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ABSTRACT

A vortex tube is very useful in several process industries to solve the spot cooling problem. 
Owing to its very small size and high pressure of working fluid, experimental analysis and 
determination of flow parameters of vortex tube becomes very difficult task. The present work 
attempts to explore and utilise the philosophy of computational fluid dynamics in an effort 
to overcome the limitations of experimental investigations. Simulation has been performed 
for turbulent, swirling, compressible flow of air at various inlet pressures using Standard k–ε 
turbulence model. The results of the computational model are validated against experimental 
results as well as computational results of previously published works through comparison of 
temperature separation magnitude on % basis as well as non-dimensional basis. The variation 
between experimental and computational results is about 8%. Thereafter, grid independence 
of solution is checked to circumvent the errors pertaining to grid’s coarseness. Previously, 
many of the research works on exergy analysis of vortex tube have been conducted for con-
stant values of cold mass ratio, whilst in the present work, performance has been checked for 
different cold mass ratios as well as inlet pressure values. The inlet pressure values are selected 
pertaining to common scenario in process industries. It is inferred from the results that the 
computational model is able to replicate the exergetic behaviour of vortex tube with good 
agreement. As hypothesized at the beginning of this research, cold mass ratio is found to be 
indeed an important parameter from both energy as well as exergy analysis point of view. 
The amount of inlet total exergy is 559 W at 200 kPa, 966 W at 300 kPa, 1352.71 W at 400 
kPa, 1538.86 W at 486 kPa, 1732.29 W at 500 kPa and 2174.54 W at 600 kPa inlet pressure. 
Maximum cold exergy efficiency of 27.77% and hot exergy efficiency of 39.39% is observed at 
inlet pressure of 600 kPa. Total exergy efficiency shows minimum value for cold mass ratios in 
the range of 0.4 to 0.6. Cold-end exergy efficiency is observed to be more affected due to inlet 
pressure than hot-end exergy efficiency.
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INTRODUCTION

The science of refrigeration is directly connected with day-
to-day activities of human beings. The conventional methods 
of refrigeration such as vapour compression systems have 
resulted in adverse environmental effects such as Ozone Layer 
Depletion, Global warming due to use of CFCs as refriger-
ants. Moreover, conventional refrigeration systems take some 
time before achieving the desired application temperature. 
This makes then non – useful in the applications wherein 
spot cooling is required instantaneously. A VT refrigeration 
system is a desirable mechanism in such scenarios wherein 
it generates hot and cold streams of air instantaneously from 
input stream of pressurized fluid admitted through the tan-
gentially placed inlet. The fluid from a cold stream and hot 
stream are taken out at reverse ends through the cold end 
and hot end respectively. It was designed by Ranque [1] and 
studied by Hilsch [2]. A VT uses natural refrigerants such 
as air and creates a refrigeration effect in the absence of any 
chemical reaction. Also, the structure and construction of VT 
is very simple and robust. It involves no moving parts except 
the hot-end control valve. This leads to maintenance-free 
operation of VT for a prolonged period. Besides, its small size 
required to create a substantial temperature difference makes 
it a favourite candidate for applications involving space con-
straints such as cooling suits of foundry workers, cold air cir-
culation in blow moulded fuel tanks, spot cooling in soldering 
of toothpaste tubes, ultrasonic weld cooling, gas liquefaction 
[3,4], cooling of welded components to improve productivity 
& profits in fabrication process [5] to name a few. Users can 
also obtain precise control over the temperatures obtained 
from VT through the proper operation of the conical control 
valve situated at the hot end.

The performance of VT is assessed using the following 
parameters
a. Temperature change at the cold end given as change in 

temperature of inlet air and air exiting through the cold 
end. Mathematically, 

  (1)

b. Temperature change at the hot end given as change in 
temperature of inlet air and air exiting through the hot 
end. Mathematically,

  (2)

c. Cold mass ratio – the ratio of cold fluid mass exiting 
through of cold side to the entering fluid mass at the 
inlet. Mathematically, 

  (3)

Literature Review
Due to its striking constructional and operational fea-

tures, VT continued to be the topic of several scientific 

studies ever since it was discovered by Ranque [1] in 1931. 
Wu et al. [3] modified the design for VT nozzle and observed 
that improved nozzle design created lower temperature by 
5oC compared to Archimedes’ spiral nozzle and 2.2oC lower 
than normal rectangular nozzle. Kirmaci [4] reported that 
temperature variation magnitude reduced when inlet num-
ber of nozzles increased. Experimental investigation done 
by Saidi and Yazdi [6] along with exergy model analysis 
indicated that the magnitude of exergy destruction reduced 
when inlet pressure was increased. Aljuwayhel et al. [7] 
reported that reduction in diameter from 3 cm to 1.5 helped 
to improve cold side temperature drop by 4.4%. The work of 
Tarasova et al. [8] focused on low pressure VTs & observed 
that the exergy efficiency of the dust-trapping process was 
very small thereby making the process ineffective. Kirmaci et 
al. [9] reported that Argon exhibited a higher magnitude of 
temperature separation than air and oxygen. The inlet exergy 
was observed to rise exponentially with rise in pressure at 
inlet. Dincer et al. [10] reported that the cascading arrange-
ment’s exergy efficiency was higher than that for classical VT. 

