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Abstract A CFD study of the vortex tube is presented in this article using a three-dimensional (3D) model of the 

tube using ANSYS Fluent®. The 3D analysis of the flow is carried out to have a better visualization of the flow 

through the tube and to investigate its features.  

The results showed the existence of two vortices moving in opposite axial directions with the same direction of 

rotation, and also the existence of a stagnation point after which there is no power separation in the tube. 

The current study introduces a new theory of the vortex tube operation where the energy (power) separation 

inside the tube is in analogy with that in the gas refrigeration cycle (the reversed Brayton cycle). The inner 

vortex acting as a turbine, rotates the outer vortex that acts as a compressor and increases its power by 

transferring some of its angular momentum. 

 

Keywords Ranque–Hilsch Vortex Tube, Vortex Tube (VT), Maxwell’s Demon, Energy separation, Power 

Separation, ANSYS Fluent 

Nomenclature 

𝐷 Vortex Tube diameter m 

𝑑𝑐  Cold orifice diameter m 

𝐿 Length of vortex Tube m 

Z Axial distance along the tube  m 

𝑝 Pressure Pa 

𝑇𝑖𝑛  Inlet Nozzle Temperature K

 

𝑢 x-component of velocity vector  m s
-1

 

𝑣 y-component of velocity vector  m s
-1

 

𝑤 z-component of velocity vector  m s
-1

 

𝑥 Cartesian x-coordinate m 

𝑦 Cartesian y-coordinate m 

𝑧 Cartesian z-coordinate m 

𝐻 Total enthalpy Joule 

𝑇 Static temperature K

 

𝐺𝜅  Generation of turbulence kinetic energy due to the mean velocity gradients  

𝐺𝑏  Generation of turbulence kinetic energy due to buoyancy  

𝑌𝑀  Contribution of the fluctuating dilation in compressible turbulence to the overall dissipation 

rate 

 

𝑆𝜅 , 𝑆𝜀  User defined Source terms  

Greek Symbols  

𝜇 Dynamic viscosity Pa s 

𝜇𝑐  Cold mass fraction  
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𝜐 Specific volume m
3
kg

-

1 

𝜈 Tangential component of the velocity m s
-1

 

𝜌 Density kg m
-3

 

𝛿𝑖𝑗  Kronecker delta function 𝛿𝑖𝑗  = 1 𝑖𝑓 𝑖 = 𝑗 𝑎𝑛𝑑 𝛿𝑖𝑗  = 0 𝑖𝑓 𝑖 ≠ 𝑗    

𝜏𝑖𝑗  Viscous stress tensor  

Κ Turbulent kinetic energy m
2
 s

-2
 

ε Turbulent dissipation rate m
2
 s

-3
 

𝐶1𝜀 ,𝐶2𝜀 , 

𝐶3𝜀 , 𝐶𝜇  

κ- εmodel constants  

𝜎𝜀  Turbulent Prandtl number for ε  

𝜎𝜅  Turbulent Prandtl number for κ  

𝜇𝑡  Turbulent (or eddy) viscosity Pa s 

 

1. Introduction 

The vortex tube (VT) is a device with a simple geometry without any moving mechanical parts [1,2,3]. It 

enables the separation of hot and cold air vortices from the inlet compressed air that is tangentially supplied to 

the tube through the inlet nozzle(s) [4,5]. The vortex tube was first discovered in 1933 by the French physicist 

Georges J. Ranque [6], and in 1947 the German engineer Rudolf Hilsch [7] improved and modified the design 

of Ranque. The vortex tube consists of many parts [8,9] including; one or more inlet nozzles, a vortex chamber, 

a control valve or a plug that is located at the hot end, a cold end orifice and a working tube. When compressed 

air is injected tangentially through the inlet nozzles into the vortex chamber, a strong rotational flow field 

(vortex) is formed at the periphery of the tube wall. The vortex propagates until the end of the tube where some 

of the air leaves the tube via the hot outlet. However, adjusting the control valve at the hot outlet causes the rest 

of the air to reverse its direction and exit from the cold outlet along the centerline of the tube. It is noted that two 

vortices occur inside the tube, one at the periphery of the tube which exits at the hot outlet at a temperature 

much higher than the inlet temperature and another one at the core of the tube with opposite flow direction 

which exits at the cold orifice with a temperature much lower than the inlet temperature. 

