
Purdue University Purdue University 

Purdue e-Pubs Purdue e-Pubs 

International Refrigeration and Air Conditioning 
Conference School of Mechanical Engineering 

2022 

Effect Of Pressure Convection On The Energy Separation In Air Effect Of Pressure Convection On The Energy Separation In Air 

Vortex Tube: Dimensional Analysis And Numerical Investigation Vortex Tube: Dimensional Analysis And Numerical Investigation 

Junior Lagrandeur 

Sergio Croquer 

Sébastien Poncet 

Follow this and additional works at: https://docs.lib.purdue.edu/iracc 

Lagrandeur, Junior; Croquer, Sergio; and Poncet, Sébastien, "Effect Of Pressure Convection On The Energy 
Separation In Air Vortex Tube: Dimensional Analysis And Numerical Investigation" (2022). International 
Refrigeration and Air Conditioning Conference. Paper 2278. 
https://docs.lib.purdue.edu/iracc/2278 

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. 
Please contact epubs@purdue.edu for additional information. 
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at 
https://engineering.purdue.edu/Herrick/Events/orderlit.html 

https://docs.lib.purdue.edu/
https://docs.lib.purdue.edu/iracc
https://docs.lib.purdue.edu/iracc
https://docs.lib.purdue.edu/me
https://docs.lib.purdue.edu/iracc?utm_source=docs.lib.purdue.edu%2Firacc%2F2278&utm_medium=PDF&utm_campaign=PDFCoverPages
https://engineering.purdue.edu/Herrick/Events/orderlit.html


2112, Page 1

Effect of Pressure Work on the Energy Separation in Air Vortex Tube:
Dimensional Analysis and Numerical Investigation

Junior LAGRANDEUR, Sergio CROQUER, Sébastien PONCET

Université de Sherbrooke, Department of Mechanical Engineering
Sherbrooke, Québec, Canada

Contact Information: Junior.Lagrandeur@USherbrooke.ca

ABSTRACT

In this work, a two-dimensional computational fluid dynamics (CFD) model of air vortex tube is used to investigate
the effect of the pressure work from turbulence, which transfers energy in the direction of the strong outward pressure
gradient generated by the swirling flow. The pressure work is considered by adding a term modelling it as an energy
source in the CFD model. Prediction of the cold outlet temperature is good at high cold mass fractions, but some
discrepancies remain at lower values. In addition, the inclusion of the pressure work inverts the radial static temperature
profile near the inlet. Without it, the static temperature gets higher in the core, while it becomes lower with the
additional term. To better understand where the pressure work is dominant inside the vortex tube and how it scales up
with turbulence, the energy equation solved by ANSYS Fluent with the additional term is non-dimensionalized. The
pressure work is proportional to the ratio of the pressure gradient divided by the local pressure (ΔP/P). The pressure
work, the heat transfer and the shear stress term all scale up with the turbulent viscosity ratio, meaning that turbulence
level does not impact the relative importance of each of these terms. In the CFD model, the pressure work term is
more important than the heat transfer and the shear stress term almost everywhere in the radial direction into the main
tube. This highlights that it is important to model pressure work in future CFD simulations. However, the two-equation
turbulence models do not predict the swirl decay adequately in the vortex tube. Consequently, the temperature gradient
could be dominant in some additional areas near the hot end. New simulations may benefit from using advanced
turbulence models which take into account both curvature and rotational effects in high swirling flows.

1. INTRODUCTION

The counterflow vortex tube, also called the Ranque-Hilsch vortex tube, is a device that splits a stream of compressed
gas into two streams with different temperatures. To achieve this, the high-pressure gas is injected tangentially to
form a strong swirling flow inside the tube. As shown in Figure 1, the inlet Mach number is high, meaning the flow
is compressible. After the inlet, part of the flow goes to the other end of the tube and leaves through the hot outlet.
Another part of the gas creates a reverse flow in the core, a form of vortex breakdown. This flow goes out through an
opening in the core of the tube located near the inlet and named the cold outlet. The fraction of the inlet mass flow that
goes through the cold outlet is called the cold mass fraction (μc).

The energy separation mechanism is hard to explain. Xue et al. (2010) provided a critical review of different explana-
tions for the energy separation mechanism. They concluded that the temperature drop can be the result of sudden ex-
pansion near the inlet, but no mechanism explains the energy transfer between the core and the periphery. Lagrandeur,
Poncet, and Sorin (2019) reviewed predictive models and highlighted that heat transfer alone cannot explain the energy
transfer given that some authors (Gao, 2005; Khait et al., 2014) reported that the static temperature in the core is lower
than the temperature at the periphery.