Dutta et al. [11] performed a computational study on 
VT & reported a significant amount of backflow of atmo-
spheric air into VT at higher values of hot mass ratio which 
results in higher temperature at cold end. Baghdad et al. 
[12] carried out CFD analysis and exergy study of using 
CO2. Results indicated that at all inlet pressure values, total 
exergy losses were highest for cold mass ratio of 0.1 and 0.9 
and minimum values were seen for cold mass ratio of 0.4 
and 0.6. Khazaei et al. [13] reported that the predictions of 
Standard k – ε model were improved than other turbulence 
models in most of the regions. Bej and Sinhamahapatra [14] 
carried out CFD modelling of the cascading arrangement of 
VT at hot end using the Standard k – ε model and reported 
hot exergy reduction with the rise in cold ratio. Manimaran 
[15] reported that the trapezoidal inlet of VT provided 
better temperature separation than the rectangular design. 
Moraveji and Toghraie [16] reported a reduction in the 
temperature of hot as well as cold exit with an increase in 
number of inlets. Devade and Pise [17] reported that with 
higher cold-end diameter, exergy losses were reduced. With 
an increase in inlet pressure, exergy loss was observed to 
increase. Kirmaci et al. [18] carried out an experimen-
tal and exergy study of VT using different materials and 
working fluids at various inlet pressures. Loss of exergy was 
observed to be more for steel as nozzle material than fibre-
glass and aluminium due to higher thermal resistance value 
of steel. Jain et al. [19] reported that the exergy analysis of 
the transcritical cycle revealed that usage of VT in place of 
expansion reduced exergy losses. Kaya et al. [20] reported 
that with an increase in the number of orifices in the inlet 
nozzle, specific outlet exergy was observed to increase. 

Aghagoli and Sorin [21] reported that with an increase 
in entry pressure, maximum value of exergy efficiency was 
obtained at a lesser cold mass ratio. Lagrandeur et al. [22] 
observed that with a rise in inlet pressure, a higher % of inlet 
mechanical exergy transformed into thermal exergy. Wang 
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and Suen [23] observed higher cooling and heating effect pro-
duced by air than other refrigerants due to higher magnitude 
of tangential shear stress in radial direction for air. He et al. 
[24] stated that the highest temperature change was noted for 
air while it was minimum for carbon tetrafluoride. The tem-
perature separation was affected by all gas properties. Jain et 
al. [25] reported that exergetic efficiency of transcritical cycle 
with VT was about 9.17% to 11.68% higher than that of cycle 
using expansion valve. Liang et al. [26] studied the result of 
the shape of vortex generator made of various materials and 
reported the resin vortex generator to provide highest energy 
separation and exergy efficiency due to lower thermal con-
ductivity of resin. Shahsavar et al. [27] studied the applica-
tion of VT to replace water bath in photovoltaic system and 
reported that exergy efficiency was about 19.46% and this sys-
tem helped to save 27.7 tons of CO2 per year. Qatarani nejad 
et al. [28] considered the use of VT in a gas station to avoid 
usage of natural gas in water bath heaters. This project helped 
to save 8.55 tons of CO2 per year by producing 42770.58 kW.

Experimental study of Yadav et al. [29] used modified 
VT having dual flow, one solid plug near cold end #1 and 
one hollow plug near cold end #2. Optimum performance 
was obtained for hollow and solid cone angles of 45o and 55o 
respectively. Devade and Pise [30] studied the effect of sev-
eral geometrical and operational parameters such as L/D 
ratio, number of nozzles, valve angles, tube geometry and 
inlet pressure. Authors also proposed a non-dimensional 
correlation for temperature separation. Authors reported 
maximum COP at L/D ratio of 17 which decreases with 
increase in L/D ratio. Noor et al. [31] carried out CFD anal-
ysis and observed higher COP for parallel flow VT than 
counter flow VT. Bagre et al. [32] computationally stud-
ied elliptical vortex tube and reported an improvement of 
49.89% in energy separation.

Gap identified from published literature and importance 
of exergy analysis of a thermal system