The VT is used in many applications such as cooling of airborne electronic components, cooling of gas samples, 

and cooling of soldered parts including spot welding and ultrasonic welding. It is also used in the separation of 

air into nitrogen and oxygen rich fluid stream [10,11]. The VT has many advantages [12,13,14] because of its 

low cost, light weight, reliability, compactness and free maintenance as it has no moving parts. It has an 

adjustable temperature range and cools without the use of any refrigerant or electricity. 

 

2. Literature Review 

A power separation between the cold and hot streams occurs inside the vortex tube which causes the 

temperature differences between the inlet and exit streams. Many researchers suggested various theories to 

explain the power separation inside the vortex tube. For example, Ahlborn [15,16] suggested that the RHVT is a 

refrigeration device that can be modeled and analyzed as a classic thermodynamic refrigeration cycle with 

significant temperature splitting, refrigerant and coolant loops, expansion and compression loops and heat 

exchangers. They reported that a secondary circulation exists inside the vortex tube and acts as a refrigerant to 

transfer the energy from the cold flow to the hot flow.Some researchers noted the existence of secondary 

circulations in the vortex tube. They attributed the energy separation to the secondary circulations. For example, 

Behara et al [17],using a 3D 60 sector model of the vortex tube confirmed the existence of secondary 

circulations inside the RHVT at small cold orifice to tube diameter ratio (𝑑𝑐/𝐷) and that such circulations 

become weak as the 𝑑𝑐/𝐷 ratio increases and they disappear at 𝑑𝑐/𝐷 ratios higher than 0.583. They showed that 

the total energy transfer was reduced by 21% due to the existence of secondary circulations. Therefore, they 

concluded that they can be considered as a performance degrading mechanism. Such conclusion was confirmed 

by Farouk [18,19] using a large eddy simulation (LES) of the VT which showed that the secondary circulation 

resulted in enhancing the mixing between cold and hot flows which increased the temperature of air exiting at 
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cold outlet. Also, Bovand et al [20] confirmed that the secondary circulations are a performance degrading 

mechanism. 

Some researchers [21,1,22,23] reported that the energy separation inside the RHVT is due to work transfer 

caused by a torque produced by viscous shear between inner and outer flows..  

The effect of friction and turbulence inside the VT has always been a major concern of many researchers and 

was considered by some researchers as the reason for power separation. For example, using a simple vortex tube 

model with CFX software and κ-ε turbulence model, Kazantseva et al [24] attributed the energy separation 

inside the VT to the energy and gas dynamic interaction of vortices inside the VT. Behara et al [25] modeled the 

RHVT using STAR-CD software and concluded that the energy separation inside the VT exists due to the shear 

work and heat transfer between the hot and cold streams. Bovand et al [20] studied a 3D model of the VT and 

concluded that a large portion of the energy transfer inside the RHVT is due to the tangential viscous shear. 

Aljuwayehl et al [1] explained the operation of the VT by the existence of viscous shear acting on a control 

rotating surface separating the cold and hot flow regions. A torque is produced which causes work transfer 

between the cold and hot flows. El May et al [26], using a 3D modeling of the RHVT, reported the formation of 

a great amount of tangential shear stress of the flow near the wall of the tube, and proposed that the tangential 

shear work can be considered the most important mechanism of energy separation in the tube. 

