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ABSTRACT 

Vortex tubes exhibit a unique temperature separation phenomenon, leading to their 

widespread application in refrigeration and heating. Using the exact flow and 

temperature field simulation, this study examined the cooling effect and heating effect 

under different cold mass fractions, inlet pressure and diameter ratios. The cooling 

effect shows a trend of first increasing and then decreasing with the increase of the cold 

mass fractions while the heating effect gradually increases. Actually, the cooling and 

heating effect are suppressed by backflow, it is difficult for the working fluid to flow 

out of the cold end leading to the backflow at the cold end is severe at low cold mass 

fractions, and the reverse flow boundary exceeds the control valve causing the backflow 

at the hot exit is enhanced at high cold mass fractions. In order to get excellent cooling 

effect and heating effect of the vortex tube, the inlet pressure should be increased while 

reducing the diameter ratio of the vortex tube, and the cold mass fractions should be 

controlled within a reasonable range (CMF=0.3~0.7). 

Key words: vortex tube; turbulence model; cold mass fraction; cooling effect; heating 

effect 

Nomenclature 

cp specific heat capacity at constant pressure [J kg-1 K-1] 

H enthalpy [kJ/kg] 
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m mass flow rate [kg/s] 

p pressure [Pa] 

R the ideal gas constant 

T temperature [K] 

u velocity [m/s] 

Uz the axial velocity in z direction[m/s] 

Abbreviations 

CMF cold mass fraction 

DR diameter ratio 

LES large eddy simulation 

RSM Reynolds–Stress model 

SA Spalart–Allmaras 

1. Introduction 

Due to the absence of mechanical motion components within the vortex tube, the 

energy drive unit is unnecessary during operation, the service cycle is long, and it is 

easy to maintain and manage. As a result, it has substantial research significance and 

uses for energy conservation and environmental protection[1,2]. As an energy and mass 

separator, vortex tube plays a vital role in cooling[3,4], heating[5,6], drying[7] and 

seawater desalination[8]. 

Vortex tubes combine tangential inlet, cold end, and hot exit into one main pipe[9]. 

There are usually different numbers of tangential inlets in vortex tubes, and the number 

of tangential inlets is generally even[10]. Cold end and tangential inlet are located 

closer to each other than hot exit, while hot exit is equipped with a control valve to 

regulate the mass flow from cold end to hot exit[11]. High pressure fluid rushes into the 

vortex tube from the tangential inlets, creating a strong swirling flow due to wall 

constraints and resulting in a unique temperature separation phenomenon[12,13]. 

Consequently, the hot fluid discharges the hot end, while the cold fluid discharges the 

cold end. This results in a cooling effect at the cold end and a heating effect at the hot 
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exit, as a result, vortex tubes are widely used in refrigeration and heating applications. 

However, the vast majority of research on vortex tubes focuses on the energy 

separation mechanism[14,15]. In fact, the cooling effect and heating capability 

generated by the energy separation phenomenon are the main basis for determining the 

application of vortex tubes. Therefore, it is necessary to conduct a detailed study on the 

cooling effect and heating capability of vortex tubes. 

Cooling effect and heating capability in vortex tubes is closely related to the 

complex and variable strong swirling flow, and it is challenging to obtain the flow 

pattern and flow field structure of strong swirling flow through theoretical calculations 

and experimental investigations. It is difficult to clarify the influence of the flow pattern 

and flow field structure of a strong swirling flow on the cooling effect and heating 

capability. As computer technology has advanced in recent decades, numerical 

simulation has gradually gained popularity. By using numerical simulations, one can 

obtain abundant study results in a short period of time, as well as better depict the flow 

patterns and flow field structures of a strong swirling flow[16]. Numerical simulations 

have become an important means of studying the cooling effect and heating capability 

of the vortex tube, providing more opportunities for its development and application. 

Common turbulence models used in the vortex tube include Spalart–Allmaras(SA), 

κ–ε, κ–ω, Reynolds–Stress model(RSM) and large eddy simulation (LES), however, 

one turbulence model was selected by the majority study[17,18]. Only a few scholars 

have adopted comparative studies of multiple turbulence models to study the 

temperature separation in vortex tubes. The comparison on different turbulence models 

used in the vortex tube is given in Table 1. Based on the analysis of the below literature, 

it can be concluded that despite several models being used to simulate the vortex tube, 

no widely accepted turbulence model is currently available, the two models: standard 

κ–ε and SST κ–ω have been proven to be good choices for studying cooling and heating 

effect in vortex tubes. 