Generally, analysis of VT is done in terms of the mag-
nitude of cold and hot side temperature change at various 
cold mass ratio values. Thus, most of the works are based 
on energy and mass balance analysis of VT. However, as it 
is well known that energy analysis expresses only the quan-
tity of energy as per the First Law of Thermodynamics and 
it does not convey the essential information about qual-
ity of energy as well as its degradation occurring during 
a process by the virtue of irreversibility. On the contrary, 
exergy analysis takes into account both the 1st and 2nd Law 
of Thermodynamics. In essence, exergy investigation of a 
thermal system is highly essential since it is an indicator 
of quality of energy. Furthermore, it is vital to note that 
most of the works concerning the exergy analysis of VT 
[4,9,17,18,20] have been performed at a constant value of 
µc. Very few works [6,10,14] have been carried out for range 
of µc values which is an important performance indicator of 
VT. It is essential to investigate the exergetic performance 
of VT at different inlet pressure values as well as cold mass 

ratios, simultaneously. To our best understanding of pub-
lished literature, such an investigation was seldom reported. 
Besides, it has been observed that there are several areas in 
a process industry wherein different working pressures of 
air are readily available as a process requirement. However, 
a precise understanding of its utilization from exergy 
point of view needs to be elaborated. Hence, studying the 
behaviour of VT at various magnitudes of inlet pressures 
becomes imperative. The VT’s performance is significantly 
affected by multiple constructional and operational param-
eters, which has led to incongruity about its flow physics 
and performance prediction among the researchers, despite 
of numerous investigations of various types and methodol-
ogies carried out. Owing to its small dimensions, the pre-
cise determination of various parameters of flow physics 
of VT is a complex task during the experimentation. For 
example, during the study of Ahlborn and Groves [33], a 
1.6 mm diameter pitot tube used as a probe in VT of 25.4 
mm diameter blocked about 8% of the effective VT area. 
Most of the exergy analysis studies have been performed 
through experimentation, thereby limiting the extent of 
exploration of underlying flow physics. 

In case of such ambiguity, CFD tools can be very well 
used to obtain insights about influential flow physics 
parameters which contribute towards the exergy efficiency 
of VT. It is well understood that numerical analysis can-
not function as a substitute for experimentation. However, 
it can be very effective in supporting experimentation, if 
done systematically and diligently. Furthermore, cost and 
time requirements involved with CFD analysis are signifi-
cantly lower than those for experimentation when CFD 
model is properly constructed and validated with experi-
mental results. Thereafter, parametric analysis becomes 
possible. Previously, Aljuwayhel et al. [7], Skye et al. [34] 
have carried out experimental and computational anal-
ysis using commercial VT by developing 2D axisymmet-
ric CFD model of about 25000 cells. Authors reported 
that their models indicated a notable difference between 
experimental and numerical results. Farouk and Farouk 
[35] used two-dimensional axisymmetric domain of VT to 
report important flow physics parameters such as tangen-
tial velocity, axial velocity and static temperature variation. 
Computational analysis performed by Shamsoddini et al. 
[36] used an axisymmetric model of VT to replicate the 
flow physics even with multiple inlets of VT.

Objectives of the present study
The present study intends to analyse the combined 

effect of entry pressure and cold mass ratio on temperature 
separation magnitude generated in VT. Thereafter, effect 
of supplied pressure on exergy efficiency of VT has been 
studied. This paper attempts to depict the utilization of dif-
ferent working pressures based on exergy analysis. This will 
help the readers to select the inlet pressure having optimum 
exergy throughput during operation of VT in practical 
cooling applications.
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Simulations are performed up to inlet pressure value of 
600 kPa to examine the effect of the increase in pressure on 
the exergy efficiency of VT. The CFD results are equated 
with experimental ones firstly to validate them. Thereafter, 
the influence of cold mass ratio on temperature change 
performance and exergy efficiency has been investigated. 
Thus, the definitive purposes of this study are
1. To create a reliable computational model of VT and val-

idate its output by comparing the results with experi-
mental results.

2. To observe the change of exergy efficiency with cold 
mass ratio and entry pressures.
This manuscript consists of 3 sections. Section 1 elab-

orates fundamental characteristics of VT along with its 
pertinent applications and a detailed review of previously 
published literature. Section 2 describes in details the meth-
odology of CFD analysis as well as the underlying mathe-
matics involved in exergy analysis of VT. Section 3 presents 
a discussion about results obtained from CFD analysis for 
exergy study of VT.

DATA REDUCTION FOR CFD INVESTIGATION OF VT

Modelling of Physics using Mathematical Equations 

Conservation equations
The conservation equations have been solved using 

Ansys Fluent™ 2022. These are equations for conservation 
of energy, momentum and mass accompanied by equation 
of state. These equations are given as

  
(4)

  (5)

  (6)

  (7)

Thereafter, equations are also solved for transport quan-
tities to replicate the turbulence inside VT using Standard k 
– ε model, which is capable of rendering the flow field with 
high accuracy [34,37].

Transport equations – Standard k – ε model
There are two equations in Standard k – ε model. One 

for turbulence kinetic energy, k, and second one is for its 
rate of dissipation, ε, given as follows [38]:

  

(8)

  

(9)

Equations for exergy analysis of VT
The following are the assumptions made during the 

exergy analysis of VT system:
1. Friction inside the VT system is negligible.
2. VT system is working at a steady state.
3. The flow in the VT system is adiabatic in nature i.e., 

VT is insulated and no heat exchange happens with the 
surroundings.