Another theory for the power separation inside the RHVT was proposed by Xue et al [27,8,9] where the 

temperature drop of the cold stream is caused by the pressure gradient at the cold outlet of the tube where there 

is sudden expansion which is considered the main process for cold temperature drop. While, the temperature rise 

at the hot end is caused due to the multi circulations near the hot end where a partial stagnation is formed. These 

multi circulations are considered to be the main reason for increasing the hot outlet temperature as a result of 

viscous heating. 

Kurosaka [28] attempted to explain the energy separation inside the VT by acoustic streaming. He proposed that 

the energy separation is due to damping of acoustic streaming 

It is  noted that until now there is no clear theory for the energy separation inside the RHVT, which requires 

further investigation of the flow topology and the physics of the vortices inside the tube. 

Kandil and Abdelghany [29] attempted to enhance the performance of the VT by studying the effects of the 

length to tube diameter ratio(𝐿/𝐷) and the cold orifice to tube diameter ratio(𝑑𝑐/𝐷)on the performance of the 

tube. The current study will extend the analysis of the previous study [29]in an attempt to develop an operational 

theory of the tube. 

Pourmahmoud et al [30,31] and Bramo et al [2,32] studied the stagnation point inside the RHVT and showed 

that the stagnation point can be characterized as either the point where the maximum wall temperature occurs or 

the point on the centerline of the tube where the axial velocity becomes zero. However, both researches showed 

that these two points do not coincide with each other. Both researchers studied the existence of the stagnation 

point at only one cold mass fraction (𝜇𝑐), which is the ratio between the cold outlet mass flow rate divided by 

the inlet mass flow rate, of 0.3. 

The stagnation point and the parameters affecting its existence and location in the VT will be investigated in this 

study in an attempt to determine the optimum length of the tube. 

 

3. Numerical Model 

3.1. 3.1 Governing Equations 

A3D CFD model of the RHVT was simulated using ANSYS Fluent® software based on the model developed 

by the authors [29]. ANSYS Fluent software solves the following compressible turbulent flow conservation of 

mass, momentum and energy and state equations [33] (ANSYS Fluent Theory Guide): 

Continuity equation in tensor notation:  

𝜕𝜌 

𝜕𝑡
+

𝜕

𝜕𝑥𝑗

 𝜌 𝑢 𝑗 + 𝜌′𝑢𝑗
′       = 0 

𝑗 = 1,2,3 

Momentum equations in tensor notations (all three components): 
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𝜕

𝜕𝑡
 𝜌 𝑢 𝑖 + 𝜌′𝑢𝑖

′       +
𝜕

𝜕𝑥𝑗

 𝜌 𝑢 𝑖𝑢 𝑗 + 𝑢 𝑖𝜌
′𝑢𝑗

′       = −
𝜕𝑝 

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

 𝜏 𝑖𝑗 − 𝑢 𝑗𝜌
′𝑢𝑖

′      − 𝜌 𝑢𝑖
′𝑢𝑗

′       − 𝜌′𝑢𝑖
′𝑢𝑗

′           

where  

𝜏 𝑖𝑗 = 𝜇   
𝜕𝑢 𝑖

𝜕𝑥𝑗

+
𝜕𝑢 𝑗

𝜕𝑥𝑖

 −
2

3
𝛿𝑖𝑗

𝜕𝑢 𝑘

𝜕𝑥𝑘

  

Energy Equation: 

𝜕

𝜕𝑡
 𝜌 𝐻 + 𝜌′𝐻′      +

𝜕

𝜕𝑥𝑗

 𝜌 𝑢 𝑗𝐻 + 𝜌 𝑢𝑗
′   𝐻′   + 𝜌′𝑢𝑗

′      𝐻 + 𝜌′𝑢𝑗
′𝐻′         + 𝑢 𝑗𝜌

′𝐻′     − 𝑘
𝜕𝑇 𝑖
𝜕𝑥𝑗

  

