrast to the results of Skye et al. [67], 

in which it is claimed that for determining the vortex tube’s performance, the 

standard k–ε model performed better than the RNG k–ε model, despite using the 

same commercial CFD code. In 2010, Dutta et al. [100] compared different 

turbulence models in predicting the performance of the vortex tube and reported that 

the temperature separation predicted by the standard k–ε turbulence model was 

closer to the experimental results. Furthermore, in 2011, they simulated the detailed 
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flow properties in the vortex tube using a real gas model and reported a small effect 

of the gas separation from the injected air [101].  

As discussed above, the numerical simulation can provide detailed predictions of 

the flow field and flow properties inside a vortex tube. However, the disadvantages 

of the computational technology, which include different interpretations of the best 

turbulence model to use, conflicting simulation results and differences between the 

simulated and experimental performance, have resulted in inconsistencies in 

describing the flow field within the vortex tube and explaining the energy separation. 

Hence, the numerical simulation cannot provide a fully understood working principle 

of a vortex tube and further experimental and theoretical investigations are still 

required. 

2.3. Research objectives and methodology 

It is apparent from the above literature review that investigations of the vortex 

tube have been ongoing since its invention, and have focussed on establishing the 

mechanisms underlying its operation. Several explanations for the Ranque effect 

within a vortex tube have been proposed. However, none of these explanations can 

fully explain the whole process of separation and contradictory elements of these 

hypotheses have been reported. Further analysis of current hypotheses will be 

presented in chapter 3. 

To date, due to the complex flow conditions within the vortex tube, the physical 

process in the vortex tube remains unclear and an acceptable explanation has not 

been offered. This project aims to identify an acceptable explanation for the thermal 

separation occurring within the Ranque-Hilsch Vortex Tube based on a full 

understanding of the flow behaviour inside the vortex tube. 

To achieve this outcome, the research objectives have been defined, and are: 

� To understand the flow behaviour inside a vortex tube 

� To develop and test an acceptable hypothesis for the energy separation in 

a vortex tube 
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To outline the process to achieve these objectives, a short description of the 

research approach is discussed below.  

As discussed above, due to the disadvantages of the computational simulation, 

high-fidelity experiments are operated in this investigation to provide detailed 

understanding of the flow field within a vortex tube.  The internal flow field can be 

observed using appropriate visualization techniques. Water was selected in this 

research as the working fluid in a transparent vortex tube for the purpose of flow 

visualization, which enabled successful visualization by reducing the inlet velocity 

whilst maintaining the same Reynolds number at the inlet. Several visualization 

methods have been used to observe the flow behaviour inside the vortex tube. These 

are introduced in detailed in chapter 4, along with the observed results. Velocity 

profiles in the water-operated vortex tube were conducted based on the visualization 

results, and these were significantly correlated with the observed flow behaviour. 

Velocity profiles were also obtained in an air-operated vortex tube and these further 

confirmed the visualized flow structure and provided solid evidence for the 

hypothesized explanation. This part of the research is reported in chapter 5. 

The development of a novel hypothesis started from a critical analysis of the 

current explanations for the mechanism underlying temperature separation within the 

vortex tube. Evaluations of different factors in the separation were performed in the 

critical analysis, which were further used to develop the hypothesis. With the 

observed flow behaviour and measured flow parameters within the vortex tube, the 

hypothesis was finalized in chapter 6. The validation of the proposed explanation 

consists of four parts, these being; confirmation of the flow structure; estimation of 

the temperature drop; exergy density analysis; and application of the proposed 

hypothesis in explaining the tube performance with varying parameters. 
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3. Chapter 3 

Analysis of the available hypothesises  

3.1. Introduction  

A critical review of current explanations for the temperature separation in a 

vortex tube is presented in this chapter. The manuscript reports critical analysis of 

current explanations, including pressure gradient, viscosity, turbulence, static 

temperature, secondary circulation and acoustic streaming. Experimental results, 

numerical simulations and theoretical calculations are used to perform the analysis, 

by which the effects of each hypothesis are evaluated. 

It was concluded in the review that none of the explanations could be used to 

explain the whole working process within a vortex tube and even opposite statements 

about the flow behavior were reported. Based on the critical analysis, a novel 

hypothesis was proposed, which contained the evaluation of expansion and the 

consideration of the wall temperature gradient. It is proposed that partial stagnation 

and mixture due to the structure of multi-circulation in the rear part of the tube, and 

the pressure gradient near the injection port are the primary factors for the generation 

of the two streams at different temperatures in a vortex tube. The validation of the 

hypothesised flow behaviour is presented in the following chapters. 
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4. Chapter 4 

Visualization of the internal flow behaviour  

4.1. Introduction 

This chapter discusses the flow behaviour observed inside a counter-flow 

vortex tube via flow visualization. A good understanding of the flow behaviour 

inside the vortex tube is an essential requirement in the process of identifying the 

dominant mechanisms for the temperature separation. The results of flow 

visualization assist in a better understanding of the flow behaviour inside the vortex 

tube and provide direct evidence for the proposed hypothesis. 

In order to observe the flow behavior inside a transparent vortex tube, water 

was used as the working medium, which ensures the similar Reynolds number at the 

inlet when low velocity was set. Moreover, as reported in the article, the pressure 

gradient within a vortex tube enables the prediction of the flow behavior in the hot 

region of the vortex tube using the visualization results conducted from a water-

operated vortex tube. Different visualizing materials were injected into the vortex 

tube, by which the flow structures in the cold region and multi-circulation region 

were observed. The axial and swirl velocities were also measured to understand the 

flow behaviour and allow calculation of the volume flow rate along the vortex tube.  

The flow structure inside a water-operated vortex tube is summarised based on 

the visualization results, which agree with the hypothesised flow structure, and hence 

supports the proposed explanation. To further confirm the flow behaviour within the 

vortex, an air-operated vortex tube was designed, in which a temperature difference 

between the two exhausted streams was generated. The results of measurements of 

the velocity profiles and flow properties within the air-operated vortex tube, are 

reported in the following chapter which support the proposed flow behaviour and 

hypothesis. 
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5. Chapter 5 

Flow behaviour inside an air-operated vortex 

tube 

5.1. Introduction  

This chapter reports on the experimental investigations of the flow structure 

inside an air-operated vortex tube, and the results comprise the material presented in 

two journal papers. 

The first paper, entitled “Experimental study of the flow structure in a counter 

flow Ranque-Hilsch vortex tube”, shows the optimization of a vortex tube with 

variable geometrical parameters. Three-dimensional velocity distributions inside a 

counter-flow vortex tube are presented in detail in this paper. The results of 

measurements in the optimized tube show a transition from a forced vortex at the 

cold end of the tube to an irrotational vortex at the hot end, which is supported by the 

static pressure gradient. 

The second paper, entitled “Experimental study of the thermal separation in a 

vortex tube”, reports further analysis of the flow properties inside the tube, including 

turbulence intensity and velocity, temperature and pressure profiles. The proposed 

hypothesis is well supported by the reported flow structure. An exergy analysis based 

on the experimental data indicates that there is negligible energy transferred between 

different layers of the internal flow and provides solid evidence for the stated 

hypothesis. 

With the further confirmation of the flow behavior and support for the 

hypothesis, the finalized explanation is introduced in chapter 6, together with further 

evidence for the flow structure, exergy analysis, estimation of temperature drop, and 

discussions of the geometric effects on the tube performance.  
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6. Chapter 6 

Analytical assessment of the proposed 

hypothesis  

6.1. Introduction  
Based on the research outcomes, the finalized hypothesis for the Ranque effect 

in a vortex tube is presented in this chapter, as well as further validations from the 

theoretical analysis. Two papers are included in this chapter.  

The first paper, entitled “Energy analysis within a vortex tube”, reports the 

finalized hypothesis for the energy separation in a vortex tube and further analysis of 

the exergy density along the vortex tube. The exergy density gradient is calculated 

based on the collected data from both this and other experimental investigations, 

which provides conclusive evidence for the explanation offered in this study. The 

good agreement between the trends in the exergy density gradient strengthens the 

acceptance of the proposed explanation. 

The second paper, entitled “The working principle of a vortex tube”, concludes 

the experimental support for the proposed explanation generated in this research. The 

acceptance, accuracy and reliability of the proposed hypothesis are indicated by the 

estimation of the temperature drop based on the assumption of a forced vortex model 

at the cold end. The working principle of a vortex tube is fully discussed at variable 

cold mass flow ratios, which agree well with the experimental results. Explanations 

of the geometrical effects on the tube performance based on the explanation are in 

accordance with the experimental findings, hence further indicating the validity of 

the explanation for the temperature separation in a vortex tube. 
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6.2.  Energy analysis within a vortex tube  
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Energy analysis within a vortex tube  

Yunpeng Xue, Maziar Arjomandi and Richard Kelso 

School of Mechanical Engineering, the University of Adelaide 

South Australia 5005, Australia 

The generation of separated cold and hot streams from a single injection in a vortex 

tube is known as the Ranque effect. Since its invention, several explanations concerning the 

phenomenon of thermal separation in a vortex tube have been proposed, however there has 

not been a consensus, due to the complexity of the physical process inside the tube. 

This paper proposes an explanation for the temperature separation in a vortex tube 

based on an experimental study focusing on the flow structure and energy analysis inside the 

tube. Using the measured flow properties inside the tube, the exergy density distribution 

along the vortex tube was calculated, from which the reasons for the temperature separation 

were identified. The good agreement of the exergy density analysis with findings from other 

experimental work supports the validity of the proposed hypothesis. Based on the forced 

vortex assumption, the minimum temperature in a vortex tube was calculated, which 

correlated well with the collected experimental results.  