4. No chemical reaction takes places inside VT system. 
Thus, chemical exergy is not needed to be calculated.
Physical exergy is calculated as

  
(10)

Where,  represents physical exergy of VT system,  
indicates flow rate of mass, Cp is specific heat of working 
fluid, T is the instantaneous temperature of fluid stream, 
T0 is initial reference environment temperature 293.15 K, 
R is specific gas constant which is different for individual 
fluid, P is the instantaneous pressure of fluid stream & P0 is 
reference environmental pressure of 101.325 kPa.

Kinetic exergy is calculated as 

  (11)

Potential exergy is calculated as

  (12)

The total exergy at the inlet is calculated as

  (13)

Total exergy at hot end is calculated as 

  (14)

Total exergy at cold end is calculated as 

  (15)

Total exergy at outlet is calculated as 

  (16)

The magnitude of total lost exergy is calculated as

  (17)
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It is recognized that IInd law efficiency is calculated as,

  
(18)

Then, we can calculate exergy efficiency at cold end as

  
(19)

Also, hot-end exergy efficiency is calculated as

  
(20)

Thus, second law efficiency indicates how good the 
operation of an actual device is taking placed as compared 
to theoretically possible when operating conditions at the 
inlet and outlet are the same.

Boundary Conditions
This section describes the boundary conditions applied 

in current numerical study fully to maintain clarity and 
authenticity. The essential proportions of VT used in pres-
ent analysis are shown in Figure 1. The working diameter of 
VT is 11.4 mm, working length in which the temperature 
separation process occurs is 106 mm and the diameter of 
the cold end is 6.2 mm. This VT is charged with different 

(a)

(b)

Figure 2. (a) Schematic of VT computational domain (b) Structured mesh used during CFD analysis.

Figure 1. Essential proportions of VT used in the present study.
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working pressures. In the original experimental study, the 
working fluid i.e., pressurized air was admitted through six 
inlet nozzles. However, in the present CFD analysis, inlet is 
considered as annular inlet through the process described 
in Skye et al. [34] and Farouk and Farouk [35]. These details 
are not repeated here to maintain brevity. The resultant 

numerical domain is represented in Figure 2 (a). The com-
putational model was generated and structured mesh was 
created using Ansys™ Workbench 2022 R1 as shown in 
Figure 2 (b).

The inlet of VT is modelled as a mass flow inlet for 
which mass flow rate, inlet total temperature, radial velocity 

Figure 3. Flowchart of CFD simulations performed in the present study.
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and tangential velocity components have been provided as 
input parameters. Cold outlet and hot outlet both are mod-
elled as pressure outlets directly exposed to atmosphere. 
The pressure at cold outlet is atmospheric. Pressure at hot 
outlet is varied to get the particular value of cold mass ratio 
from cold end [34]. For all the simulations, energy equation 
is assisted with the activation of dissipative terms.

The flow inside VT is turbulent and swirling in nature 
& it consists of steep pressure gradients which are modelled 
using PRESTO! (PRessure STaggering Option) scheme. 
This scheme uses the discrete continuity balance for a 
staggered control volume about the face to compute the 
staggered (i.e., face) pressure. This procedure is similar in 
spirit to the staggered-grid schemes used with structured 
meshes [11,37]. The coupling of Pressure–velocity terms is 
attained using the SIMPLE algorithm. The values of Under 
Relaxation Factors have been kept as default. Convergence 
of solution is considered when residuals for energy are of 
the order of 10-6 and 10-3 for all other quantities.

The computational domain used in the present CFD 
study is 2D axisymmetric model which incorporates the 
swirl feature. Such a model is advantageous as it helps to use 
less computational power; while conserving the vital 3D 
features of the flow field [35]. The modelling of physics of 
axisymmetric flows with swirl has been described very well 
in [38]. This procedure has also been presented in Figure 3 
with necessary details.

Grid Independence Study
Before proceeding for validation, the structured grid 

generated was examined to avoid errors arising due to 
the coarseness of grid as well as wastage of computational 
power due to an over-refined grid. This was assured by test-
ing structured grids of diverse sizes i.e., with 14,500, 25,346, 
57,000 and 1,01,308 cells. The cold side temperature for 
cold mass ratio of value μc = 0.2 has been plotted in Figure 

4 for various grids. It indicates that for grid size of 25,346 
and 57,000 cells, there is no noticeable change in cold end 
temperature. Increasing the grid size beyond 57,000 cells 
does not create significant changes in the results, neither it 
is small such as that with 25,346 cells. Hence, this grid size 
is chosen for further computations.

Validation
Before proceeding towards parametric analysis, it is vital 

to establish the authenticity of the present CFD model. For 
this purpose, CFD results are compared with experimen-
tal results as well as previously published computational 
results. Figure 5 shows temperature variation magnitude at 
cold exit and hot exit of VT obtained during present com-
putational study. These are compared with the tempera-
ture separation magnitude reported in the works of Skye 
et al. [34], Farouk and Farouk [35] and Pourmahmoud and 
Akhesmeh [39] to validate and authenticate. It indicates 
that present CFD results are concurrent with experimental 
as well as previous CFD outcomes. It infers that the simula-
tion procedure adopted in the current work is correct even 
though we have used the Standard k – ε model, different 
from Farouk and Farouk [35].