=
𝜕𝜌 

𝜕𝑡
+

𝜕

𝜕𝑥𝑗

 𝑢 𝑖  −
2

3
𝜇𝛿𝑖𝑗

𝜕𝑢 𝑘

𝜕𝑥𝑘

 + 𝜇𝑢 𝑖  
𝜕𝑢 𝑗

𝜕𝑥𝑖

+
𝜕𝑢 𝑖

𝜕𝑥𝑗

 −
2

3
𝜇𝛿𝑖𝑗𝑢𝑖

′
𝜕𝑢𝑘

′

𝜕𝑥𝑘

         
+ 𝜇  𝑢𝑖

′
𝜕𝑢𝑗

′

𝜕𝑥𝑖

         
+ 𝑢𝑖

′
𝜕𝑢𝑖

′

𝜕𝑥𝑗

         
   

𝑖, 𝑗, 𝑘 = 1,2,3 

3.2. Turbulence Model 

The current CFD model is based on the κ-ε Turbulence model which was used also in the previous study [29]. 

In the κ-ε Turbulence model, the Turbulent kinetic energy, κ, and it’s rate of dissipation, ε, are obtained from the 

following transport equations [33]: 

𝜕

𝜕𝑡
 𝜌κ +  

𝜕

𝜕𝑥𝑖

 𝜌𝜅𝑢𝑖 =  
𝜕

𝜕𝑥𝑗

  𝜇 + 
𝜇𝑡

𝜎𝜅

 
𝜕𝜅

𝜕𝑥𝑗

 + 𝐺𝜅 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝜅  

𝜕

𝜕𝑡
 𝜌ε +  

𝜕

𝜕𝑥𝑖

 𝜌𝜀𝑢𝑖 =  
𝜕

𝜕𝑥𝑗

  𝜇 + 
𝜇𝑡

𝜎𝜀

 
𝜕𝜀

𝜕𝑥𝑗

 + 𝐶1𝜀

𝜀

𝜅
 𝐺𝜅 + 𝐶3𝜀𝐺𝑏 − 𝐶2𝜀𝜌

𝜀2

𝜅
+ 𝑆𝜀  

The turbulent (or eddy) viscosity, 𝜇𝑡 , is computed by combining κ and ε as follows: 

𝜇𝑡 = 𝜌𝐶𝜇

𝜅2

𝜀
 

The model constants. 𝐶1𝜀 ,𝐶2𝜀 , 𝐶𝜇 , 𝜎𝜀  and 𝜎𝜅  have the following default values: 

𝐶1𝜀 = 1.44,  𝐶2𝜀 = 1.92, 𝐶𝜇 = 0.09,  𝜎𝜀 = 1.3, 𝜎𝜅 = 1.0 

The results of the VT CFD model became mesh independent at 163,900 elements. Due to the complexity and 

sensitivity of the flow inside the VT the time step of the solution had to be very small such that the run time of 

the simulation ranged from 24 to 72 hours in extreme cold mass fraction cases using an 8 processors 3.64 GHz 

HP workstation Z800 with 16 GB Ram. 

The geometry used in the current CFD model is based on the Exair
TM

 708 slpm vortex tube used by Skye et al 

[34] as shown in Figure 1 

 
Figure 1: Schematic of the vortex tube used in the CFD model [34] 
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3.3. Boundary Conditions  

The boundary conditions used in the current model were obtained from previous study [29] where:- 

1) Inlet nozzles: Mass flow inlet boundary conditions with a mass flow rate of 8.35 g s
-1

, and total 

temperature of 294.2 K 

2) Cold outlet: Pressure outlet 

3) Hot outlet: Pressure outlet 

4) Tube Wall: No slip boundary conditions with adiabatic walls 

3.4. Results 

A case study at a cold mass fraction of 0.56 will be used to study the physics inside the vortex tube including the 

properties of the inner and outer vortices, the stagnation point and the theory of operation. 