Keywords: Ranque effect, Ranque-Hilsch vortex tube, energy separation, exergy 

density, thermal separation, vortex flow 

Nomenclature 

θ Exergy density ratio 

ρ density (kg/m3) 

Cp Specific heat at constant pressure (kJ/kg K) 

D Diameter of the vortex tube (mm) 

dh Change of enthalpy (J) 

dp Pressure change (Pa) 

ds Entropy change (J) 

E Energy of the control volume (J) 

ex Exergy density (J/m3) 
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Ex Exergy of the control volume (J) 

g Gravitational acceleration 

H Enthalpy of the control volume (J) 

 Overall turbulence intensity 

l Axial location (mm) 

L Effective length of the vortex tube from inlet to the plug (mm) 

m Mass (kg) 

P pressure (Pa) 

 Infinitesimal transfer of heat to the control volume (J) 

r Radial location (mm) 

R Radius of the vortex tube  (mm) 

 Universal gas constant 

S Entropy of the system (J) 

ΔT Temperature difference (K) 

T Temperature (K) 

v velocity (m/s) 

 Time-averaged overall velocity (m/s) 

 Time-varying velocity fluctuating component (m/s) 

V Volume (m3) 

z Net height (m) 

Subscripts 

g Gravitational 

i Instantaneous  conditions 

in Input parameter 

k Kinetic energy 

k, Mean Average kinetic energy 

k, Turbulence Kinetic energy of turbulent component 

o Reference conditions 

t Total 
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Introduction 

Invented by Ranque in 1933, the vortex tube has been used in many industrial 

applications, due to its simplicity and ability to generate separated cold and hot 

streams from a single injection. Figure 1 shows the structure of a counter-flow vortex 

tube, which consists of a straight tube with a port for tangential injection and exits at 

each of the tube ends. A control plug, with a smaller diameter than the tube diameter, 

is positioned inside the tube away from the injection end to allow the gas to escape 

from the small gap between the control plug and the tube wall. The cold exit is 

located in the central part of the tube end closest to the injection, while the hot exit is 

at the far end of the tube and comprises the gap between the central plug and the tube 

wall. When compressed air is injected into the tube from the tangential inlet, it forms 

a highly vortical flow as it moves to the other end of the tube. The peripheral part of 

the airflow escapes from the hot exit at a temperature higher than the inlet 

temperature and the core part of the airflow, which is turned back by the plug in a 

counter-flow vortex tube, escapes from the cold nozzle at a temperature lower than 

the temperature of the fed air. Thus, with a single injection, the injected flow is 

divided into two streams with different temperatures, which is known as the 

phenomenon of temperature separation or the Ranque effect. As demonstrated in 

Figure 1, a vortex tube does not have any internal or moving parts. Hence, the 

temperature separation effect in a vortex tube can be explained solely using fluid 

dynamical theories. 

 

Figure.1.Schematic of a counter-flow vortex tube 
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Xue et al. summarised [1] different hypotheses describing the main process of 

thermal separation in a vortex tube based on experimental, theoretical and numerical 

work. The critical analysis of the presented theories reveals that a well-accepted 

explanation for the temperature separation in a vortex tube has not been proposed. To 

identify the dominant factors of the thermal separation in a vortex tube, an 

understanding of the physical processes inside the tube is required. In another work, 

Xue et al. [2] conducted a qualitative analysis of the flow behaviour in a vortex tube 

using visualization of the flow inside a transparent tube. They showed that in an 

operating vortex tube, a portion of the central flow moved outwards and returned to 

the hot end in a flow pattern, termed multi-circulation. Hence, they hypothesized that 

the generation of two flow streams with different temperatures is due to the 

expansion of the injected gas near the inlet and stagnation of the multi-circulating 

flow near the hot end.  

This paper proposes a new explanation for the temperature separation in a vortex 

tube based on an analysis of the internal exergy density distribution along the vortex 

tube. To identify the governing factors affecting the temperature separation, 

clarification of the energy transfer between different layers of the internal flow is 

required. According to detailed measurement results, the exergy density gradient 

inside the vortex tube can be used to show and verify the energy transfer between 

flow layers. It is found that in the front part of the vortex tube, i.e., also known as the 

cold part, the exergy density in the central region drops dramatically. This is 

associated with the process of injecting gas to the central region of the tube and 

indicates the effect of a sudden expansion. The slightly changed exergy density of 

the peripheral flow in the rear part of the vortex tube, i.e., also known as the hot part, 

suggests that there is negligible energy transferred outwards and that the temperature 

rise in the vortex tube is mainly caused by the partial stagnation and mixture due to 

the multi-circulation in the rear part of the tube. This is in contrast to the effects of 

secondary circulation reported by Ahlborn and Groves [3, 4] 

Experimental apparatus  
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To investigate the exergy density, the flow properties inside a large-scale vortex 

tube with a length of 2000mm and a diameter of 60mm were measured (Figure 2). 

The large diameter of the vortex tube is selected to ensure accurate measurement and 

to minimise the turbulence induced by the intrusive equipment. A round nozzle with 

a diameter of 6mm, a cold exit with a diameter of 14mm and a hot exit of 1 mm gap, 

formed by inserting a 58mm plug into the 60mm tube, were chosen based on the 

optimization of the tube performance as reported in [5].  

A Cobra probe was used for the measurement of the flow properties inside the 

vortex tube, including 3-D velocity, static pressure and turbulence intensity of the 

flow. Data from the Cobra probe was logged and processed using the Turbulent Flow 

Instrumentation control software. The cobra probe was inserted into the vortex tube 

through the drilled holes along the tube and the small dimension of the probe head 

ensured minimum disturbance to the internal flow. 

 

Figure 2.Experimental apparatus of measuring the flow properties in the large-scale vortex tube 

Due to measurement range limitations, the cobra probe could only be used for 

the measurements of 3-D velocity when the flow velocity was between 2 m/s and 50 

m/s. For velocities higher than 50 m/s, the acceptance of data collected by the cobra 

probe was reduced to less than 80%. Therefore, a Rotatable Pitot Tube (RPT) was 

employed for validation of the pressure and velocity measurements beyond the range 
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measurable by the cobra probe. The structure and working principle of the rotatable 

Pitot tube are presented in Figure 3, which depicts a 1mm tube with a 0.2 mm hole 

on one side and a pressure sensor connected at the other end. The RPT was rotating 

at a constant velocity during the measurement, and the measured surface pressure of 

the tube was recorded continuously. The direction and magnitude of the total velocity 

were calculated using the surface pressure distribution. 

 

Figure 3. Structure and working principle of the rotatable Pitot tube used in the measurements of 

pressure and velocity in the vortex tube 

The total temperature distribution along the vortex tube was measured using a T-

type thermocouple inserted into the tube through the available holes. Due to the tube 

dimensions and construction of the vortex tube, the temperature difference in this 

experiment was not as significant as it is in a commercial vortex tube. Considering 

this relatively small temperature change and the low Mach number of the flow in the 

tube, a recovery factor of 1 was assumed for the static temperature calculation. .  

In the following sections, the hypothesis proposed in this research will be 

discussed along with similar concepts reported previously. Also, the flow properties 

obtained through measurements and calculations, including total and static pressures, 

total and static temperatures, 3-D velocity distributions and the local density, will be 

used to calculate the exergy density of the tube. 

Proposed hypothesis  
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According to [1, 2, 5], the hypothesis for temperature separation in a vortex tube 

is as follows: the vortical flow generated by the tangential injection moves to the hot 

end and the peripheral part escapes from the hot exit at a temperature higher than the 

inlet temperature. As reported in [2, 5], the irrotational vortex near the hot end 

indicates an increase in the centrifugal force on the central swirling flow, which leads 

to an outwards movement of the central fluid towards the tube wall. Hence, on its 

way moving to the cold end, the central flow spreads outwards, mixes with the 

peripheral flow and then turns back to the hot end again. This specific flow structure 

was first observed in [2] and named the multi-circulation. Because of the strong 

swirling flow in the rear part of the tube, a sub-structure could be found within the 

primary multi-circulation, which is presented by the smaller circles in the hot region 

shown in Figure 4. The temperature of the peripheral flow rises mainly due to the 

partial stagnation and mixing induced by the flow structure of the multi-circulation. 

The concept of the multi-circulation has also been proposed by other researchers. As 

demonstrated in Figure 5, the outwards movement of the central flow leads to its 

mixture with the peripheral flow and formation of the multi-circulation region [5]. 

 

Figure 4. Flow structure inside a counter-flow vortex tube 
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Figure 5. Hypothesized flow behaviour in a vortex tube according to Crocker et al. [6]  

The inner part of the flow moves towards the hot end and turns back in the front 

part of the tube. The flow in this region expands due to the lower pressure in the 

central part of the tube and then it escapes from the cold nozzle at a temperature 

lower than the supplied air. A similar description of the flow pattern in the front part 

of the tube was also reported by other researchers. More specifically, it was stated 

that part of the swirling flow turns back before reaching the hot end and leaves from 

the cold nozzle [7-12]. Figure 6 presents a proposed flow pattern in a vortex tube [9], 

in which the turning back of the peripheral flow in the front part of the tube is shown. 

Some of the inner flow might mix with the multi-circulation to form small vorticities 

that separate the cold flow from the hot flow. These small vorticities are also shown 

in Figure 4 and are located between the cold core and the hot region. As stated above, 

the lowest temperature is found at the centre of the tube near the injection point, and 

after mixing with other parts of the cold flow, the temperature of the exhausted 

stream from the cold nozzle rises by a small amount. The increased temperature of 

the exhausted gas from the minimum temperature in the central region of a vortex 

tube was found in [13], and the minimum temperature at (r, l) = (0, 0) has also been 

reported in both experimental and numerical investigations [13-17].  

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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Figure 6. Proposed flow pattern in a counter-flow vortex tube [9] 

Exergy analysis inside the vortex tube 

In order to verify the above hypothesis, an energy analysis inside the vortex tube 

has been carried out. Through clarification of the energy transfer between different 

flow layers, a reasonable explanation can be revealed. If there is only a small amount 

of energy transferred between layers, the temperature separation in a vortex tube can 

be considered to be a result of a change in a certain variable such as pressure or 

velocity. Then the temperature drop of the cold air is the result of a sudden expansion 

near the entrance (or lower pressure region in the central part of the tube), and the 

temperature rise of the hot air is the result of the mixture and partial stagnation of the 

multi-circulation near the hot exit. Furthermore, if the energy transfer between 

different flow layers is significant, then the temperature separation in the tube might 

be caused by secondary circulation and angular momentum transportation by the 

internal friction between different layers of flow. The hypothesis offered in this 

research proposes that the hot and cold streams from the vortex tube are the result of 

a pressure drop, and that the mixture and partial stagnation are caused by the multi-

circulation. To validate the hypothesis, the exergy density of the internal flow is 

calculated. 