 

Table 1 Comparison of different turbulence model adopted in the vortex tube 

Investigator Turbulence Model Recommendation 
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Thakare and Parekh[19] 

SA 

standard κ–ε 

standard κ–ω 

SA 

Bianco et al.[20] 

standard κ–ε 

RSM 

LES 

RSM 

Baghdad et al.[21] 

κ–ε 

κ–ω 

SST κ–ω 

RSM 

RSM 

Liu and Liu[22] 

standard κ–ε 

RNG κ–ε 

realizable κ–ε 

SST κ–ω 

RSM 

RSM 

realizable κ–ε 

Awan et al.[23] 

κ–ε 

κ–ω 

SST κ–ω 

κ–ε 

Shaji et al.[24] 

SAS–SST 

standard κ–ε 

realizable κ–ε 

RNG κ–ε 

SST κ–ω 

RNG κ–ε 

Wang and Suen[25] 

standard κ–ε 

RNG κ–ε 

standard κ–ω 

SST κ–ω 

standard κ–ε 

SST κ–ω 

Dutta et al.[26] 
standard κ–ε 

RNG κ–ε 
standard κ–ε 
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standard κ–ω 

SST κ–ω 

Hu et al.[27] 

standard κ–ε 

RNG κ–ε 

standard κ-ω 

standard κ–ε 

Tang et al.[28] 

RNG κ–ε 

standard κ–ε 

standard κ–ω 

RSM 

standard κ–ε 

Chen et al.[29] 

standard κ–ε 

standard κ–ω 

RNG κ–ε 

RSM 

standard κ–ε 

Liang et al.[30] 

standard κ–ε 

RNG κ–ε 

realizable κ–ε 

standard κ–ω 

SST κ–ω 

SST κ–ω 

Oberti et al.[31] 
standard κ–ε 

SST κ–ω 
SST κ–ω 

 

The reason there isn't a precise model that can effectively analyze the energy 

separation of a vortex tube is because researchers ignore the flow patterns and flow 

field structures of complex strong swirling inside the vortex tube and compare 

temperature directly between the numerical data and experimental results. The correct 

method is to compare the flow characteristics obtained from numerical simulations with 

the flow structure obtained from experiments. Only after verifying the accuracy of the 

numerical simulations can further comparison and analysis of the temperature field be 

conducted. 

Therefore, the objective of this present research is to obtain a turbulence model 
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that best reflects the flow and temperature separation inside the vortex tube, and to 

analyze the cooling and heating effects of the vortex tube under different cold mass 

fractions, inlet pressure, and diameter ratios, in order to contribute to the expansion of 

the application of vortex tubes. 

2. Computational model 

2.1 Physical model of the vortex tube 

The geometric model of the vortex tube carried out in this numerical simulation is 

the same as Guo et al[32]. A schematic of this vortex tube is shown in Fig. 1(a), and 

the geometrical parameters of this vortex tube calculated using Computational Fluid 

Dynamics are also listed in Fig. 1(b). There are four tangential inlet nozzles in the main 

pipe, and the diameter of each inlet nozzle is 1.5 mm. The diameter of the cold end Dc 

is 15 mm, the diameter of the main pipe Dm is 30 mm, and the length of the main pipe 

Lm is 360 mm. The diameter ratio (DR) is defined the ratio of the diameter of the cold 

end Dc to the diameter of the of the main pipe Dm. 