The total temperature contours in the VT at the current operating conditions are shown in Figure 2. It is noted 

from the results in Figure 2 that, as the air moves from the inlet towards the hot outlet, at the periphery of the 

tube, its total temperature increases to reach its maximum value at the hot outlet at the end of the tube. At the 

same time as the returning air moves along the core of the tube towards the cold outlet, its total temperature 

decreases to reach its minimum value at the cold outlet. Such system is very complicated as two vortices coexist 

in the tube with one exiting at a high temperature and the other one at a very low temperature. This system 

suggests that the energy lost by the cold vortex must be gained by the outer hot vortex. Such assumption 

requires that the two vortices must have the same direction of rotation and the must have an interaction 

mechanism to allow this kind of energy (power) transfer. 

The nature of the inner and outer vortices and the interaction mechanism between the vortices and its relation to 

the power separation inside the tube are presented in the next sections 

 
Figure 2: Total Temperature Contours Sections along the VT  

 

4. 3D Physics of RHVT 

The existence of inner and outer vortices was mentioned in the literature but such a mechanism cannot be easily 

observed experimentally and whether the direction of both vortices is the same or not was not cleared. The air 

flow starts at the inlet nozzles and due to the angle of entrance; a vortex is formed near the periphery of the tube 

where air moves towards the hot outlet. Part of the air, defined by the cold mass fraction, reverses its axial 

direction and moves towards the cold outlet forming an inner vortex. The inner vortex exits the tube at the cold 

outlet with a temperature much lower than the inlet air temperature while the outer vortex exits the tube at the 

hot outlet with a temperature higher than the inlet air temperature. Controlling the cold mass fraction controls 

the temperatures at both the cold and hot outlets. 
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It can be observed from Figure (a) that two vortices exist inside the RHVT. The location and direction of 

rotation of the inner vortex with respect to the outer vortex is shown in Figure 3 (b). The figure clearly shows 

that both vortices have the same direction of rotation 

 
 

(a) (b) 

Figure 3: 3D velocity vectors in the RHVT in (a) Isometric view and (b) Front view 

Gustol and Kurosaka, as cited in [30], reported that a free vortex exists inside the vortex tube near the wall of 

the tube and, Xue [8] reported that a forced vortex is formed near the cold end of the tube. In order to confirm 

such observations the tangential velocity distributions along the radius of the RHVT at different axial positions 

is presented in Figure 4. Figure 4 shows the radial profile of the tangential velocity at different axial positions 

along the tube which has very high values near the wall of the tube and negligible values at the core. This 

indicates the existence of a free vortex near the wall of the tube and a forced vortex at the core of the tube. The 

tangential velocity near the tube core follows a solid-body rotation where the velocity increases with increasing 

the radius, V r. Noting that the cold stream moves in the negative direction of Z, the value of the rotational 

speed increases along the tube length such that the highest value exists at the smallest value of Z (Z/L = 0.01) 

while the lowest value exists at the largest value of Z (Z/L = 0.8). The tangential velocity near the tube 

periphery follows a free vortex behavior where the speed is inversely proportional to the radius such that the 

velocity reaches zero at the tube wall. The value of the rotational speed of the hot stream decreases along the 

tube length such that the highest value exists at the smallest value of Z while the lowest value exists at the 

largest value of Z. 

 
Figure 4: Radial Distribution of the Tangential velocity at different axial position 
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5. Stagnation Point inside the RHVT 

Many researchers [25,20,35,2,32,30,31]reported the existence of a stagnation point inside the vortex tube and 

that it occurs in long tubes where the axial velocity of the air in the inner vortex becomes zero. The flow along 

center of the tube beyond this point is directed towards the hot outlet with no reverse flow. However, the 

intensive research applied on the stagnation point inside the RHVT as mentioned in the literature review was 

carried out at only one cold mass fraction of 0.3. Therefore, and in order to better understand the nature of the 

stagnation point and its existence, a 3D CFD model of a 230-mm length tube was simulated in this study. The 

results are compared with those of a similar 3D model of a 106-mm length tube at a cold mass fraction of 0.56 

which was not used in the literature. The purpose of the simulation at a different cold mass fraction was to 

compare the results qualitatively with the previous results and to check if the concept and the characteristics of 

stagnation point will be the same at different cold mass fractions. 