Figure 6 shows dissemination of total temperature 
inside VT. These contours clearly indicate the tempera-
ture separation phenomenon wherein the axial flow is at 
a colder temperature than inlet and directed towards cold 
end. Consequently, flow near the tube periphery is at greater 
temperature than inlet and directed towards hot end.

The accuracy of CFD results can also be compared with 
the help of % variation in the computation of minimum 
total temperature at cold as,

  
(21)

This % variation has been reported in Table 1 as wit-
nessed in different studies. It indicates a reduction in % 
variation during the current analysis. Hereafter, this model 
has been utilized to carry out parametric analysis. Figure 7 
depicts the variation of temperature separation magnitude 
and % deviation observed in various studies i.e. data from 
Table 1 in graphical form for ease of understanding of the 
readers.

Table 2 presents mass and energy balance obtained 
during CFD simulation for an inlet pressure of 468 kPa. 
This is essential to verify that the simulation procedure fol-
lowed is adequate. The mass balance of the order of 10-6 and 
energy balance with less than 1% error is observed in this 
table. Thus, the simulation procedure of the current CFD 
study is adequate.

Stephan et al. [40] has provided a non-dimensional 
relationship about temperature separation magnitude as 
follows:

Figure 4. Grid independence study – variation of cold end 
temperature for different grids at μc = 0.2.
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(a)

(b)

Figure 5. Validation of CFD values against experimental values (a) Cold exit temperature change magnitude (b) Hot exit 
temperature change magnitude.

Figure 6. Contours of Total Temperature inside VT (K).
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Table 2. Mass and energy balance obtained during CFD simulation for inlet pressure of 468 kPa

min (kg/s) mc (kg/s) mh (kg/s) Mass balance ∆E = Ein - (Ec + Eh) %∆E = ∆E/Ein
0.00835 0.001837 0.00653 -1.71E-05 -0.006 0.251
0.00835 0.002330 0.006016 4.20E-06 0.004 0.161
0.00835 0.002827 0.005511 1.23E-05 -0.002 0.074
0.00835 0.003210 0.005126 1.35E-05 0.000 0.003
0.00835 0.003778 0.004563 8.99E-06 -0.001 0.030
0.00835 0.004244 0.004097 9.31E-06 0.002 0.064
0.00835 0.004608 0.003734 8.18E-06 0.002 0.066
0.00835 0.004999 0.003345 6.12E-06 0.002 0.065
0.00835 0.005765 0.002578 6.55E-06 0.020 0.806
0.00835 0.006186 0.00216 4.60E-06 0.021 0.857
0.00835 0.006944 0.001403 2.45E-06 0.017 0.697

Table 1. % Deviation of minimum cold exit temperature obtained in different studies

Sr. No. CFD Study and turbulence 
model used

Min. (Tc)exp Max. (ΔTc)exp=
Tin – Min. (Tc)exp

Min. (Tc)cfd Max. (ΔTc) =
Tin – Min. (Tc)cfd

%(ΔTc)

1. Skye et al., Standard k-ε [34] 251.3 K 42.9 K 265.2 K  29 K 32.40 %
2. Farouk and Farouk, LES [35] 251.3 K 42.9 K 256.2 K  38 K 11.42 %
3. Pourmahmoud and Akhesmeh, 

Standard k – ε [39]
251.3 K 42.9 K 256.9 K  37.3 K 13.11 %

4. Standard k – ε [Present] 251.3 K 42.9 K 254.5 K  39.7 K 7.435 %

Figure 7. Variation of temperature separation magnitude and % deviation in various studies.
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(22)

It is imperative to note that this correlation is indepen-
dent of operating and geometric characteristics of a VT and 
depends only on the value of the cold mass ratio. Hence, it 
can be well utilized to compare the temperature separation 
magnitude of various cases. Figure 8 presents a comparison 
of present CFD results with this non-dimensional correla-
tion. It indicates that for all the inlet pressure values, the 
temperature separation magnitude is in agreement with 
that of Stephan et al. [40].

Once the reliability of CFD model had been validated, 
investigations were conducted using this computational 
model and methodology to study the result of entry pres-
sure and cold mass ratio on VT’s performance through 
exergy analysis. These results have been discussed in sub-
sequent Section 3.

RESULTS AND DISCUSSION

It is essential to mention here that most of the works 
concerning the exergy analysis of VT [4, 10, 18, 19, 21] have 
been conducted at constant cold mass ratio. Very few works 
[6, 11, 15] have been carried out for a range of cold mass 
ratio values which is an important performance factor of 
VT. Hence, these works have been used as qualitative ref-
erence, wherever found appropriate. It is to be noted that 
operating conditions between the present work and those 
used in the work of Dincer et al. [10] are different, ass high-
lighted in Table 3. However, the work of Dincer et al. [10] 
has been referred to here for qualitative comparison due to 
its elaborated results, wherever appropriate.