 

Fig. 1 (a) 3D model of the vortex tube; (b) Geometrical parameters of this vortex tube 
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2.2 Governing equations and turbulence models 

As the working fluid, high-pressure air was chosen, and it was considered to be an 

ideal gas. According to the equations of mass conservation, momentum conservation, 

energy conservation, and ideal gas state for this vortex tube of high pressure, the 

following equations were solved: 

Mass conservation equation: 

 ( ) 0i

i

+ ρu =
x

ρ

t

 


 (1) 

Momentum conservation equation: 

 ( ) ( ) ' 'i
i i j i j

i j j i

u p
ρu + ρu u = μ ρu u

x x xt x

   
− −      




 (2) 

Energy conservation equation: 

 ( ) ( ) '

p

+
t

=j i

i j j

p κ H
ρH ρu H ρu H

x t x c x

    
+ −      




 (3) 

Ideal gas state equation: 

 p ρRT=  (4) 

where ρ is the density of ideal gas; u is the velocity of ideal gas; p is the static pressure 

of ideal gas; H is the total enthalpy of ideal gas; κ is the thermal conductivity of ideal 

gas; cp is the specific heat capacity at constant pressure of ideal gas; R is the ideal gas 

constant; and T is the temperature of the ideal gas. In the present numerical simulations, 

the detailed transport equation of used each turbulence model is given in Table 2. 

Table 2 Turbulence models and transport equation used in this study 

Turbulenc

e model 
Transport equation 

SA ( ) ( ) ( )

2

2

1
i v b v v

i v j j j

v v
ρv + ρvu =G μ ρv C ρ Y S

x σ x x xt

          + + + − +             


 

standard 

κ–ε 
( ) ( ) t

i κ b M κ

i j κ j

μ κ
ρκ + ρκu = μ +G +G ρε Y S

x x σt x

     
+ − − +  

     
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( ) ( )

( )3

2

1 2

i

i

t
ε κ ε ε

j ε j

ε b

ρε + ρεu =
x

μ ε ε ε
μ +C G C ρ S

x σ x

t

C G
κ κ

 



   
+ − +  

    



+

 

RNG κ–ε 

( ) ( )i κ eff κ b M κ

i j j

κ
+

t
ρκ + ρκu = α μ G +G ρε Y S

x x x

    
− − + 

      

( )
2

1 3 2

( ) ( )i

i

ε eff ε κ ε b ε ε ε

j j

ρε + ρεu =
x

ε ε ε
α μ C G C G C ρ R S

x x κ κ

t

 



  
+ + − − + 

   


 

standard 

κ–ω 

( ) ( ) Γκ κ κ κ

j

i

ji

κ
ρκ + ρκu =

t
+G Y S

x x x

    
− + 

     
 

( ) ( ) Γi ω ω ω ω

ji j

ω
ρω + ρωu = G Y S

x xt x

    
+ − + 

    
 

SST κ–ω 

( ) ( ) Γκ κ κ κ

j

i

ji

κ
ρκ + ρκu =

t
+G Y S

x x x

    
− + 

     
 

( ) ( ) Γj ω ω ω ω ω

j j j

ω
ρω + ρωu = G Y D S

x x xt

    
+ − + + 

    
 

RSM 

( ) ( )

( )

( )

( )

' ' ' '

' ' ' ' ' '

''
' '

' ' ' ' '

'

'

' ' '

'

'
'2 2 Ω

i j κ i j

j i
i j i κ j κ

κ κ κ

ji
i j j

κ

i j κ κj i iκ j

κ

κ

i

j i

ji
κ j m iκm i m j

κ κ

ρu u + ρu u u =
x

x

u u
+ μ u u ρ u u u u

x x x x

uu
ρβ g u θ g u θ p

t

ρu u u p δ u δ u

x x

uu
μ ρ u u ε u u ε

x x

 



  −
  

    
− +  

      

 
− + + +    


− − +

+







+

( )κm S+

 

 

2.3 Grid generation and validation 

The ANSYS ICEM CFD was used in this study to deal with the vortex tube and 
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obtain different numbers of mesh, and the mesh is predominantly structured with a 

localized geometric transition zone at the cone tip. The grid quality meets numerical 

simulation requirements, and the grid details at the tangential inlet, main pipe, and hot 

exit are shown in Fig. 2. Grid refinement has been carried out at the tangential inlet, 

cold end and hot end exit. The mesh employed for hot exit is dominated by quadrilateral 

structured grids. Owing to the geometric particularity of the cone tip, a smooth 

transition from quadrilateral grids to triangular grids is implemented at the tip zone, 

relying on the structured body-fitted topological features of the O-grid and realize the 

transition via structured topology with shared edges and nodes. The main objective of 

this design is to ensure the orthogonality and regularity of the mesh, fundamentally 

avoid problems of high skewness and non-orthogonality, and thus guarantee the 

accuracy and stability of the CFD calculation results. Seven different cell numbers were 

established for one vortex tube model to validate grid independence, the temperature 

difference between the hot exit and cold end, referred to as ∆T , was used for grid 

independence verification is displayed in Table 3. It can be clearly seen that the 

temperature difference between the hot exit and cold end ∆T shows a trend of first 

increasing significantly and then remaining basically unchanged with the increase of 

the cell number. Therefore, when the number of grids is 481520, numerical simulation 

can ensure accuracy and save computing resources as much as possible. 