The radial distribution of the axial velocity at different axial positions along the tube length for the two tubes of 

106 and 230-mm lengths both operating at a cold mass fraction of 0.56 with inlet mass flow rate of 8.35 g s
-1

 

and inlet total temperature of 294.2 K are shown in Figure 5 and Figure 6. It is observed from the presented 

results that, in the tube of 106-mm length the stagnation point is located at the end of the tube where the axial 

velocity reaches zero, while in the 230-mm tube model the stagnation point is located at an axial position of Z/L 

= 0.5. After the stagnation point, the air along the center line of the tube changes its axial velocity direction from 

moving towards the cold outlet to moving towards the hot outlet at the end of the tube. The magnitude of the 

axial velocity increases as the air approaches the hot outlet. 

 
Figure 5: Radial distribution of the axial velocity at different axial positions for the 106 mm tube 

 
Figure 6: Radial distribution of the axial velocity at different axial positions for the 230 mm tube 
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The results on Figure 5 and Figure 6 show the expansion of the cold vortex core, and the location of the shear 

layer between the two vortices, with the direction of its motion where the largest core size exists at the smallest 

value of Z (Z/L=0.01). 

Maurya [36] confirmed that increasing the length of the vortex tube beyond the stagnation point will lead to a 

very slight change in energy separation. This result was attributed to the existence of the stagnation point, which 

suggests that energy separation takes place only before the stagnation point. In order to investigate such a result, 

the total temperature along the diameter of the tube at different axial positions along the tube must be 

investigated. 

The radial distribution of the total temperature at different axial positions along the tube for the tubes of lengths 

of 106 mm and 230 mm are shown in Figure 7 and Figure 8, respectively. It is observed from both Figures that 

the temperatures of the cold outlet of both models are very close and the same result applies to the hot outlets 

temperatures. This shows that further increase in the vortex tube length beyond the stagnation point has very 

slight effect on power separation. Also, the temperature in the 230-mm tube model becomes almost constant 

after the axial position of Z/L =0.5, which is the location of the stagnation point, as it was shown in Figure 6. 

 
Figure 7: Radial distribution of the total temperature at different axial positions for the 106 mm tube 

 
Figure 8: Radial distribution of the total temperature at different axial positions for the 230 mm tube 

Figure 9 and Figure 10 show the total energy sections contours along the VTs of lengths of 230 mm and 106 

mm, respectively. After the stagnation point only one flow stream exists in the tube moving towards the hot 
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outlet and there is no exchange of angular momentum. Only the friction at the wall of the tube continues which 

causes the reduction in the total energy of the outer vortex beyond the stagnation point. 

In Figure 9 and Figure 10, it is shown that the total energy of the air along the tube beyond the stagnation point 

at the hot outlet of the 230-mm tube is much less than the total energy of air at the hot outlet of the 106-mm tube 

which shows that the stagnation point location before the hot outlet has an important effect on the total energy of 

air exiting from the tube. 

 
Figure 9: Total Energy section contours of RHVT of L =230 mm 

 
Figure 10: Total Energy section contours of RHVT of L =106 mm 

6. Operational theory Physics of the RHVT. 

In the gas refrigeration cycle (the reversed Brayton cycle), shown in Figure 11[37], the surroundings are 

maintained at constant temperature, 𝑇𝑜 , and the refrigerated space is to be maintained at constant low 

temperature, 𝑇𝐿 . The cycle starts at point 1 where the gas is compressed during process 1-2 (a compressor) and 

then the high pressure, high temperature gas at state 2 rejects heat to the surroundings which causes its 

temperature to drop to𝑇3 during the process 2-3 at constant pressure.  
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The gas then undergoes an expansion process in a turbine during process 3-4 where both the pressure and 

temperature drop. The gas temperature reaches 𝑇4. During process 4-1 the gas absorbs energy from the 

refrigerated space at temperature 𝑇𝑜  until the gas temperature rises to 𝑇1. 