Some authors used Computational Fluid Dynamics (CFD) to investigate the energy separation process. Aljuwayhel et
al. (2005) performed two-dimensional (2D) CFD calculations with the standard k − ε and the RNG k − ε turbulence
models to define three areas: the cold flow region, the hot flow region and a recirculation region. They demonstrated
that the tangential shear stress is themainmechanism of energy transfer from the cold flow region to the hot flow region.
Behera et al. (2008) obtained similar results with a 60o sector using the RNG k − ε model. Bej and Sinhamahapatra
(2016) used a 2D model with the standard k − ε to analyze the energy transfer at different axial and radial locations,
but without defining the boundary between the hot and the cold flows. They found that the tangential shear work is
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Figure 1: Example of Mach number contours in the vortex tube with the flow pattern and main dimensions.

important, but that heat transfer may degrade the performance near the inlet. Maximum temperature separation occurs
in the first half of the tube (length Lvt), but not really close to the inlet. Dutta et al. (2021) repeated this analysis on a
60o sector to compare the counterflow and the uniflow vortex tube. They confirmed that the tangential shear stress is
dominant, but also that heat transfer and axial shear stress are detrimental in the energy separation process.

Dyck and Straatman (2018) also used a 2D model with the standard k − ε closure to quantify the impact on the energy
transfer of different terms for different cold mass fractions. Their analysis replicated the vortex tube used by Skye et
al. (2006). They found that the tangential shear stress is the main mechanism producing positive radial energy transfer.
However, they noticed that the CFD model underpredicted the energy separation, which was also highlighted by Chen
et al. (2018). Even using large eddy simulation on the same geometry, this discrepancy remained (Farouk & Farouk,
2007).

An explanation for the missing energy transfer may be obtained using analytical models. Based on the potential laminar
flow theory, Shtern and Borissov (2010) showed that the pressure convection, which is the inner product of velocity
and of the pressure gradient, counterbalances the temperature convection for a non-zero radial velocity flow in a strong
radial pressure gradient. If the heat conduction is small, the radial temperature profile is isentropic, as confirmed by
Tyutyuma (2016).

For turbulent flows, Deissler and Perlmutter (1960) obtained the same isentropic profile by introducing a term in
the energy equation that is a product of the eddy diffusivity (ε) and the derivative of pressure in the radial direction.
Cockerill (1998) also included a term which considers the pressure gradient in a turbulent rotating flow field, and
found this term is fundamental to explain the energy separation process. In this case, the pressure gradient could
transfer energy from the core to the periphery using the radial fluctuations instead of the mean negative radial velocity.
This energy exchange process is similar to a heat pump (Kolmes et al., 2017).

Khait et al. (2014) and Kobiela et al. (2018) noticed that the pressure gradient term is neglected in typical calculations
using Reynolds-Averaged Navier-Stokes equations because turbulent mixing is dominant in most practical turbulent
flows. They both proposed a new algebraic source term in the energy equation to model the pressure convection effect.
The energy source proposed by Khait et al. (2014) writes:

Skh = −∇ ⋅ (λeff
γ − 1
γ

T
P
∇P) , (1)

with Skh the additional energy source term, γ the specific heat ratio, T the static temperature and P the static pressure.
λeff is the effective thermal conductivity, which is the sum of the gas molecular thermal conductivity and of the turbulent
thermal conductivity calculated from the turbulence model. Skh is almost identical to the term presented by Cockerill
(1998). The term proposed by Kobiela et al. (2018) is more general, but it reverts to the same expression for the limiting
case of a perfect gas with turbulent particles moving adiabatically in the radial direction. Khait et al. (2014) created
a full 3D model of vortex tube using a density-based solver with the standard k − ε model. A good agreement with
experimental results was obtained only when Skh is included.
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Table 1: Main dimensions in mm of the vortex tube as defined in Fig. 1.

Vortex tube radius rvt 12.7
Vortex tube length L 693
Cold tube radius rc 4.125
Cold tube length Lc 50.8
Inlet width Ln 2.54
Radius difference for the annular hot outlet rh 6.35

In this work, the relative effect of the pressure work, modeled using Skh, will be analyzed using both dimensional anal-
ysis and a 2D CFD model of the vortex tube tested by Camiré (1995). First, the energy equation with the additional
source term will be normalized to identify scaling parameters for the energy exchange mechanisms. Then, these pa-
rameters will be compared using the numerical model to identify which energy transfer mode is dominant in each part
of the tube.