Exergy within a control volume describes the maximum available energy and is 

calculated as follows: 

                           (1) 



Chapter 6 Analysis of the thermal separation in a vortex tub                                  91                           

 

The exergy within a control volume consists of the total energy and entropy, i.e., 

the first and second components of the equation. The total energy within a control 

volume consists of three parts, i.e., enthalpy, kinetic energy, and potential energy. In 

fluid dynamics, the kinetic energy within a control volume consists two parts, as 

shown in the equation below: 

                                               (2) 

Here,  is the average kinetic energy within the flow and  is 

the kinetic energy in the turbulence of the flow. The total kinetic energy within a 

control volume is calculated as follows: 

                (3) 

Here,  is mass contained within the control volume,  is the time-averaged 

overall velocity,  is time-varying velocity fluctuation, and  is the overall 

turbulence intensity, respectively.  

Gravitational potential energy of the mass within the control volume is given as: 

                                                                 (4) 

Here, g is gravitational acceleration and z is the net height.  

The enthalpy within the control volume can be expressed as: 

                                                            (5) 

Here, Cp is the specific heat at constant pressure and ΔT is the temperature 

difference between a local substance and a reference condition. In the study of a 

rotating air flow, the influence of gravity is generally ignored due to its small 

magnitude. Hence in this paper, the total energy within the control volume can be 

given as: 

                                                                  (6) 
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In analysing compressible flow, the entropy within the control volume is very 

useful and is thus included in the exergy analysis. The change of entropy is given as: 

                                                                       (7) 

Here  is the infinitesimal transfer of heat to the control volume,  is the 

equilibrium temperature of the system, and  is the entropy change. Also, a change 

in the entropy of the system can be calculated from the following relationship: 

                                                                 (8) 

Here,  is the change of enthalpy,  is the pressure change and  is the 

density within the control volume. For a process within the control volume, the 

entropy change can be calculated as follows:  

                                                    (9) 

Here,  is the gas constant, T and P represent the temperature and pressure, the 

subscripts “i” and “o” represent the instantaneous and reference conditions of a 

process. Thus, the exergy within the control volume can be derived from the above-

mentioned equations and expressed as: 

    (10) 

In order to carry out a detailed analysis of the exergy distribution inside a vortex 

tube, the control volume in the vortex tube is defined to be infinitesimal, and hence 

the properties inside the control volume are constant. In this method, the density of 

the local fluid can be used to calculate the exergy distribution inside the vortex tube 

instead of the mass within the control volume, and the result of this calculation is 

defined as the exergy density distribution. Therefore, the equation is written in the 

following form: 

   (11) 
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Here,  is the density of local fluid and can be calculated using the following 

equation: 

 

Here, Pi and Ti are the local static pressure and static temperature, respectively. 

In the calculation of the exergy density, Cp is the specific heat at constant pressure 

and is  in this paper according to the flow conditions where To is the 

reference ambient temperature,  is the time-averaged velocity,  is 286.9 , 

Po is the reference ambient pressure. Values pertaining to the standard atmosphere 

were used as the reference condition, where . 

With these parameters and the flow properties reported in [5], the exergy density 

gradient in the vortex tube was calculated.  

Figure 7 presents the calculated exergy density inside the vortex tube at different 

locations. It is shown that the exergy density in the peripheral region decreases 

dramatically from the inlet, which is caused by the filling of the central part of the 

vortex tube by the peripheral flow. At 0.05L, the decrease of the exergy density in 

the radial direction also indicates the formation of the cold core as presented in 

Figure 4. Towards the hot end, the radial gradient of exergy density becomes 

constant. Heat transfer from the wall of the tube to the ambient air causes a gradual 

decrease in exergy density from approximately 0.5L to the hot end. As discussed in 

the proposed hypothesis, the outer layer of the peripheral flow at the hot end is 

exhausted from the hot exit and the inner part of the peripheral flow is turned back 

by the plug towards the cold end through the central region of the tube. Therefore, 

the lower exergy density of the central flow at the hot end (0.95L) is caused by the 

turned-back central flow from the peripheral part. As the central flow moves to the 

cold end, the exergy density decreases and reaches the minimum value at the cold 

end. At the peripheral region of the flow, the slightly reduced exergy density near the 

hot end indicates that there is no energy transferred outwards and that the 

temperature rise near the hot end is mainly caused by the mixture and partial 

stagnation of the axial flow via the structure of multi-circulation.  
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Figure 7. Exergy density at different positions of the vortex tube (current research) 

To enable comparison between the tube performance in this research and in 

other studies, the exergy analysis was carried out using the flow properties reported 

in other experimental investigations. The experimental parameters used in this 

research are summarised below in Table 1. Note the large dimension of the 

investigated vortex tube, chosen to facilitate accurate flow and temperature 

measurement, and the variable input pressures that lead to a variable temperature 

difference. These variable parameters ensure the reliability of the exergy analysis.  

Table 1. Parameters in several experimental investigations 

Note: Gao used rectangular inlet nozzles (width x length=1x14 mm) 

 D  L  Din  L/D Pin  ΔT 

Gao (2005) 40 2586 1x14 64.65 2.8 29 

Lay (1959) 50.8 1143 12 22.5 2 35 

Lay (1959) 50.8 1143 12 22.5 2.7 50 

Current 60 1260 6 21 1.7 10 

 

The flow properties inside the vortex tube, including the total velocity, static 

temperature and static pressure, are obtained from [13], and are used to analyse the 

exergy gradients inside the tube (Table 2).  
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Table 2. Flow properties collected from [13] 

 

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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It should be noted that the calculated exergy density distributions from the 

experimental studies shown above are not expected to match the data presented in 

this work due to the different parameters and reference conditions. However if the 

argument described above, based on the exergy density distribution is valid, then the 

trends of the exergy distribution in different experimental studies should be similar. 

For this purpose, a nondimensionalized value of exergy density is calculated using 

the relationship between the actual value of exergy density and the maximum value 

in the tube, which is defined as the exergy density ratio: 

                                                          (12) 

 

Figure 8. Exergy density distribution along a vortex tube (after Gao, 2005) 

Figure 8 presents the exergy density ratio (θ) along a vortex tube calculated as 

described above using experimental data from [13]. The kinetic energy of the 

turbulent component of the flow inside the vortex tube is ignored due to the minimal 

turbulence in the experiment and also because of its small magnitude in the 

calculation (generally less than 1%). It is seen from Figure 8 that the exergy density 

in the peripheral region decreases from the cold end to the hot end and the exergy 

density in the central region decreases from the hot end to the cold end. The trend of 

the variation of the peripheral exergy density in the hot region of the tube agrees well 

with that found in the current research. The gradual decrease of the peripheral exergy 

density from 0.5L indicates that there is little energy transferred outwards to the 

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
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peripheral flow. Hence, the increase of the internal energy, which is indicated by the 

increase in temperature, is mainly caused by the energy transformation from the 

kinetic energy of the peripheral flow. This shows that the dominant reason for the 

temperature rise is the axial stagnation and mixture caused by the multi-circulation 

near the hot end. Also, in the cold part of the vortex tube, the dramatic decrease of 

the exergy density is caused by the filling of the central region of the tube by the 

peripheral fluid. It is reasonable to conclude that the temperature drop in a vortex 

tube is mainly due to the pressure drop caused by the sudden expansion of the inlet 

flow into the central region of the tube.  

Figure 9 presents the calculated exergy density distribution based Lay’s [18] 

experimental data. These distributions of the exergy density can be seen to be similar 

to those in Figure 8. A dramatic decrease of the peripheral exergy density in the cold 

region and uniform exergy density in the hot region can also be observed. The good 

agreement between the exergy density distributions in these experimental 

investigations provides direct evidence for the proposed hypothesis above.  

 

Figure 9. Exergy density distribution along a vortex tube (after Lay, 1959) 

Moreover, the total exergy profile at the measurement location is calculated by 

integrating the exergy density as follows: 

                                                 (13) 

To nondimensionalized this parameter, the following equation is used:  

A 
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                                                           (14) 

Here,  is the total exergy profile calculated by integrating the local exergy 

density from the centre to the periphery of the tube.  is the ratio between the total 

exergy profile at the measurement location and the maximum exergy profile in the 

tube, which is near the point of injection. Figure 10 presents the calculated total 

exergy ratio based on data from the above-mentioned experimental investigations, 

from which similar trends of the exergy gradient are observed. It can be concluded 

from the figure that the dramatic decrease of the total exergy from the front part of 

the vortex tube agrees with the exergy analysis above. This highlights the increase of 

the entropy in the process of the expansion into the central region of the tube. The 

observation of uniform exergy profiles in the rear part of the tube supports the 

conclusion that little energy is transferred outwards to the peripheral flow. It is also 

evident that the temperature rise is mainly caused by the energy transformation from 

the kinetic energy of the peripheral flow. It is also noted that the total exergy profiles 

decrease at different rates and reach different steady levels near the hot end of the 

vortex tube. These differences in the exergy profiles are due to different experimental 

parameters. 

 

Figure 10. Total exergy density profiles along the vortex tube 
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Conclusion 

As part of the research on the vortex tube, this paper proposes a detailed 

hypothesis for the temperature separation based on previous studies [1, 2, 5]. Using 

detailed measurement results, an exergy analysis inside the tube is carried out, which 

provides positive evidence for the proposed hypothesis.  

The temperature separation in a vortex tube is divided into two parts, i.e., 

temperature drop and temperature rise. The temperature drop at the cold end is 

caused by the sudden expansion in the front part of the vortex tube and the 

temperature rise at the hot end is the result of partial stagnation and mixture due to 

the multi-circulation flow structure in the rear part of the tube. 