 

Fig. 2 Grid details of this vortex tube 

Table 3 Verification of grid independence in numerical simulation of vortex tubes 

Cell numbers ∆T/K Error/% 

95720 1.5 71.2% 
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188490 2 61.5% 

294850 3.1 40.4% 

376460 4 23.1% 

481520 5.1 2% 

590310 5.2 0 

689240 5.2 0 

2.4 Boundary conditions and computational method 

To ensure that the comparison between numerical simulation data and 

experimental research results is accurate, the boundary conditions of numerical 

simulation should be consistent with the actual working conditions of experimental 

research [32] is valuable and can reduce errors. The corresponding conditions were 

listed in Table 4. The temperature was set as 293 K, the inlet pressure was set as 10 kPa 

and 100 kPa, the cold end pressure was set as 0, and the hot exit pressure was set 

variable to imitate the different design pressures and cold mass fraction (CMF), the 

CMF is defined by: 

 
cCMF
i

m
=

m
 (5) 

where the mc as the mass flow rate in the cold end, kg/s; mi represents the total inlet 

mass flow rate, kg/s. 

Table 4 Boundary conditions 

Parameters Type Pressure/kPa Temperature/K 

inlet Pressure inlet 
100 

10 
293 

cold end Pressure outlet 0 293 

hot exit Pressure outlet various 293 

CMF 0.1~0.9 (interval of 0.1) \ \ 

The schemes for solving equations were based on the finite volume approach, and 

residuals were set in the following way: 10-6 for continuity, x-velocity, y-velocity, z-

velocity and energy; for κ–ε turbulence models and κ–ω turbulence models, the 
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residuals for κ and ε was 10-6, for ω was 10-3; for RSM turbulence model, the residuals 

for ω and six types stress were 10-3, other solution methods were also showed in Table 

5. In this study, a fine mesh was generated using ANSYS ICEM CFD. Considering that 

the second-order upwind difference scheme can more accurately capture the variations 

of physical quantities in the flow field and significantly improve the computational 

accuracy[13]., the second-order upwind difference scheme was employed for both the 

energy and momentum equations. 

Table 5 Solution methods 

Parameters Type 

solver Pressure-Based, Absolute 

time Steady 

scheme SIMPLE 

gradient Least Squares Cell Based 

pressure Second Order 

density Second Order Upwind 

momentum Second Order Upwind 

modified turbulent viscosity Second Order Upwind 

energy Second Order Upwind 

2.5 Validation of turbulence models 

It is obvious and easy to measure in the complex flow structure of vortex tubes is 

axial velocity. As a result, the axial velocity in z direction (Uz) acquired by the 

numerical simulation with the six turbulence models were compared against 

experimental results[32] obtained by Laser Doppler Velocimetry under the inlet 

pressure Pin=10 kPa and the CMF=0.3 at six axial position of z=30 mm, z=60 mm, 

z=120 mm, z=180 mm, z=250 mm and z=330 mm in the main pipe is illustrated in Fig. 

3. 
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Fig. 3 The Uz distributions at different z position: (a) z=30 mm, (b) z= 60 mm, (c) z=120 mm, (d) 

z=180 mm, (e) z=250 mm, (f) z=330 mm 

The deviation between the experimental results and the numerical simulation data 

obtained from RNG κ–ε model was large, so it was tough to describe the correct 

velocity field of the vortex tube. And the similar consequence was obtained by Dutta et 

al.[26], the RNG κ–ε turbulence model reveals laminar-like flow around the axis, and 

due to much lower turbulence viscosity values and insufficient mixing, the turbulence 

level of the entire main pipe is significantly reduced. 