Figure 9 shows the Comparison of hot end temperature 
separation magnitude (ΔTh) obtained in the present CFD 
work and Dincer et al. [10]. Due to different operating con-
ditions, the magnitude of ΔTh is different. However, in both 
cases, this magnitude is higher for larger value of cold mass 

Figure 8. Comparison of present CFD results with non-dimensional correlation of Stephan et al. [40] (made by author).

Table 3. Operating conditions used in the present work and those in Dincer et al. [10]

Sr. No. Operating parameter Dincer et al. [10] Present work
1. Inlet pressure 730 kPa 600 kPa, 500 kPa, 468 kPa, 400 kPa, 300 kPa, 200 kPa, 
2. Length of VT 135 mm 106 mm
3. Working diameter of VT 9 mm 11.4 mm
4. Cold end diameter of VT -- 6.2 mm
5. Number of inlet nozzles 4 6
6. Type of exergy analysis Hot end only Both hot end and cold end
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ratio. The trend shows a good qualitative agreement. Cold 
exit temperature change magnitude is not available in the 
work of Dincer et al. [10], hence couldn’t be presented here.

Figure 10 shows the variation of inlet exergy for differ-
ent pressures at the inlet to VT and cold mass ratio. It is 
witnessed that inlet exergy rises with a rise in entry pressure 
but remains the same for different values of cold mass ratio. 
The amount of inlet total exergy is 559 W at 200 kPa, 966 

W at 300 kPa, 1352.71 W at 400 kPa, 1538.86 W at 486 kPa, 
1732.29 W at 500 kPa and 2174.54 W at 600 kPa inlet pres-
sure. The highest magnitude of inlet exergy was reported 
at 600 kPa inlet pressure and it was lowest for inlet pres-
sure of 200 kPa. The trend of inlet exergy of VT agrees well 
qualitatively with Dincer et al. [10]. The inlet exergy in this 
reference work was observed to be 3780.49 W at 730 kPa 
inlet pressure.

Figure 9. Correlation between of hot end temperature separation magnitude attained in current CFD work and Dincer et 
al. [10] (made by author).

Figure 10. Total inlet exergy for different values of cold mass ratio and entry pressure.
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Figure 11 (a) and (b) shows total exit exergy variation 
at cold exit for different cold mass ratios at an entry pres-
sure of 468 kPa. With rise in cold mass ratio, the cold out-
let exergy magnitude goes on increasing. As expected, this 
magnitude is lesser in the present work than that of Dincer 
et al. [10] due to the lower operating pressure used in the 
present work. However, the general trend agrees well.

Figure 12 shows the total hot outlet exergy variation 
for different cold mass ratios at an entry pressure of 468 
kPa. With a rise in cold mass ratio, exergy magnitude at 
hot exit is observed to be reducing. This can be attributed 
to reduced mass exiting through hot end. This ultimately 
results in reduced kinetic exergy of hot stream. The trend of 
variation of hot end exergy agrees well with that of Dincer 
et al. [10]. Figure 13 shows the comparison of the results of 
Dincer et al. [10] and the current study for total lost exergy 
for various values of cold mass ratio. In the present work, 
higher exergy loss is detected at higher values of cold mass 

 
(a) (b)
Figure 11. (a) Total cold outlet exergy for different cold mass ratios for Dincer et al. [10] (b) Total cold outlet exergy for 
different cold mass ratios for present CFD analysis.

 
(a) (b)
Figure 13. (a) Total lost exergy at different cold mass ratios in Dincer et al. [10] (made by author).

Figure 12. Total exergy at hot outlet for different values of 
cold mass ratio.
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ratio contrary to the observations of Dincer et al. [10]. The 
magnitude of total lost exergy observed in the present work 
is comparatively lesser. Also, total lost exergy as observed 
from Fig. 10 (b) increases up to certain cold mass ratio and 
then decreases. Hence, it was felt necessary to re-examine 
this behaviour for different inlet pressures and hence total 
lost exergy was calculated for entry pressure values of 200 
kPa, 300 kPa, 400 kPa, 500 kPa and 600 kPa. These are 
presented in Figure 14 to Figure 19. These values are also 
compared with each other as shown in Figure 20. These fig-
ures indicate a similar trend with regard to lost exergy for 
different cold mass ratios and thus the trend is confirmed. 
This can be attributed to dissimilar geometrical parameters 
of VT and entry pressures used in the present work. With 

a rise in entry pressure, the magnitude of total lost exergy 
also increases. 

As observed from Figure 20, the magnitude of lost 
exergy is higher with rise in entry pressure for all values of 
cold mass ratio. At a particular entry pressure, lost exergy 
magnitude first improves up to certain cold mass ratio in 
the range of 0.5 to 0.7 and thereafter again reduces for suc-
ceeding cold mass ratios. The maximum magnitude of lose 
exergy was observed to be 424.55 W at 200 kPa, 708.04 W 
at 300 kPa, 950.47 W at 400 kPa, 1184. 38 at 500 kPa and 
1473.91 W at 600 kPa inlet pressure. 