Using the experimental results from the current research and results from 

previous experimental investigations, an exergy analysis is carried out and used to 

support the proposed hypothesis from the point of view of energy transfer between 

different flow layers. The decrease of peripheral exergy density in the cold region is 

associated with the process of filling the central region of the tube, during which a 

sudden expansion occurs. Also, the uniform exergy profile in the rear part of the tube 

shows that there is no energy transferred outwards near the hot end and that the 

temperature rise is caused by the energy transformation from the kinetic energy of 

the peripheral flow.  
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6.3. The working principle of a vortex tube  
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The working principle of a vortex tube  
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South Australia 5005, Australia                       

Abstract 

The generation of cold and hot streams from a single injection in a vortex tube has been 

investigated by many researchers, aiming to define the primary reasons for the separation. 

This paper reports a detailed description of the flow behaviour inside a vortex tube and 

addresses the mechanism for the generation of cold and hot streams in a vortex tube, which 

is confirmed by different experimental methodologies, including visualization of the flow 

structure in a water-operated vortex tube, and measurement of velocity profiles in both 

water- and air-operated vortex tubes. Exergy analysis of the flow properties in an air-

operated vortex tube indicates that there is no outward energy transfer in the hot region of 

the vortex tube. Furthermore, the governing factor for the temperature rise is attributed to 

the stagnation and mixture of the flow structure. Estimation of the theoretical temperature 

drop based on the pressure gradient of a forced vortex flow is addressed in this paper, and 

good agreement with the experimental results was observed. Based on the proposed 

mechanism, the predicted performance of the vortex tube with variable geometrical 

parameters, were congruent with the experimental results, underpinning the validity of the 

proposed mechanism.  

Keywords: Ranque effect, exergy analysis, multi-circulation, thermal separation, 

vortex flow 

1. Introduction 
A vortex tube is a thermal device, which generates two streams at different 

temperature from a single injection. Injected into the vortex tube tangentially, the 

compressed gas is then divided into two parts and exhausted from the exits at 

temperatures lower and higher than the inlet gas, respectively. In this way, cold and 

hot streams are generated by only the vortex tube without any additional components. 

Figure 1 shows the structure of a counter-flow vortex tube as well as the proposed 
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flow behaviour inside the tube. Importantly, as the vortex tube contains no other part 

inside the tube, the separation of two streams at different temperature by the vortex 

tube can only be attributed by the effects of fluid dynamics. In previous 

investigations, the vortex tube has been shown to facilitate in cooling, heating and 

mixture separation [1]. On comparison with other industry-based technologies, the 

significant advantages of the vortex tube, such as having no moving parts, being 

small, low in cost, maintenance free and having adjustable instant cold and hot 

streams, encourage the on-going investigations into the mechanism of this simple 

device, with the objective of improving the tube performance and identifying of the 

primary factors underlying its operation. 

 

Figure 1. Flow structure in a counter-flow vortex tube 

Several hypothesises have been proposed for the basic of the temperature 

separation, but a well-accepted explanation has not been forthcoming due to the 

complex flow mechanisms inside a vortex tube. In 2012, Liew et al. [2] reported that 

the adiabatic compression and expansion caused by the turbulent eddies, form the 

basic for the temperature separation, and provide a theoretical prediction of the 

temperatures based on the pressures at the exits. However, according to previously 

published work by Xue et al. [1], which summarised and analysed the available 

explanations, compression of the working fluid cannot be considered as the reason 

for the temperature rise, because the pressure inside a vortex tube is always lower 

than the inlet pressure. This is well supported by the measured pressure distribution 

along the vortex tube in both this [3] and other research work [4-6].  
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This paper reports a novel explanation for the generation of hot and cold streams 

in a vortex tube and is based on partial stagnation and mixture due to the nature of 

the multi-circulation occurring in the rear part of the tube, and the pressure gradient 

near the injection port. This proposed explanation is validated from a series 

investigations based on the analysis of flow behaviour and the properties inside the 

vortex tube [1, 3, 7].  

Visualizations of the flow structure, and measurements of the velocity 

components in both air- and water-operated vortex tubes, show that the proposed 

flow structure forces the flow to be divided into two streams at different temperatures. 

The validity of the proposed explanation is also supported by comparison of the 

estimated temperature drop and its correlation with experimental data in the cold part 

of the tube. Exergy analysis performed along the tube also shows that there is 

negligible energy transfer between different flow layers, which indicates the energy 

transformation of the peripheral flow is the primary factor in facilitating the 

temperature rise via the proposed flow structure. The working principle of the vortex 

tube is discussed in relation to the proposed mechanism, and is validated by the 

significant correlation existing between the theoretical value and experiment results, 

which are obtained in the course of this study. 

2. The cooling effect in a vortex tube 
 

The cooling effect of a vortex tube is identified in this research as the result of 

the sudden expansion of the working fluid near the injection port. When the fluid is 

injected into the vortex tube, the main part of the fluid rotates and moves along the 

periphery towards the hot end. Near the injection point, the inner part of the 

peripheral flow turns back and moves towards the cold exit. A cold core is formed 

near the injection due to the pressure gradient of the forced vortex, and the 

temperature drops due to the decreased pressure of the working fluid in this cold core. 

The flow behaviour in the cold part of a vortex tube can be seen in Figure 2, which 

shows the inwards turn back of the inner flow and the cold core. This explanation for 

the cooling effect is then validated in the following sections.  
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Figure 2. Flow structure inside a counter-flow vortex tube  

2.1. Validation of the flow structure  
The explanation for the cooling effect is confirmed by the agreement between 

the hypothesised and experimentally observed flow structure. Visualization of the 

flow structure inside a water-operated vortex was conducted using different 

visualization methods [7]. The detailed description of the flow structure was based 

on the observed movements of the injected tracing particles in the clear tube [7]. It 

was found using tracing particles that the inner part of the injected fluid turned back, 

moved to the cold end, and exhausted from the cold exit.  

The proposed flow structure inside a vortex tube is also validated using the 

measured velocity profiles in an air-operated vortex tube [3], which are presented in 

Figure 3 with the hypothesised flow structure. The negative radial velocity near the 

injection port (at 0.05L) shows that the peripheral flow moves to the centre of the 

tube. This inwards movement of the peripheral flow results in the sudden expansion 

near the cold nozzle, which leads to the formation of a cold core due to the pressure 

drop. The inwards, turn-back flow, in the cold core is the reason for the two 

maximum values of axial velocity at 0.25L, which are away from the centre of the 

tube. The flow structure in the front part of the tube is also supported by the axial 

velocity distributions at 0.05L where most of the fluid near the injection port is 

moving to the cold exit.  
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Figure 3. Hypothesized flow structure inside a vortex tube and velocity profiles at the corresponding 
position of the tube  

(From top: ideal flow structure inside a vortex tube (3), swirl, axial and radial velocity profiles 
measured from 0.05L near the injection port to 0.95L near the hot exit, respectively.) 

 

2.2. Estimation of the temperature drop 
The temperature drop in a vortex tube is estimated based on the measured 

velocity profiles. The flow near the injection of a vortex tube performs as a forced 

vortex and the pressure distribution can be expressed as: 
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(1) 

       where,  is the pressure gradient in the radial direction, ρ is the local density of 

the flow, ω is the angular velocity, and r is the radial location. Using the state 

equation: 

                                                                    (2) 

The pressure gradient is written as: 

                                                           (3) 

For the adiabatic process, the relationship between the temperature and pressure 

of the control volume is: 

                                                           (4) 

Substituting the relationship into the pressure gradient, it becomes: 

                                                    (5) 

Integrate the equation and substitute peripheral properties, including density, 

static pressure and temperature at the inlet as  and , respectively. The 

radius of the vortex tube and the heat capacity ratio of the fluid are  and γ, 

respectively. The difference between the peripheral temperature and local 

temperature, which is also known as the temperature drop in a vortex tube, can be 

derived as: 

                                            (6) 

As the geometrical parameters of the vortex tube vary, the flow at different 

temperatures in the vortex tube, mix and escape as the cold stream at a higher 

temperature than the minimum temperature calculated by equation 6.  

Recently, Polihronov and Straatman [8] performed a theoretical analysis of the 

angular propulsion effect in fluids and reported a temperature drop due to the 
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adiabatic expansion in a vortex tube. A good agreement of the estimated temperature 

drops in their work and this research indicates the reliability of this estimation. 

It is noted that the minimum temperature of a forced vortex is located at the 

centre. Hence, for a vortex tube, the maximum temperature drop occurs in the central 

part of the tube near the injection port. In order to confirm this estimation, 

experimental data from [4-6, 9] were compared with the calculated value. Due to the 

different experimental conditions, a nondimensionalized value of the temperature 

drop ratio (ε) was calculated using the relationship between the actual temperature 

drop and the calculated maximum value using the above-mentioned method and is 

defined as: 

                                                               (7) 

The temperature drop ratio calculated from both this study and that of others’ [4-

6, 9] is shown in Figure 4. It is evident that the calculated maximum temperature 

drop is always greater than the experimental results. This can be explained by the 

reduction of the temperature drop due to the mixture of flow at different temperatures. 

The experimental results that are closer to the calculated value, indicates the better 

cooling performance of the vortex tube, since less mixing of the streams within the 

cold core leads to a lower temperature of the cold stream. Therefore, an estimation of 

the temperature drop based on the forced vortex assumption dictates the cooling 

capability of a vortex tube, and supports the notion that the pressure drop near the 

inlet is the main reason for temperature drop.  
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Figure 4. The temperature drop ratio from different experimental investigations 

3. The heating effect in a vortex tube 
The heating effect of a vortex tube could be induced by outwards energy transfer, 

including both thermal and kinetic energy, and partial stagnation of the swirling flow. 

As indicated in previous publication [1], the partial stagnation and mixture due to the 

flow structure located near the hot end, contributes significantly to the temperature 

rise in a vortex tube. 