Compared to RNG κ–ε model, there is tinier difference between the numerical 

simulation data obtained with RSM model and the experimental results. Carefully, the 
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RSM model over-predicted the Uz in axis at z=30 mm and 60 mm but under-predicted 

the Uz in axis at z=120 mm. Near the axis of the vortex tube (-5 mm<z<5 mm), the 

numerical simulation data are closest to the experimental results. As the radial position 

increases, the deviation between the numerical simulation data and experimental results 

gradually increases, but the Uz variation trend in the Y direction of the entire vortex tube 

is basically consistent. As the axial position increases, the difference between the 

numerical simulation data obtained with RSM model and the experimental results 

increases, numerical simulation data acquired from RSM model no longer fit well with 

the experimental results at z>120 mm. 

Even though they were certain difference in axis and wall position between 

experimental results and numerical simulation data obtained with SA, standard κ–ε, 

standard κ–ω and SST κ–ω models, the general trends agree with very well in -15 

mm~-5 mm and 15 mm~5 mm at Y direction. The numerical simulation data acquired 

from above four turbulence models share some common trends at axis position, 

furthermore, the numerical simulation data obtained with standard κ–ω and SST κ–ω 

models were closer to the experimental results and the closest match provided by 

standard κ–ω model especially near the axis and walls. 

Furthermore, a comparison was made between the ∆T obtained from simulation 

and experiment under the same working condition to explore the reliability of the 6 

turbulence models, as shown in Fig. 4. From the comparison results, it can be seen that 

the ∆T  obtained by 5 turbulence models and experiment presents a new increase 

followed by a decrease due to the increase of cold mass fraction, only the ∆T obtained 

by standard κ–ε model decreases due to the increase of cold mass fraction. Even if the 

∆T trends obtained by these 5 models are in good with the experimental value, there is 

a significant difference in ∆T  deviation between the simulated and experimental 

results. It can be clearly observed that standard κ–ω turbulence model has the smallest 

temperature deviation, with a minimum deviation of 1.5 K and a maximum deviation 

of only 3.3 K. This proves that the standard κ–ω turbulence model can better reflect 

the temperature separation inside the vortex tube. So, hereafter merely the standard κ–

ω turbulence model was used for the numerical simulations and analysis. 
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Fig. 4 The ∆T comparison of 6 turbulence models and experiment 

3. Results and discussions 

3.1 Total temperature distribution under different CMF 

For the purpose of obtaining a clear temperature separation, in the following 

discussion, the temperature separation was analyzed at inlet pressure Pin=100 kPa, 

which has been proven to be a direct result of inlet pressure[1]. 

The total temperature distribution at various CMF in the vortex tube simulated by 

standard κ –ω turbulence model is given in Fig. 5. A temperature separation 

phenomenon is clearly demonstrated in the vortex tube, not only in the axial direction, 

but also in the radial direction. Cold end fluids are produced at the cold end, whereas 

hot exit fluids are produced at the hot end; cold fluids are located near the axis, while 

hot fluids gather in the peripheral region, and the temperature increases radially 

outwards across all cross sections in the radial direction. However, a large portion of 

the fluid can only exit from a single outlet (either the cold end or the hot exit) due to 

the control valve at the hot exit being opened too small or too large, there is no obvious 
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evidence of temperature separation in the radial direction when the CMF is very low 

(CMF=0.1) or high (CMF=0.9). 

In the vortex tube, there is clearly a drop in temperature at the cold end, which is 

referred to as the cooling effect, and a rise in temperature at the hot exit, which is 

referred to as the heating effect. Furthermore, when CMF is 0.1 and 0.3, it is observed 

that the cold end exhibits the lowest temperature field, however the cold end also 

exhibits a local warm range (red dash circle) depicted in Fig. 5(a) and Fig. 5(b). When 

CMF=0.1, this warm range (red dash circle) even occupies almost the entire cold end, 

but when CMF=0.3, the local warm range nearly disappears. Meanwhile, a low-

temperature area (black dash rectangle) appears at the hot exit in Fig. 5(b)~(e), and the 

low-temperature area (black dash rectangle) at the hot exit increases significantly when 