Figure 21 depicts the deviation of exergy efficiency of 
hot stream and cold for various cold mass ratio values. With 
an increase in cold mass ratio, the hot end exergy efficiency 

Figure 15. Exergy loss at 300 kPa and various cold mass 
ratios.Figure 14. Exergy loss at 200 kPa for various cold mass ra-

tios.

Figure 17. Exergy loss at 468 kPa and various cold mass 
ratios.

Figure 16. Exergy loss at 400 kPa and various cold mass 
ratios.
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reduces due to reduced mass flow rate through hot exit. The 
qualitative trend of exergy efficiency observed in the pres-
ent work agrees well with that of Dincer et al. [10]. With 
higher in cold mass ratio, the cold exit exergy efficiency 
increases due to increased mass flow rate through the cold 
exit. The qualitative trend of exergy efficiency observed in 
the present work agrees well with that of Dincer et al. [10].

Figure 22 shows the variation of cold outlet exergy 
as well as cold end exergy efficiency for several values of 
cold mass ratio and entry pressure. The exergy magnitude 
for the lower cold mass ratio is similar for all inlet pres-
sures. The quantum of exergy starts differing for various 
pressures once the cold mass ratio is more than 0.4. With a 

rise in entry pressure, the magnitude of cold outlet exergy 
increases for all cold mass ratio values. The maximum cold 
end exergy magnitude is observed to be 84.02 W at 200 kPa, 
193.04 W at 300 kPa, 353.88 W at 400 kPa, 437.06 W at 
500 kPa, and 604.09 W at 600 kPa inlet pressure. Figure 21 
and Figure 22 signify that higher cold mass ratio values are 
useful when VT is being used for cooling applications. The 
trend of cold-end exergy magnitude and cold-end exergy 
efficiency are similar to each other. With increase in cold 
mass ratio, higher mass of air exits through the cold outlet, 
which results in higher velocity. This increases the magni-
tude of kinetic and physical exergy at cold outlet. The maxi-
mum exergy efficiency is observed to be 15.58% at 200 kPa, 

Figure 20. Comparison of the magnitude of lost exergy for different entry pressures and cold mass ratios.

Figure 19. Exergy loss at 600 kPa and various cold mass 
ratios.

Figure 18. Exergy loss at 500 kPa and various cold mass 
ratios.



J Ther Eng, Vol. 11, No. 4, pp. 991−1010, July, 2025 1005

19.98% at 300 kPa, 26.21% at 400 kPa, 25.23% at 500 kPa 
and 27.77% at 600 kPa inlet pressure. The difference of rise 
in efficiency is higher at lower pressure values compared to 
that of higher-pressure values.

Figure 23 shows the variation of hot outlet exergy for 
various values of cold mass ratio and inlet pressure val-
ues. With the rise in cold mass ratio i.e., a decline in hot 
side mass flow rate, exergy magnitude at the hot side 
reduces. This observation is consistent with that of Bej and 
Sinhamahapatra [14]. With an increase in cold mass ratio, 
the hot end exergy efficiency reduces due to reduced mass 
flow rate through hot exit. Reduction in the mass flow rate 

at hot end also lowers the magnitude of kinetic and physical 
exergy, thereby reducing the efficiency. As the cold fraction 
reduces, the mass flow rate of hot gas increases, thereby 
stimulating the energy separation and higher hot-end 
exergy due to vigorous momentum transfer.

At any cold mass ratio, the magnitude of hot end exergy 
increases with inlet pressure. The lowest magnitude of 
exergy efficiency is detected for lower entry pressure value 
of 200 kPa. After this inlet pressure, exergy efficiency 
increases with rise in inlet pressure. Interestingly, exergy 
efficiency shows almost similar values for higher values of 
inlet pressures for the complete series of cold mass ratio. 

 
(a) (b)

Figure 21. (a) Exergy efficiency of hot exit for various cold mass ratios (b) Exergy efficiency of cold exit for various cold 
mass ratios.

 

(a) (b)

Figure 22. (a) Cold exit exergy for various cold mass ratios and inlet pressures (b) Cold end exergy efficiency for different 
cold mass ratios and inlet pressures.
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Thus, cold-end exergy efficiency is more influenced by 
entry pressure than hot-end exergy efficiency. The maxi-
mum hot end exergy magnitude is observed to be 148.85 
W at 200 kPa, 353.80 W at 300 kPa, 525.25 W at 400 kPa, 
667.97 W at 500 kPa and 856.60 W at 600 kPa inlet pressure. 

The maximum hot-end exergy efficiency is 26.59% at 200 
kPa, 31.89% at 300 kPa, 38.83 % at 400 kPa, 38.55% at 500 
kPa and 39.39% at 600 kPa.

Figure 24 shows the variation of total exergy efficiency 
of VT for different entry pressures and cold mass ratio 

Figure 25. Contours of swirl velocity in VT at 600 kPa inlet pressure.

Figure 24. Total exergy efficiency for different inlet pressures and cold mass ratios.