At the hot exit of a counter-flow vortex tube, the outer layer of the peripheral 

flow escapes from the small gap between the control plug and the tube as represented 

by the yellow helix in figure 2. The inner part of the flow is forced back through the 

central region of the tube (pink helix) by the plug. On its way towards the cold end, 

the swirling flow moves outwards to the periphery, mixes with the peripheral flow, 

and then returns back to the hot end (red helix). In this way the flow structure, 

termed multi-circulation, is formed and its partial stagnation and mixture is the 

primary factor for the temperature rise. The flow structure in the rear part of a vortex 

tube is also shown in Figure 2, as in the area of multi-circulation.  

3.1. Validation of the flow structure  
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The actual flow behaviour near the hot end has been investigated in this study. 

Flow visualization near the hot end indicates that the outer layer of the peripheral 

flow continues its rotation and moves towards the hot exit [7], as shown in Figure 5. 

At the hot end, part of the outer layer flow is exhausted from the hot exit and the 

inner part of the flow is forced back by the control plug. The flow behaviour near the 

hot end of the tube was observed by tracing the movement of the injected particles 

within the forced-back flow. The position of a single particle in continuous frames 

from a video record is shown in Figure 6, in which the flow structure near the hot 

end was clearly appeared. It can be seen from the Figure that the focused particle 

moves upwards (towards to the cold end) with an increasing rotation radius and at 

certain position, the particle turns back to the hot exit again [7].  

 

Figure 5. Helical movement of the flow inside the vortex tube 

Thus, from the observations of each single particle, the flow behaviour near the 

hot exit can be described as: “Being forced back by the plug, the central rotating flow 

moves towards the cold end from the plug with an increasing rotating diameter. At a 

certain axial position of the tube, part of the central flow moves outwards in the 

radial direction, mixes with peripheral flow, and then turns back to the hot exit again. 

This flow structure, termed multi-circulation, supports the proposed explanation for 

the temperature rise, which are the partial stagnation and mixture induced by the 

multi-circulation.  
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Figure 6. Position of the single particle in continuous frames 

When the injecting needle was positioned at a proper location in the water-

operated vortex tube, the flow structure of multi-circulation was also visualized using 

dye injection. Figure 7 shows the recorded trajectory of the injected dye that moves 

towards the cold end, i.e., upwards of the figure, with an increasing rotating diameter. 

After a slight upwards movement, the injected dye then moves downwards to the hot 

end in the peripheral region. Therefore, this particular study shows the turn back of 

the central flow and indicates the formation of multi-circulation near the hot end of 

the tube. 

 

Figure 7. Visualization of the turn-back flow in the central region of the tube using dye 

The flow structure of multi-circulation is also supported by the quantitive 

analysis of the velocity profiles presented in figure 3. The maximum axial velocity at 

the hot end appears in the centre of the tube (at 0.95L) and shows the flow is forced 

back along the centre by the plug [3]. As the central flow moves to the cold end, the 

outwards radial flow induced by the increased centrifugal acceleration, causes the 

excursion of maximum axial velocity from the centre (at 0.75L). Corresponding to 
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the same position, the formation of the multi-circulation is clearly apparent by the 

positive radial velocity, which indicates the outwards movement of the central fluid.  

The swirl velocity distribution conducted from the flow visualization results [7] 

indicates an irrotational vortex appears near the hot end of the water-operated vortex 

tube. In an air-operated vortex tube [3], the swirl velocity distributions indicate a 

transformation from a forced vortex at the cold end to an irrotational vortex model at 

the hot end (Figure 3). The irrotational vortex flow near the hot end of a vortex tube, 

which leads to the outwards movement of the central flow and formation of the 

multi-circulation, would result in a greater centrifugal force in the central region. The 

structure of multi-circulation is also supported by the distribution of the volume flow 

rate along the water-operated vortex tube as reported in [7].  

3.2. Exergy analysis of the internal flow 
The core question in this investigation is the clarification of the energy transfer 

between different layers of flow [1]. If the energy transfer between layers is 

significant, kinetic energy transfer outwards due to the viscosity and turbulence of 

the flow should be considered as the reason for the separation. On the contrary, 

sudden expansion and partial stagnation are the primary factors in the temperature 

separation, in case of negligible energy transfer. Therefore, an exergy analysis, which 

defines the maximum available energy of the system, inside a vortex tube, was 

employed in order to validate the proposed explanation.  

To conduct sensitivity analysis, an infinitesimal control volume is selected, 

which enables the calculation of exergy based on the result of measurements inside 

the vortex tube. In this case, the local density at the measurement position can be 

used in the exergy analysis instead of the mass of the control volume. Defined as 

exergy density, the calculated results indicate the exergy level of the flow inside the 

tube, from which energy transfer can be identified. The exergy density is calculated 

as: 

     (8) 
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Here,  is the local density and calculated using the state equation, Cp is the 

specific heat at constant pressure, T and P represent the static temperature and static 

pressure, respectively, the subscripts “i” and “o” represent, respectively, the instant 

and reference conditions of a process,  is the time-averaged total velocity,  is the 

time-varying velocity fluctuating component,  is the overall turbulence intensity, 

and R is the universal gas constant.  

In order to draw a reliable conclusion form the exergy density analysis, flow 

properties inside the vortex tube were collected from this and other studies. It should 

be noted that the calculated exergy density distributions from these studies are 

different due to the different parameters and referencing conditions. Hence, a 

nondimensionalized value of exergy density calculated by the relationship between 

the actual value of exergy density and the exergy density at the inlet, is defined as: 

                                                            (9) 

Note the exergy density at the injection inlet is also the maximum value of the 

exergy density of the flow in the vortex tube. The exergy density profiles along the 

vortex tube are presented in Figure 8, which are calculated using the experimental 

data from this study [3], as well as the data of Gao’s [4] and Lay’s data [6]. It can be 

seen from this figure that the exergy density of the peripheral flow decreases 

dramatically from the inlet, which is due to the filling of the inner part of the vortex 

tube from the peripheral flow. This distribution of exergy density indicates the 

existence and effect of the cold core in generating cold streams as discussed 

previously. In the peripheral region, the slightly decreased exergy density near the 

hot end indicates that there is little energy transferred outwards to the peripheral flow. 

The outwardly-directed energy transfer, including both thermal and kinetic energy 

components, cannot be treated as the primary reason for the temperature rise. Hence, 

partial stagnation and mixture of flow contributes greatly to the temperature rise via 

the structure of multi-circulation.  
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Figure 8. Exergy density at different positions of the vortex tube 

4. Working principle of a vortex tube 
Based on the discussions above, the flow behaviour inside a vortex tube is 

summarised in detail as shown in Figures 2 and 3. This basic on which the 

temperature separation in a vortex tube can be explained is as follows: When 

compressed air is injected into the tube from the tangential inlet, it forms a highly 

vortical flow and moves to the end of the tube. The inner part of the flow moves 

towards the hot end and turns back in front part of the tube. This part of the flow gets 

expanded due to the low pressure in the central part of the tube and escapes from the 

cold nozzle at a lower temperature than the injected air. Small amount of the inner 

flow mixes with the multi-circulation and forms small vorticities that separate the 

cold flow and multi-circulations. Due to the pressure gradient in a vortex tube, the 

lowest temperature will be found in the central part of the flow near the injection port. 

After mixing with other clod flow, which has been inwardly turned back, the 

minimum temperature of the exhausted stream from the cold nozzle will be found to 

be higher than the lowest temperature inside the tube. The cold and hot regions are 
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also shown in the above figures, and between them is the mixing and separating 

region. 

The peripheral part of the airflow escapes from the hot exit at a higher 

temperature than the inlet temperature and the inner part of the flow is forced back 

by the plug at the hot end. Due to the increase of the swirl velocity, the centrifugal 

force of the swirling flow increases and leads to the outwards flow of the central 

fluid. On its way to the cold end, the central flow moves outwards, mixes with the 

peripheral flow, and turns back to the hot end again. In this way, the central flow 

performs multiple circulations before being exhausted from the hot exit. Because of 

the strong swirling flow in the hot region of the tube, sub-cycles of the multi-

circulation might be found in the principal multi-circulation, which is represented by 

the dashed line in Figure 3. The temperature of the peripheral flow arises due to the 

partial stagnation and mixture induced by the multi-circulation. The maximum 

temperature should be found at the outwards turn back to the hot end of the central 

flow, i.e., about one third of the overall tube length distant from the hot end as 

discussed in [1]. The maximum temperature along the wall was also reported to be 

some distance from the hot exit [10, 11].  

Based on this proposed flow behaviour, the working principle of a vortex tube at 

variable cold mass flow ratio, which is generally controlled by adjusting the hot end 

plug, is discussed below. To perform an accurate analysis of the working process 

inside a vortex tube, the flow pattern is divided into several regions (presented in 

Figure 9), which are the vorticities in the corner of the tube (1), the cold core (2), the 

peripheral flow (3), the mixing and separating region (4), and the hot region or multi-

circulation region (5).  

The vorticities (1) in the corner of the tube are induced by the injected fluid and 

may be noticed as the secondary circulation when the cold exit is small [12]. When 

the cold exit of the vortex tube is larger than a critical value (i.e. dc/dt=0.58, here dc is 

the diameter of cold exit and dt is the diameter of the vortex tube [13]), all the flow 

moving to the cold end will be exhausted from that exit and there will be no flow 

being forced back to form the vorticities in the corner. 
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The cold core region (2) indicated by the blue helix in figure 2, locates near the 

injection point, and it is the region where expansion occurs and the temperature 

drops due to the pressure gradient of the forced vortex. The minimum temperature 

inside a vortex tube is always found in the central part of the cold core opposite the 

injection port. The size of the cold core varies in the vortex tube with different 

experimental parameters.  

The peripheral flow (3) represented by the yellow helix in figure 2, is that flow 

which moves in the peripheral layer and escapes from the hot exit. It mixes with the 

multi-circulations and leaves the tube at a higher temperature due to energy 

transformation from the kinetic energy of the peripheral flow, as discussed in the 

previous exergy analysis. 

The mixing and separating region (4) may be found between the inwards turn 

back flow in the cold core, and the outwards turn back flow of the multi-circulation 

in a vortex tube. This region ensures the best performance of an ideal vortex tube by 

preventing the mixture of cold and hot flow regions. In a vortex tube, which is not 

designed properly, the mixing and separating region of the respective flow are not 

well delineated, and hence, this leads to a reduction in the separating performance. 