CMF is high. In the next section, we will examine the cooling effect and heating effect 

of the vortex tube, as well as the local warm spots at the cold end and the low-

temperature region where the hot outlet appears. 
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Fig. 5 Total temperature distribution under different CMF: (a): CMF=0.1; (b): CMF=0.3; (c): 

CMF=0.5; (d): CMF=0.7; (e): CMF=0.9 

3.2 Cooling effect under different CMF 

As shown in Fig. 6, the lowest temperature in the vortex tube increases linearly 

with the increase of the cold mass fraction, the mass flow rate discharged from the cold 

end is minimal when the cold mass fraction is low (CMF=0.1), which promotes a 

cooling effect from occurring. Meanwhile, the cold mass fraction is large (CMF=0.9), 

there is a substantial amount of mass flow discharged from the cold end, and the internal 

balance of the temperature separation in the vortex tube is disturbed. Which means that 

the cooling effect of the vortex tube should decrease with the increase of the cold mass 
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fraction. However, the vortex tube's cooling effect increases with increasing cold mass 

fraction, and then decreases as the cold mass fraction increases, the maximum cooling 

effect is obtained at CMF=0.5, and the cooling effect is almost axisymmetric (CMF=0.5 

as the axis). This is because there is a temperature difference between the cold end 

average temperature and the lowest temperature in the vortex tube, the temperature 

difference between the cold end average temperature and the lowest temperature in the 

vortex tube is large in low cold mass fraction, and the temperature difference between 

the cold end average temperature and the lowest temperature in the vortex tube can be 

ignored when CMF≥0.5. This also can be proven in section 3.1 in Fig. 5(a) and Fig. 

5(b), a local warm region (red dashed circle) exits the cold end when the cold mass 

fraction is less than 0.5. Leading to the cold end average temperature and cooling effect 

decreases first and then increases with the increase of the cold mass fraction. 

 

Fig. 6 Cooling effect and the distribution of cold end average temperature and the lowest 

temperature under different CMF 

To explain this temperature difference phenomenon and cooling effect trend in the 
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cold end of the vortex tube, flow streamlines under various cold mass fractions were 

calculated and shown in Fig. 7.This shown clearly that the existence of a peripheral 

flow and an inner reverse flow in the vortex tube. The peripheral flow comes out from 

the hot exit and the reverse flow outflow from the cold end. The profiles also indicated 

the presence of secondary circulation flow near the inlet (pink dash circle) in Fig. 7. 

The formation of the secondary circulation flow near the inlet is due to the smaller exit 

aperture of the cold end compared to the reverse flow, which causes the backflow 

reverse flow to collide with the cold end wall[35] and the presence of secondary 

circulation flow enhances heat transfer[20]. From Fig. 7, we can see that the increase 

of the CMF lead to a decrease of the secondary circulation flow zone. Furthermore, 

backflow (red dashed circle) in the cold end is responsible for the temperature 

difference between the cold end average temperature and the lowest temperature in the 

vortex tube, as can be seen in Fig. 7(a). The backflow in the cold end is severe and 

occupies almost the entire cold end, restricting the temperature drop and the cooling 

effect of the vortex tube deeply when CMF=0.1. Since backflow in the cold end 

decreases, and this phenomenon can be observed visually (red dashed circle) in Fig. 7(a) 

and Fig. 7(b), the temperature difference decreases as the cold mass fraction increases. 

Small cold mass fractions do not allow the fluid to flow evenly through the cold end, 

resulting in some negative pressure regions in the cold end, where outside air (specified 

at 1 bar and 293 K in CFD setup) can flow into these negative pressure regions, as 

shown in Fig. 8, the same backflow has also been observed by previous CFD works[25]. 
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Fig. 7 Distribution of flow streamline at different CMF: (a): CMF=0.1; (b): CMF=0.5; (c): 

CMF=0.9 

Fig. 8 provides an indication of the total pressure distribution in the cold end at 

varying cold mass fractions. In the cold end, there are large regions of negative pressure 

when CMF is 0.1 and CMF is 0.3, and the negative pressure area disappears 

immediately when CMF is 0.5. The generation and disappearance of negative pressure 

regions have a significant impact on backflow, which in turn affects the lowest and 

average temperatures in the cold end, leading to an increase and then decrease in 

cooling effect with the increase of cold mass fraction. Acc
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Fig. 8 Total pressure distribution on the cold end at different CMF: (a): CMF=0.1; (b): CMF=0.3; 

(c): CMF=0.5 

Thus, there is a coupling effect between the cold mass fraction and the backflow 

on the cooling effect. Due to the presence of backflow in the cold end, the trend of cold 

mass fraction on cooling effect has been completely changed, indicating that the 

backflow in cold end has a greater impact on cooling effect than the cold mass fraction. 