 
Figure 11: gas refrigeration cycle [37] 

The power separation inside the RHVT can be modeled as a modified gas refrigeration cycle as shown in Figure 

12.Air enters at the inlet of the tube at a temperature of 𝑇𝑖𝑛  where it forms an outer vortex at the periphery of the 

tube at which it is compressed and it’s temperature and pressure increase during process 1-2.As the hot outer 

vortex of air moves further along the tube it exchanges heat with the cold inner vortex during process 2-3.This 

part can be modeled as a heat exchanger where the heat is transferred from the hot outer vortex to the cold inner 

vortex. Part of the air of the outer vortex reverses it’s axial direction and joins the core vortex. Such mass 

transfer occurs at many points as the outer vortex moves along the tube towards the hot outlet whereas the rest 

of the air exits the tube at the hot outlet at a temperature much higher than the inlet temperature. The air forming 

the inner vortex at the core of the vortex tube moves in an opposite axial direction to the outer vortex and it 

undergoes an expansion process like a turbine where it’s temperature and pressure decrease during process 4-5. 

As the cold inner vortex moves towards the cold outlet, it exchanges heat with the outer vortex during process 5-

6 to exit the tube at the cold outlet at a temperature much lower than the inlet temperature. As in the cycle of the 

gas refrigeration, part of the work of the cold vortex (core vortex) is transferred to the outer vortex. 

The heat transfer from the hot outer vortex at the periphery of the tube and the cold inner vortex at the core of 

the tube doesn’t enhance the power separation. On the contrary, it worsens the power separation as the hot 

vortex cools down and the cold vortex heats up. Therefore this heat transfer is not the reason behind the power 

separation in the VT. 

It was confirmed in the 3D analysis of the VT in this study that the inner vortex and the outer vortex are rotating 

in the same direction. Therefore, the power separation in the tube can be explained by noting that the tube’s 

operation is the same as the gas refrigeration cycle. The inner vortex at the core of the tube acts as an axial 

turbine and the outer vortex at the periphery of the tube acts as a compressor. The outer vortex (compressor) 

gains its power from the inlet air flow (input power) and the vortex at the core (turbine). The inner vortex 

rotation can be modeled as a solid body rotation which, by analogy to axial turbine, rotates the air at the 

periphery (compressor) which leads to increasing the energy and total temperature of the outer vortex and 

decreasing the energy and total temperature of the inner vortex. So, the power separation between both vortices 
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is by means of angular momentum where the solid body rotation of the inner vortex rotates the outer vortex and 

adds power to it which increases its energy and decreases the energy of the inner vortex. This can be interpreted 

in terms of the increase of the total temperature of the outer vortex and the decrease of the total temperature of 

the inner vortex. 

 
Figure 12: RHVT Modified Gas refrigeration cycle [37] 

Studying the physics of the RHVT using a 3D model of inlet air flow rate of 8.35 gs
-1

 and total temperature of 

294.2 K at cold mass fraction of 0.5635 will provide a better understanding of the gas refrigeration cycle 

theory. 

Figure 13 shows the radial distribution of total energy of air at different axial positions. The results in Figure 13 

show that the energy of the outer vortex near the periphery of the tube is always larger than the energy of the 

inner vortex at the core of the tube at any axial position. The energy of the outer vortex increases as it moves 

towards the hot outlet, while the energy of the inner vortex decreases as the inner vortex moves towards the cold 

outlet which proves that the outer vortex is gaining part of its energy from the inner vortex. 