The multi-circulation (5) locates near the hot end and causes the temperature rise 

of the working fluid in the process of stagnation and mixture with the peripheral flow. 

It is also indicated by the red and pink helix in figure 2, which show flow movement 

to the hot end and cold end, respectively. For a vortex tube with small hot exit, the 

central part of the multi-circulation region may move towards the cold end through 

the mixing region (4) and mix with the cold flow in the cold core region (2). Hence, 

the temperature drop of the cold flow is reduced by this mixing. 
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Figure 9. Divisional flow pattern inside a counter-flow vortex tube 

When the hot exit of a vortex tube is relatively large, there will not be any flow 

forced back by the plug. Instead, all of the injected flow will escape from the hot exit. 

Due to the strong swirling flow, a low pressure region in the central part of the tube 

near the cold exit will be formed, reducing the extent of the temperature drop. Hence, 

entry of ambient air into the vortex tube through the cold exit by suction, can occur 

and may lead to more fluid from the hot end being exhausted than the injection. The 

inward suction of the ambient air has previously been reported by the authors [3] due 

to this low pressure region near the cold exit. The temperature of the exhausted gas 

will show a small increase due to the mixture and friction effect, which is weakened 

both by the temperature drop near the injection point and entry of ambient air by 

suction. The flow inside the tube will perform as a forced vortex and decay towards 

to the hot end. As shown in Figure 10, the flow behaviour in a vortex tube with a 

large hot exit, shows that only the peripheral flow (3) in the vortex tube, as well as 

the sucked ambient air moving along the centre exist under this condition. 
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Figure 10. Flow structure in a vortex tube (1) 

When the area of the hot exit is reduced, there will be some gas escaping from 

the cold exit and as a result, less gas leaves from the hot end. Part of the peripheral 

flow will be forced back by the plug and multi-circulation (5) with small scale will 

be formed. A transformation from forced vortex at the cold end to the irrotational 

vortex at the hot end will be observed. Partial stagnation and mixture due to this 

small scale multi-circulation causes a rise in the temperature of this flow, although 

the temperature in this region is lower than the maximum temperature generated by 

the vortex tube. The inner flow starts turning back because of the blockage by the 

multi-circulation. Temperature drops in the cold core (2) is caused by the pressure 

gradient in the tube, although there may be some suction of ambient air, which 

reduces the temperature drop at the cold exit, depending on the dimensions of the 

cold and hot exits. The vortex tube under this condition could generate cold and hot 

streams, and its likely flow structure inside the tube is shown in Figure 11. 

Figure 11. Flow structure in a vortex tube (2) 
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Once the hot exit is further decreased, more cold stream and less hot stream will 

be exhausted from the vortex tube. At certain cold mass flow ratio, the pressure at the 

cold exit becomes greater than the ambient pressure; hence suction at the cold exit 

will no longer be observed (shown in Figure 3). The temperature of the inner flow 

decreases due to the pressure gradient, and represents the minimum temperature 

within the vortex tube, and is the result of both the maximum volume of the cold core, 

and the lack of mixing the ambient air or the hot stream. Concomitantly, the 

temperature of the hot steam increases due to the increased scale of the multi-

circulation, which strengthen the effect of partial stagnation and mixture.  

 

Figure 12. Flow structure in a vortex tube (4) 

If the cold mass flow ratio keeps increasing, a concomitant increase of the multi-

circulation (5) and a decrease of the cold core region (2) would be expected as shown 

in Figure 12. Therefore, due to the smaller region for expansion and more gas in the 

cold region, the temperature drop of the cold stream would be reduced. As a result, 

the effect of partial stagnation and mixture is therefore strengthened by the increased 

scale of the multi-circulation, which leads to the increase of the hot stream 

temperature. Moreover, due to the decreased hot exit area, more gas will be forced 

back by the plug and subsequently, move to the cold end along the central part of the 

tube. Thus, part of the central flow may mix with the cold flow and escape from the 

cold exit. This mixture of two flows at different temperature causes the rise of cold 

temperature at the cold exit and weakens the cooling effect of the vortex tube.  

In condition when the hot exit of a vortex tube is blocked, all the injected gas 

leaves from the cold nozzle, i.e. the cold mass flow ratio equals 1, and the flow 
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structure in the vortex tube is represented in Figure 13. It is seen from the Figure that 

the main part of the injected gas gets expanded in the cold core and is exhausted 

from the cold exit. In such a condition, part of the peripheral flow then moves to the 

hot end and forms the structure of multi-circulation in the rear part of the tube. Hence, 

the temperature of flow in the rear part of the tube still increases due to the partial 

stagnation and mixture in the multi-circulation region, which is indicated by the 

measured temperature of the tube wall at the hot end. It was reported in [14], that the 

temperature of the tube wall at the hot end had a 14 centigrade degree rise when the 

hot exit was blocked. As the cold core region decreased and the amount of the 

expanding stream increased, the temperature drop near the injection was not obvious 

as that in the vortex tube with other settings. The mixture of the high temperature 

stream coming from the multi-circulation region further reduced the temperature 

drop, which was reported as a 3.2 centigrade degree drop at the cold exit as reported 

in [14]. The tube performance when the hot end is blocked has also been reported in 

others’ studies [4, 10, 11, 15]. 

 

Figure 13. Flow structure in a vortex tube (5) 

According to the proposed explanation, the parameters influencing the 

temperature change as a function of the variable cold mass ratios discussed above, is 

in agreement with the experimental results reported in [15]. With regard to the 

temperature drop of the cold stream at a cold mass ratio from 0 to 0.3, the improving 

performance of the cooling effect may be caused by the decrease with the extent of 

ambient air suction, until such time the tube reaches its best cooling performance at a 

certain cold mass ratio. When the cold mass ratio is greater 0.3, the temperature of 

the cold flow increases with the increasing cold mass ratio. This is mainly due to the 
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reduction of the cold core region and the increase of the hot stream emanated from 

the multi-circulation region. The temperature of the hot stream increases with the 

increase of clod flow ratio or decrease of the hot flow ratio. Furthermore, the 

increasing temperature is caused by stronger stagnation and mixture due to the 

increasing region of multi-circulation as discussed above. 

It should be noted that for a vortex tube having a cold mass ration greater than 

0.8, i.e. the settings between Figures 12 and 13, the decreased extent of the peripheral 

flow moving to the hot end, leads to the formation of a weaker region of multi-

circulation. This may explain the reason for the decreasing temperature of the hot 

stream when the cold mass ratio is greater than 0.8. For the different vortex tubes 

employed in previous studies [4, 11, 14-16], different critical cold mass flow ratios 

were found. However, the similarities in the tendencies for change in the temperature 

profiles, show the reliability of these discussions and provide solid support for the 

proposed explanation. 

 

5. Geometrical effects on the tube performance 

The effects of the geometrical parameters on vortex tube performance have been 

investigated by many researchers, using both experimental and numerical methods. It 

has been reported that when different geometrical parameters were selected for 

testing a vortex tube, such as length and diameter of the tube, shape and size of the 

inlet nozzle, cold and hot exits, and structure of the tube, the temperatures of the 

generated cold and hot streams varied. However, there has not been an explanation 

that can be used to explain all the effects of the variable parameters on the tube 

performance. Therefore, based on the explanation proposed in this study, the 

geometrical effects are discussed in this paper. 

 

5.1. Tube length 

The effects of tube length, tube diameter and ratio of tube length over tube 

diameter were summarized by Yilmaz et al. [17]. It was reported that the length of 
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the tube should be longer than a critical length to achieve significant temperature 

separation within the vortex tube. When the vortex tube is shorter than the critical 

value, the separating vorticities between the cold core and multi-circulation region 

became weaker or even disappear, and the cold flow will subsequently mix with the 

hot flow from the multi-circulation region. Hence, the temperature separation in a 

very short vortex tube will not be significant. When the length of a vortex tube 

approximates or is longer than the critical length, the separation of the cold region 

and the multi-circulation region, i.e., the hot region, is ensured by the tube length and 

provides a better performance of the temperature separation. The critical length is 

different for the vortex tube with different tube diameters.  

 

5.2. Tube diameter 

The performance of a vortex tube is also a function of tube diameter. When 

optimized, the diameter of a vortex tube can provide a perfect separation of the cold 

and hot regions, which therefore dictates the performance for the temperature 

separation. When the diameter of a vortex tube is too small or too large, mixture of 

cold and hot streams inside the tube or mixture of cold stream and sucked ambient air, 

can lead to a reduction in the temperature drop. At the hot end, weak multi-

circulation will be found in a vortex tube with large diameter, due to its small 

centrifugal force. Therefore, for a vortex tube with fixed length, there is a critical 

value of the tube diameter for the generation of maximum temperature separation. 

 

5.3. Ratio of tube length over diameter 

It has been reported that the ratio of tube length over diameter needs to be 

greater than 20 in order to have significant temperature separation in a vortex tube 

[17], and this finding agrees with the current study [3]. Once the ratio is greater than 

45, it was reported that there is no further effect on the performance of the vortex 

tube [17]. This is likely due to the fact that the cold core region and the multi-

circulation region have been fully separated when the ratio of length over diameter is 
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45. Therefore, it does not apparent that further lengthening of the vortex tube has any 

influence on the tube performance. However, with the increase of the tube length, the 

decrease of tangential velocity at the hot end leads to a weakening of the multi-

circulation region, which results in a slightly temperature drop of the hot stream.  

 

5.4. Tube shape 

It has been reported that a conical vortex tube can generate two streams which 

exhibit significant temperature differences, although the length of the conical vortex 

tube is much shorter than a straight vortex tube [4, 17, 18]. Optimum conical angle 

has been proposed by several researchers. However, there has not been an 

explanation for the apparent successful application of the conical tube in shortening 

the length of a vortex tube. According to the abovementioned explanation, the 

separation of the cold core region and the multi-circulation region, in a short conical 

vortex tube, still can be successfully achieved. Due to the conical angle of the tube, 

the formed, multi-circulation region in the rear part portion of the tube, will have a 

similar conical angle along the wall of the tube, which makes the radial dimension at 

the end of the multi-circulation (away from the hot end), increase. Hence, the 

mixture of an enlarged multi-circulation and the cold region can be avoided. Thus, a 

short conical vortex tube can still perform well with regard to the extent of the 

temperature separation. 