 
(a) (b)

Figure 23. (a) Hot end exergy for various cold mass ratios and entry pressures (b) Hot end exergy efficiency for various 
cold mass ratios and entry pressures.
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values. The total exergy efficiency firstly reduces when 
the cold mass ratio is increased and thereafter it increases. 
This trend is observed for all the inlet pressures. Maximum 
total exergy efficiency is observed to be 27.76% at 200 kPa, 
37.78% at 300 kPa, 39.94% for 400 kPa, 39.45% at 500 kPa, 
and 40.23% for 600 kPa inlet pressure at lower values of 
cold mass ratio. Instead, at higher cold mass ratio, maxi-
mum total exergy efficiency is observed to be 23.08% at 200 
kPa, 27.53% at 300 kPa, 32.19% for 400 kPa, 34.01% at 500 
kPa and 37.90% for 600 kPa entry pressure. For all the entry 
pressures, minimum total exergy is gained in the cold mass 
ratio range of 0.4 to 0.6.

To explore the flow physics further, variation of swirl 
velocity inside VT has been demonstrated in Figure 25. It 
indicates that at the core of VT, magnitude of swirl velocity is 
minimal. Highest swirl velocity is observed right at the inlet 
of VT wherein expansion of pressure raised air pressurised 
air takes place during entry. To check this effect for various 
inlet pressures, swirl velocity has been plotted as observed in 
Figure 26. It is noteworthy that this graph has been plotted 
through 870 data points. It clearly indicates that swell veloc-
ity in the axial zone is minimal and increases progressively 
towards the outer radius of VT and right near the wall, the 
magnitude of swirl velocity suddenly diminishes due to con-
tact of fluid with wall of VT. When this is compared with 
inlet exergy, it is observed that both inlet egg surgery and 
swirl velocity exergy and swell velocity increase with inlet 
pressure since swirl velocity constitutes the largest compo-
nent of inlet total velocity of pressurised fluid.

CONCLUSION

Computational analysis of vortex tube was performed 
to understand the result of change in entry pressure and 
cold mass ratio on exergy parameters. The following are 
conclusions drawn from present study:
1. The computational model is able to replicate the com-

pressible, turbulent, swirling flow inside the vortex tube 
with substantial accuracy. Such a model can be useful as 
complementary for experimental investigation.

2. Novelty of present work is that it explores interactive 
effect of various values of cold mass fraction and inlet 
pressure on exergy parameters of VT, unlike previous 
works wherein cold mass fraction has been kept constant.

3. Exergy parameters such as cold and hot end outlet exergy, 
and exergy efficiency are significantly affected by cold 
mass ratio. Hence, unlike previous works, investigations 
should be carried out for various cold mass ratios as well. 

4. Cold exit exergy efficiency increases and hot end exergy 
efficiency declines with an increase in cold mass ratio. 
Cold-end exergy efficiency is more influenced by entry 
pressure than hot-end exergy efficiency. The total 
exergy efficiency shows a minimum value for cold mass 
ratios in the range of 0.4 to 0.6.

5. The observations reported in the current numerical 
study are consistent with previously published numer-
ical and experimental works. The results shall be useful 
while making operational choices during the practical 
application of vortex tube.

Figure 26. Swirl velocity in radial direction for various inlet pressures.
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6. Limitation of current methodology is that it is only as 
good as the observations recorded, either during exper-
imentation or computational analysis. If the research-
ers are focusing more towards enhancing the accuracy 
of their measurements / computational results, then 
enhanced understanding can be still developed. This is 
a potential area for improvement. 

7. Further, research work can be undertaken to under-
stand the effect of various geometric and operational 
parameters on exergy efficiency such as length to diam-
eter ratio, cold end diameter, working fluids and inlet 
pressures.

NOMENCLATURE

Cp  specific heat at constant pressure, kJ kg−1 K−1

D VT diameter, mm 
E  exergy level of the stream, W
h  enthalpy of fluid, kJ kg−1

k  thermal conductivity of fluid, Wm−1 K−1

m  mass flow rate of fluid, kg s−1

P  various pressure values, kPa
T  Temperature, K

Greek symbols
μc  dimensionless cold mass ratio
ρ  air density, kg m−3

η exergy efficiency

Subscripts
c  quantity at the cold side
h  quantity at the hot side
i  quantity at the inlet
max  maximum value

UPDATED NOMENCLATURE

Cp  specific heat at constant pressure, kJ kg−1 K−1

D VT diameter, mm 
E Energy level of the stream, W
Ė  Exergy level of the stream, W
h  enthalpy of fluid, kJ kg−1

k  thermal conductivity of fluid, Wm−1 K−1

m  mass flow rate of fluid, kg s−1

P  various pressure values, kPa
P0  reference environmental pressure, kPa
T  Temperature, K
∆T Temperature separation magnitude, K
T0  initial reference environment temperature 293.15 K, 
R  specific gas constant, kJ kg-1 K-1

v velocity of the fluid stream, m s-1 

Greek symbols
μc  dimensionless cold mass ratio
ρ  air density, kg m−3

η exergy efficiency

Subscripts
c  quantity at the cold side
h  quantity at the hot side
i  quantity at the inlet
max  maximum value
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