Figure 14shows the axial distribution of the total energy of the air at different radial positions. The results show 

that the energy of the air near the periphery of the tube, r = 3,4 mm, (outer vortex) increases when moving 

toward the hot outlet which indicates the continuous energy gain from the inner vortex. At the pipe periphery (r 

= 5, 5.5 mm) the total energy increases until reaching almost the middle of the tube where the energy of the 

outer vortex starts decreasing as a result of losing energy in a form of friction with the pipe wall. The energy of 

the air at and near the tube core, r = 0-2 mm, (inner vortex) continuously decreases, as a result of transferring 

power to the outer vortex, to reach its minimum value at the cold outlet.. 

In the first part of the tube the power transfer in a form tangential angular momentum from the inner vortex to 

the outer vortex is more dominant which surpasses the heat transfer and the friction losses. The power transfer is 

resulting in the increase in the energy of the outer vortex and the decrease in energy of the inner vortex. While, 

when moving further along the tube the effect of the heat transfer from the outer vortex to the inner vortex and 

the friction with the tube walls surpass the tangential angular momentum effect which leads to the slight 

decrease in energy of the outer vortex at the periphery. The change of energy of the outer and inner vortices can 

be observed in Figure 15 which shows the total energy contours of the RHVT. 

It can be observed from Figure that as the outer vortex moves towards the hot outlet the energy of the air starts 

to decreases near the hot exit which confirms that the effect of friction and the heat exchange between the inner 

and the outer vortex surpasses the effect of angular momentum transfer. 
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Figure 13: Radial distribution of the Total Energy at different Axial Positions

 
Figure 14: Axial distribution of the Total Energy at different Radial Positions 

 
Figure 15: Total Energy Section Contours along the VT 

In order for the inner vortex to move in an axial direction opposite to that of the outer vortex, a shear layer of 

zero axial velocity must exist between two vortices. This shear layer is shown as an iso-surface of zero axial 
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velocity in Figure 16. In Figure 16 it is shown that the shear layersize, where the axial velocity is equal to zero 

decreases when moving towards the hot outlet of the tube which indicates that the size of the inner vortex is 

increasing with the direction of its motion. 

 
Figure 16: Iso-surface of zero axial velocity 

For the inner vortex to be able to rotate the outer vortex and a transfer of angular momentum oto take place 

between the two vortices, the inner vortex must have higher vorticity than that of the outer vortex which is 

observed in Figure 17. The results in Figure 17 show that the inner vortex has much higher vorticity than that of 

the outer vortex which would explain how this tube can be modeled as turbo machine where the outer flow acts 

as a compressor and the inner vortex acts as an axial turbine. The inner vortex (turbine) transfers angular 

momentum to operate the compressor and this work can be viewed as energy loss by the inner vortex and energy 

gain by the outer vortex. 

 
Figure 17: Vorticity distribution at different Axial Positions 

 
Figure 18: Vorticity Contours Sections along the VT  
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7. Conclusion 

A three-dimensional computational model of the RHVT is used in this study in order to have better visualization 

of the flow in the tube and to investigate the physics of its operation.  

The results of the current model showed the existence of two vortices inside the tube moving in opposite axial 

directions but rotating in the same direction of rotation. One vortex moves towards the hot outlet at the 

periphery of the tube and the other vortex moves towards the cold outlet along the centerline of the tube. The 

stagnation point existence along the centerline inside the tube was investigated as well and no power separation 

exits after it.  

Finally the current study presented a new theory of operation for the RHVT which is in analogy to the gas 

refrigeration cycle (reversed Brayton cycle) where the inner vortex acts as a turbine, rotating the outer vortex 

which acts a compressor. The power transfer between both vortices in which the outer vortex gains energy and 

the inner vortex loses energy is based on the concept of the transfer of angular momentum between both 

vortices. 
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