 

5.5. Vortex angle 

A new geometrical parameter, termed the vortex angle, has been investigated 

[19]. It has been reported that the introduced vortex angle had negative effects on the 

magnitude of the temperature differential achieved. Based on the proposed 

explanation, the introduced vortex angle leads to a decrease of the tangential velocity 

and an increase in the axial velocity. Since both the temperature drop and 

temperature rise are caused by the strong swirling flow, the decrease of the tangential 
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velocity is the reason for the reduction of temperature separation in a vortex tube 

with a vortex angle generator installed. 

 

5.6. Inlet nozzle  

The strong swirling flow, which is the reason for the temperature separation in 

the vortex tube, is generated by the injected high speed fluid through the inlet nozzle. 

Therefore, the inlet nozzle, which exhibits good characteristics in generating the 

swirling flow, is the primary component in generating the two streams which result 

in large temperature difference within the vortex tube. The dimension of inlet nozzle 

cannot exceed a critical value, in order to generate the strong swirling flow. 

Generally, an increase in the inlet nozzle number leads to greater injected flow and 

symmetric flow in the tube, both of which lead to impressed temperature separation. 

Furthermore, too many inlet nozzles will cause a high back pressure inside the tube 

and lead to a decrease of the swirl velocity resulting in a reduction of the temperature 

separation. These discussions regarding the inlet nozzle agree with the results 

presented in [17]. 

 

5.7. Tube exits 

The effects of the cold and hot exit on the tube performance have been discussed 

in a previous section: i.e., the discussion of the temperature separation at different 

cold mass ratio. The size of the hot end plug plays an important role in controlling 

the cold mass flow ratio. Furthermore, the cold exit has an obvious influence on the 

exhausted cold flow, including the influx of ambient air by suction. The optimum 

setting of the cold and hot exit is achieved by adjusting the cold mass ratio to the 

critical value, as discussed above. Different shapes for the hot end plug have been 

investigated in order to identify its influence on the tube performance [4, 20]. It was 

found that the shape of the plug had negligible effects on tube performance. The 

primary factor in forming the multi-circulation region is the size of the plug rather 
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than the shape of the plug. Hence, the effect of the plug shape was ignored in the 

experimental results presented here. 

 

5.8. Diffuser 

The diffuser has also been placed in the vortex tube to improve the tube 

performance [4, 21]. It was reported that the application of a diffuser after the hot 

exit, improved the temperature rise at the hot end and decreased the temperature drop 

at the cold end. The increased temperature from the hot exit is the result of further 

stagnation of the strong swirling flow. Measurement of hot stream temperature from 

a commercial vortex tube also indicates a significant improvement by installing the 

hot end muffler, which further stops the rotation of the flow. Application of the 

diffuser at the hot end also causes an increase of the exit pressure, and change the 

flow structure inside the vortex tube due to the increased exit pressure. There will be 

less flow exhausted from the hot exit, and more flow exhausted from the cold exit. In 

the meantime, due to the fact that more flow is forced back at the hot end, the region 

of multi-circulation increases and the cold core region decreases. The increase of the 

cold flow and the decrease of the cold core region are the reasons for a relative 

lowering of the temperature of the cold flow. 

 

6. Conclusion 

Although several explanations for the temperature separation in a vortex tube 

have been proposed, due to the complexity of the internal flow, there has not been a 

well accepted explanation, and therefore the physical processes inside the vortex tube 

remain unclear. This paper reports a novel explanation for the temperature separation 

in a vortex tube based on the descriptions of the flow structure with in the tube. The 

temperature drop in a vortex tube is mainly due to the pressure drop near the inlet, 

and the temperature rise is caused by the partial stagnation and mixture due to the 

structure of multi-circulation near the hot end.  
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The proposed cold core region and multi-circulation region, which indicate the 

region of temperature drop and temperature rise, respectively, are observed and 

confirmed via both qualitative and quantitative investigations. The confirmation of 

the hypothesized flow behaviour inside a vortex tube confirms the validity of the 

proposed explanation. Exergy analysis in the air-operated vortex tube was performed 

in this study, and as such validates the stated explanation. The analysis of results 

from this study and that of others’  show a slightly decreased peripheral exergy 

density in the rear part of the tube, which indicate the primary contribution of the 

partial stagnation and mixture due to multi-circulation, to the temperature rise. The 

significant drop in the peripheral exergy density in the front part of the tube, and the 

estimation of the temperature drop based on the forced vortex assumption, indicate 

the pressure gradient in the front part of the tube is the main reason for the 

temperature drop. 

The working principle of a vortex tube is discussed according to the proposed 

explanation, which agrees well with the experimental results. Further discussions of 

the geometrical effects on the tube performance, such as cold mass flow ratio, tube 

length, tube diameter and inlet nozzle, have been performed to validate the 

explanation. The correlation between the tube performance discussed in the paper 

and the experimental results further underpin the validity of the explanation proposed 

for the temperature separation in a vortex tube. 

As a conclusion, pressure gradient near the cold end is considered as the main 

reason for the temperature drop, whilst partial stagnation and mixture due to multi-

circulation is the main reason for the temperature rise. Confirmation for the 

explanation is presented in the paper. 
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7. Chapter 7 

Conclusion and recommendation 

The process of generating two streams at different temperature from a vortex 

tube with a single injection, which is also known as the Ranque effect, energy 

separation, thermal separation or temperature separation, has been investigated 

intensively since its invention. However, the working process of a vortex tube still 

remains unclear, and no well accepted explanation has been proposed.  

The focus of this study was to derive an acceptable explanation for the Ranque 

effect by evaluating previous explanations and undertaking appropriate experimental 

and analytical studies. The project tasks were completed by obtaining high-fidelity 

experimental data and analytical relationships which well supported the developed 

hypothesis.  

7.1. Conclusion 

The working principle of a Ranque-Hilsch vortex tube has been investigated by 

many researchers, and several explanations have been offered, which include 

pressure gradient, acoustic streaming, friction and viscosity, secondary circulation, 

and static temperature gradient.  

As the best-known explanation, the pressure gradient of a forced vortex within a 

vortex tube has been stated as the reason for the thermal separation. This mechanism 

proposes that due to the centrifugal force generated by the strong swirling, the high 

pressure in the peripheral region and low pressure in the central region within a 

vortex tube cause the rise and drop in the temperature of the working fluid. However, 

as discussed in the critical review, the pressure inside a vortex tube will never be 

higher than the pressure at the inlet. Hence, the process of compression of the 

working fluid in the peripheral part of the tube is impossible, which indicates the 

invalidity of the above explanation. 
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Similarly, the acoustic streaming was reported to be the reason for the formation 

of a forced vortex model within a vortex tube, and the pressure gradient of a forced 

vortex was suggested to be the causes of the separation of energy. However, this 

hypothesis cannot be accepted due to the same reason as given above, i.e., the lack of 

compression inside a vortex tube.  

Another explanation proposed for the Ranque effect is the friction and viscosity 

of the working fluid, whereby the temperature of the fluid rises due to the viscous 

friction between the flow and the wall of the tube. However, as discussed in the 

critical review, the evaluation of the friction between the air flow and the wall of the 

tube was not in good agreement with the experimental values. Therefore this 

excludes the above factor as the primary underlying explanation.  

Other explanations were focused on the energy transfer from the inner layer flow 

towards the outer layer flow. Hence, the temperature drop and the temperature rise of 

the exhausted fluid were induced by the loss and gain in energy of the working fluid, 

respectively. This energy transfer has been reported as the result of internal viscous 

friction between different flow layers in the process of transforming an irrotational 

vortex to a forced vortex. However, the lack of evidence limits the further application 

of this explanation. This is also the case for the roles played by the inner friction and 

the turbulence between different layers, where more precise measurements are 

required.  

Another reason for the energy transfer between different flow layers was 

reported as the secondary circulation, which worked as a classic refrigeration system 

and transported the energy from the inner flow to the outer flow. However, according 

to the analytical result relating to the secondary circulation, which is only found 

within the vortex tube when the cold exit is small, an improvement of the tube 

performance can only be expected when the cold exit is small. Accordingly, the 

secondary circulation cannot be considered as the primary factor for the phenomenon 

of thermal separation, as it does not exist in some vortex tubes which still have the 

effect of temperature separation. 
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The static temperature gradient within a vortex tube, which had higher 

temperature in the central region of the tube, was also pointed as the reason for the 

energy transfer outwards. However, various investigations have not reported 

agreement for the static temperature gradient. This, together with the small 

magnitude of the static temperature difference also previously reported, suggest that 

the static temperature gradient is not the primary factor in separating energy within a 

vortex tube.  

Therefore, there has not been an acceptable explanation offered for the 

phenomenon of energy separation within a vortex tube, and this project is aimed at 

providing a reasonable explanation and a detailed description of the whole working 

process of a vortex tube. 

Explanations from the literature, which relate to the effect of expansion within a 

vortex tube, appear relatively more consistent, and from these, it is reasonable to 

conclude that the expansion, i.e., pressure gradient near the injection point, is the 

predominant factor underlying the temperature drop. The observation that the 

maximum value within the temperature gradient of the peripheral flow along the tube, 

occurs some distance from the hot end, and leads to the novel notion that the flow 

structure within the rear part of the vortex tube may circulate repeatedly before 

escaping the tube. Based on these notions, together with agreement between the 

computational and experimental investigations, a novel hypothesis for the thermal 

separation is now proposed. Accordingly, partial stagnation and mixture due to the 

structure of the multi-circulation in the rear part of the tube, along with the pressure 

gradient near the injection point, are proposed to be the dominant factors responsible 

for the phenomenon of thermal separation.  