In order to achieve better cooling effect of vortex tube, it is recommended to avoid the 

influence of cold end backflow as much as possible and set the appropriate cold mass 

fraction (CMF=0.3~0.7). 

3.3 Heating effect under different CMF 

As a result of the cooling effect involved in temperature separation, the vortex tube 

also generates heating effect, which is determined by the rise in temperature at the hot 

exit. Fig. 9 illustrates the distribution of average temperature at the hot exit, the highest 

temperature in the vortex tube and heating effect at different CMF. The highest 

temperature in the vortex tube almost increases linearly with the increase of the cold 

mass fraction, while the hot exit average temperature and the vortex tube's heating 

effect increases slowly as the cold mass fraction increases. When the cold mass fraction 

is low (CMF=0.1), there is a massive amount of mass flowing out of the hot exit, and 

the internal balance of the temperature separation in the vortex tube is disturbed, 

resulting in poor heating performance. Under the energy separation effect of the vortex 

tube, the working fluid temperature at the hot exit increases with the increase of cold 

mass fraction, obtaining the highest temperature and heating effect when the cold mass 
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fraction is high (CMF=0.9). However, compared to the cooling effect of vortex tubes, 

the heating effect is significantly insufficient. 

 

Fig. 9 Heating effect and the distribution of hot exit average temperature and the highest 

temperature under different CMF 

Similarly, it can be seen from Fig. 9 that there is a large temperature difference 

between the hot exit average temperature and the highest temperature in the vortex tube, 

this phenomenon can also be qualitatively observed in in Fig. 5 (b)~(e), a local cold 

spots (black dash rectangle) are noted near the hot exit. Unlike the cooling effect, 

temperature difference does not change the trend of heating effect with the change of 

cold mass fraction. The heating effect continues to increase as the cold mass fraction. 

increases. However, the increase rate of the hot exit average temperature is much less 

the increase rate of the highest temperature in the vortex tube, the temperature 

difference between the hot exit average temperature and the highest temperature in the 

vortex tube becomes larger. This is because the backflow at hot exit (orange dash 

rectangle) as exemplified in the streamline plots as shown in Fig. 7(b) and Fig. 7 (c) 
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leading to the low-temperature regions as revealed in Fig. 5(c), Fig. 5 (d) and Fig. 5 (e). 

Moreover, as the cold mass fraction increases, the phenomenon of backflow at the hot 

exit becomes more pronounced, inducing a temperature difference between the hot exit 

average temperature and the highest temperature in the vortex tube, reducing its heating 

effect. 

As a result of coupling between backflow at the hot exit and cold mass fraction, 

the heating effect slightly increases, indicating that even though hot exit backflow will 

always restrict heating effect, the cold mass fraction has a greater impact on heating 

effect. 

In order to analyze backflow from hot exit, Fig. 10 illustrates the distribution of 

reverse flow boundaries at various cold mass fractions. Since 360 mm is a short 

length, the reverse flow boundary reaches the control valve at CMF=0.1, and the 

diameter of the reverse flow boundary is less than the maximum cross section of the 

control valve, outside air never enters the vortex tube from the hot exit. A growing 

cold mass fraction enhances the adverse pressure gradient along the axis, which leads 

to the expansion of the reverse flow boundary. Due to tube length limitations, the 

reverse flow boundary cannot be extended axially but can only be expanded radially, 

resulting in a gradual increase in the diameter of the reverse flow boundary, which is 

even greater than the maximum cross section of the control valve, outside air even 

enters the vortex tube from the hot exit, as illustrated in Fig. 10(b)~(e). The above 

explanation is the cause of backflow at hot exit.
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Fig. 10 The distribution of reverse flow boundary at different CMF; (a): CMF=0.1; (b): CMF=0.3; 

(c): CMF=0.5; (d): CMF=0.7; (e): CMF=0.9 

In light of the above series of analysis, it is clear that cooling effect and heating 

effect are heavily limited by backflow in the cold end and hot exit, and backflow can 

even alter the trend of the cooling effect with respect to the cold mass fraction. And the 

mechanism of backflow of vortex tubes under different cold mass fraction has been 

analyzed. In the following section, the effect of backflow on the cooling effect and 

heating effect under different inlet pressures and DRs under CMF=0.3 will be discussed. 