The working principle of a vortex tube is described as following: When the 

compressed air is injected into a vortex tube tangentially, it starts rotating and 

moving to the other end of the tube. The inner part of the flow moves inwards and 

turns back in the front part of the tube. The flow in this region expands due to the 

lower pressure in the central part of the tube and then escapes from the cold nozzle at 

a temperature lower than the supplied air. In the mean time, the peripheral flow 
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keeps moving to the hot end. The outer layer of the peripheral flow escapes from the 

gap between the control plug and the inner wall of the tube at a temperature higher 

than the supplied air, and the inner part of the peripheral flow is then forced back to 

the cold end by the plug, through the central region of the tube. Hence, on its way 

moving to the cold end, the central flow spreads outwards, mixes with the peripheral 

flow and then turns back to the hot end again. Termed multi-circulation, this specific 

flow structure was first hypothesised in the present research. The temperature of the 

peripheral flow rises due to the partial stagnation and mixing induced by the flow 

structure of the multi-circulation. Illustrated flow behaviour within a vortex tube is 

presented in chapter 6 (Figure 2, 6.3. The working principle of a vortex tube). 

To validate the proposed hypothesis, a clear understanding of the flow structure 

inside a vortex tube is required, which confirms the proposed flow structure. This 

applies especially to both the region near the injection point in which sudden 

expansion is considered as the governing process, and the region near the exit in 

which multi-circulation may be formed. One issue, which may impact on the validity 

of the explanation, is the energy transfer between different layers. If the energy 

transfer between layers is significant, it indicates that the energy separation is caused 

by the energy transfer from the inner fluid towards the peripheral fluid. On the 

contrary, if the energy transferred from the inner flow to the outer flow is negligible, 

the validity of the proposed hypothesis will be strengthened. Therefore, further 

validation of the proposed hypothesis would come from more precise measurements 

of the extent of energy transfer between different layers. The explanation offered in 

this research can be also supported by its application in estimating the temperature 

drop, explaining the working process of a vortex tube and predicting the effects of 

various geometric parameters. 

The proposed hypothesis was firstly validated by confirming the flow structure. 

Flow visualization methods were employed in this study in order to obtain a detailed 

understanding of the flow patterns within the vortex tube. To achieve this, a 

transparent vortex tube with a single injection port was designed, which was suitable 

for flow visualization experiments using water as the working medium. The use of 

water as the working fluid in the vortex tube enabled the successful visualization of 
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the internal flow field by reducing the injecting velocity and maintaining the same 

Reynolds number at the inlet. Moreover, the steady pressure gradient in the rear part 

of the tube ensured the reliability of the visualization results using water inside the 

vortex tube. Several visualizing materials, including dye, air bubble, hydrogen 

bubble, and tracer particles, were injected into the vortex tube, enabling the internal 

flow field to be visualized.  

The assumed flow structure, i.e., the turn back of the flow in the cold core, and 

the multi-circulation in the hot region, were observed using the above flow 

visualization techniques. Hence, the explanation offered here was firstly supported 

by the confirmation of the proposed flow structure within a water-operated vortex 

tube. Furthermore, according to the swirl velocity reading based on the visualization 

results, an irrotational vortex was observed near the hot end, which caused the 

outwards movement of the multi-circulation. The volume flow rate along the vortex 

tube calculated from the axial velocity distribution, also indicated the existence and 

position of the multi-circulation region. These analytical results further strengthen 

the validity of the proposed explanation. 

The flow behaviour within the vortex tube was further confirmed by the 

precise measurement results of the flow properties inside an air-operated vortex tube. 

Because the phenomenon of thermal separation occurs in a vortex tube with 

compressible working fluid, instead of an incompressible fluid, compressed air was 

employed as the working medium in further experiments. In order to have good 

comparison between the visualization results, the air-operated vortex tube was 

designed with a similar geometry, including the cold exit, hot exit and injection port.  

An understanding of the flow mechanisms inside the optimised air-operated 

vortex tube was obtained from the detailed measurements of the flow properties, 

which included 3-D velocity distributions, pressure profiles and temperature profiles. 

Precise analysis of the 3-D velocity profiles revealed evidence in support of the 

proposed flow behaviour, including the inwards movement of the flow near the 

injection port, the turn back in the cold core region, and the outwards movement of 

the multi-circulation. The turbulence intensity, static pressure, density and static 
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temperature gradients along the tube were analysed with regard to the hypothesised 

flow structure, and were in good agreement. Therefore, the proposed flow structure 

has been fully supported by the experimental results in this study and further 

strengthens the overall explanation for the Ranque effect. Additionally, the 

irrotational vortex near the hot end that was observed from the flow visualization was 

confirmed by the transition of a forced vortex at the cold end, to an irrotational 

vortex at the hot end in the air-operated vortex tube. This transition was supported by 

the static pressure gradient along the tube. The agreement between the swirl 

velocities in both water-operated and air-operated vortex tubes further supported the 

postulated flow structure.  

In the flow visualization study, the oscillation of the rotating axis was 

observed, which was caused by the single the injection ports. The oscillation of the 

rotating axis was also indicated by the radial velocity distributions in the air-operated 

vortex tube. Agreeing with numerical investigations reported by other researchers, 

the oscillation of the rotating axis does not have significant impact on the tube 

performance. Instead, it was found that the oscillation induced difficulties in the flow 

property measurements, which can be minimised in further study.  

Analysis was also performed on the energy transfer between different layers of 

flow by defining the exergy density gradient along the tube. Calculated from the 

results of experimental measurements of the flow properties, the exergy component 

contains three parts, i.e., the kinetic energy, internal energy and increased entropy, 

and together these represent the maximum available energy level within the vortex 

tube. Then the energy transfer between layers can be identified using the calculated 

exergy profiles. It has been noted that the exergy density in the peripheral region 

decreases dramatically from the inlet. This is due to the filling of the central part of 

the vortex tube by the peripheral flow and demonstrates the existence of the 

expansion. In the rear part of the vortex tube, the slightly reduced exergy density of 

the peripheral flow along the tube indicates that there is negligible energy transferred 

outwards on its way towards the hot end. Hence, the temperature rise near the hot 

end is mainly caused by the mixture and partial stagnation of the axial flow via the 

structure of the multi-circulation. This is in contrast to those hypotheses that the 
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Ranque effect is caused by the energy transfer from the inner layer flow towards the 

outer layer flow. The analysis of the detailed exergy density undertaken in this study 

also agrees with the proposed flow structure and provides further support for the 

explanation offered in this research.  

To clarify the independence of the proposed explanation from the geometry 

and setup of this experimental investigation, the exergy analysis has also been carried 

out using the flow properties reported in other experimental investigations. A 

nondimensionalized value of the exergy density, termed the exergy density ratio, was 

calculated using the relationship between the actual value of exergy density and 

exergy density at the inlet, which is also the maximum value in the tube. In this way, 

the exergy density within the vortex tubes used in different experimental 

investigations can be analysed. A good agreement of the exergy profiles in these 

experimental investigations with these of previously reported studies has been 

observed, and therefore further supports the proposed explanation. The total exergy 

profiles at the axial cross section along the tube have also been calculated in this 

study. The consistency between the exergy density ratio and the total exergy profiles 

further supports the explanation. 

The explanation was further validated by, firstly the estimation of the 

temperature drop from a vortex tube, secondly the successful application of the 

proposed explanation in explaining the whole working process of a vortex tube, and 

thirdly agreement between the theoretical analysis and experimental observations of 

the geometrical effects. An estimation of the temperature drop from a vortex tube 

was performed using the forced vortex model near the cold end. The good agreement 

between the predicted and experimental values further supports the validity of the 

proposed explanation. The working principle of a vortex tube was fully discussed 

based on the proposed explanation, and this was strongly correlated with the 

experimental performance of an actual vortex tube. Studies aimed at optimising the 

tube performance were also undertaken and these revealed the significant influence 

the geometrical parameters had on the tube performance. These geometrical effects, 

together with those collected from other experimental investigations, were then 

compared with the analytical results of the geometrical effects based on the proposed 
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explanation. The significant correlation, which was obtained between the 

experimental and theoretical analysis with regard to the influence of the geometric 

parameters, gave further support to the proposed hypothesis.   

Therefore, the novel explanation for the thermal separation phenomenon 

observed in a vortex tube, which was forwarded in this study, was well supported by 

the confirmation of the flow behaviour, the theoretical analysis of the exergy profiles, 

the accuracy of the predicted temperature drop, and the successful application of the 

hypothesis presented in explaining the geometrical effects observed in the vortex 

tube system. 

7.2. Recommendation 

To gain more accurate observations of the flow structure within the vortex tube 

and fully understand the detailed behaviour flow within the tube, different 

measurement methodologies are recommended. In all previous experimental 

investigations, the flow properties inside a vortex tube were measured by inserting a 

particular measuring device into the vortex tube. Hence, perturbation to the internal 

flow field would have been induced by the inserted measuring device, which led to 

unavoidable measurement errors of the actual internal flow. Therefore, the pure flow 

field within a vortex tube could be obtained by applying non-invasive measurement 

technologies without any insertion or disturbulence to the flow field within the 

vortex tube. 

In this regard: 

� PIV (Particle Image Velocimetry) is recommended for the velocity 

measurement in a transparent vortex tube due to its high accuracy and lack of 

the need to insert any measuring device into the vortex tube. Indeed, PIV was 

firstly selected to measure the internal velocity profiles within a vortex tube. 

However, due to the limitations in this experimental investigation, which 

includes the strong swirling flow, the geometrical limitations of the vortex 

tube, optical distortion of the curved wall of the tube, the requirement of 

three-dimensional velocity profiles along the tube, and the centrifugal 
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acceleration of the tracing particles, velocity profiles were measured using 

alternative devices. 

� A thermal camera is also suggested for temperature measurement due to its 

high accuracy and its ability to undertake measurement from outside of the 

vortex tube. This may be achieved by adding some temperature-sensitive 

particles into the internal flow field. 

� Any potential methodology that consists of not inserting any device into the 

tube, for the pressure measurement within the vortex tube, is suggested as a 

further recommendation. 

Furthermore, as the influence of the oscillation on the measurements, which is 

reported in this research, a proper number of injection ports is recommended to 

provide optimised tube performance and minimised measurement uncertainty at the 

same time.  
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