The diameter of the main pipe (Dm) remains unchanged, while the diameter of the cold 

end (Dc) changes to obtain different DR. 

3.4 Cooling effect and heating effect under different inlet pressure and 

DR 

The distribution of cooling effect and heating effect at different inlet pressure is 

given in Fig. 11. The cooling effect of vortex tube will increase with the increase of 
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inlet pressure, and the heating effect is also the same. Similar to the influence of cold 

mass fraction on cooling effect and heating effect, under the same inlet pressure, the 

cooling effect of vortex tubes is much higher than their heating effect. Just like Fig. 6 

and Fig. 9, the temperature difference between the cold end average temperature and 

the lowest temperature in the vortex tube and the distribution of the average temperature 

at the hot exit and the highest temperature in the vortex tube are caused by backflow 

and indicate its strength. An increase in temperature difference indicates that there was 

an increase in backflow at both the cold end and hot exit. It can be seen from Fig. 11 

that when the inlet pressure is smaller than 100 kPa, the backflow in cold end and hot 

exit increases as the inlet pressure increases, whereas when the inlet pressure is larger 

than 100 kPa, the backflow in cold end and hot exit remains almost no longer affected 

by the inlet pressure. As a result, in order to achieve better cooling effect and heating 

effect of the vortex tube, the inlet pressure should be increased as much as possible. 

 

Fig. 11 Distribution of cooling effect and heating effect at different inlet pressure 

The distribution of cooling effect and heating effect at different DR is given in Fig. 
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12. From this figure, it can be observed that, the cooling effect of the vortex tube 

gradually decreases with the increase of the diameter ratio, while the heating effect is 

basically not affected by the diameter ratio. Furthermore, with the increase of diameter 

ratio, the temperature difference between the cold end average temperature and the 

lowest temperature in the vortex gradually increases, indicating an intensification of 

cold end backflow, thus leading to a decrease in cooling effect. Under different diameter 

ratios, the effect of backflow on the hot end average temperature and the highest 

temperature in the vortex tube is also the same, but it does not significantly reduce the 

heating effect of the vortex tube. This indicates that under different diameter ratios, the 

influence of cold end backflow on the cooling effect is much stronger than that of hot 

end backflow on the heating effect. It should be design and use vortex tubes with small 

diameter ratios to achieve better cooling effect and heating effect. 

 
Fig. 12 Distribution of cooling effect and heating effect at different DR 
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4. Conclusion 

Although abundant research in the vortex tube has been investigated, there still is 

little analysis of cooling effect and heating effect. A 3D computational model was 

developed and numerical simulations were conducted using six turbulence models. 

Firstly, the axial velocity obtained from the numerical simulation was compared with 

the experimental values to verify the reliability of the numerical simulation. Then, the 

cooling effect and heating effect under different cold mass fraction, inlet pressure and 

diameter ratio were investigated in this study. The main conclusions are as follows: 

1. The numerical simulation results with six turbulence models were compared with 

experimental data on axial velocity. Predictions with the standard κ–ω model are 

best fit with experimental results were covered in this study, which providing 

guidance for the selection of turbulence models for numerical simulation of vortex 

tubes. 

2. The cooling effect and heating effect of vortex tubes are suppressed by backflow 

under different CMF, even change the trend of the influence of CMF on the cooling 

effect. 

3. Backflow at cold end caused by negative pressure often occur at low CMF, because 

it is difficult for the working fluid to flow out of the cold end, while backflow at hot 

exit occurs at high CMF, and the reverse flow boundary exceeds the control valve. 

4. In order to get excellent cooling effect and heating effect of the vortex tube, the 

inlet pressure should be increased while reducing the diameter ratio of the vortex 

tube, and the CMF should be controlled within a reasonable range (CMF=0.3~0.7). 
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