2. MATERIAL AND METHODS

2.1 Numerical Methods
A 2D axisymmetric numerical model of the vortex tube developed by Camiré (1995) is simulated using ANSYS Fluent
2020R2. Dimensions are provided in Table 1 and their localization is shown in Figure 1.

Lagrandeur et al. (2021) validated the model by comparing the cold outlet temperature and the hot outlet pressure with
experimental values. The optimal simulation parameters have also been identified. In this work, the implicit density-
based solver with the Roe-FDS flux is used with a Third-Order MUSCL scheme for the spatial discretization. Air is
considered as the working fluid with variable thermodynamic properties calculated using the expressions suggested in
Ouadha et al. (2013). Density is computed using the ideal gas law. The Favre-Averaged Navier-Stokes equations are
closed using the k − ω SST turbulence model, which is a low-Reynolds number formulation by nature. Gradients are
evaluated by the least squares cell-based approach.

The structured mesh with 637,551 elements was generated using ICEM and guarantees y+<5 everywhere, a prerequisite
for a low-Reynolds number formulation.

Regarding the boundary conditions, experimental values are used at both outlets. The hot outlet pressure is a mean
value. For the cold outlet, the pressure is measured at the wall in the experiments. The radial pressure equilibrium
option is used for this boundary to model the pressure increase in the radial direction induced by swirl. A velocity
inlet condition is imposed. The tangential velocity is initialized using the value computed from an analytical model
(Lagrandeur, Poncet, Sorin, & Khennich, 2019), but a radial velocity is also necessary to obtain the inlet mass flow
rate in the axisymetric inlet. Iterations are done on these velocities to match the total pressure and the inlet mass flow
rate from the experiments. The turbulence level at the inlet has been changed from 2% to 10% without any significant
influence. The no-slip condition is used for all walls. The vortex tube wall is made of glass and so has been considered
as smooth. However typical surface roughness values are implemented for surfaces made of other materials.

2.2 Normalization of the Energy Equation
WithinANSYSFluent, the steady-state energy equation neglects diffusion of species and sowrites (ANSYS, 2022):

∇ ⋅ [ρv⃗ (h + V2/2)] = ∇ ⋅ (λeff∇T) + ∇ ⋅ (¯̄τeff ⋅ v⃗) , (2)

with ρ the static density, V the velocity magnitude, v⃗ the velocity vector, h = e + p/ρ the specific static enthalpy, e the
internal energy and ¯̄τeff the effective viscous stress tensor. In this equation, the pressure convection is included as a part
of the enthalpy on the left hand-side. All quantities are mean values of the turbulent flow except when indicated.

Lamberts (2018) redevelopped the Favre-averaged Navier-Stokes equations. He obtained the same equations under
the following assumptions:

1. the turbulence kinetic energy is neglected in the calculation of the total energy;

2. molecular diffusion and turbulent transport of kinetic energy are neglected;
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3. the pressure gradient source term v⃗′′∇P is neglected, with v⃗′′ the vector of velocity fluctuations.

These assumptions are implicitly used to obtain the energy equation within ANSYS Fluent. The term neglected in the
third hypothesis represents the energy exchange by turbulent eddies across a pressure gradient. This term is positive,
meaning that energy is flowing in the same direction as the pressure gradient. For vortex tube, because the pressure
gradient is strong in the radial direction, an energy flux from the core to the periphery is obtained. As explained by
Wilcox (1998), the pressure gradient term vanishes in incompressible flows with zero density fluctuation. All pressure
effects (pressure diffusion, dilatation and work) are generally neglected because there is no generally accepted model
for these, there is a lack of experimental results to validate the few existing models and because the pressure gradient
is small for common flows.

With the addition of Skh from Equation (1), assuming axisymmetry and considering that h = CpT for a perfect gas, with
Cp the specific heat at constant pressure, Equation (2) could be rewritten as:

∇ ⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

#1
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
ρv⃗ (CpT + V2/2)−

#2
­
λeff∇T−

#3
«
¯̄τeffv⃗+

#4
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
λeff

γ − 1
γ

T
P
∇P

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

= 0. (3)

In Equation (3), the first term represents the transport of enthalpy and kinetic energy by the bulk flow, the second term
is the heat flux modelled using the Fourier’s law, the third term is the work done by the shear stress and the fourth term
is the work done by the pressure gradient.

The turbulent viscosity (μt) is far greater than the molecular value in vortex tubes (Lagrandeur et al., 2021). Conse-
quently, μeff ≈ μt and λeff ≈ λt. λeff and τeff could be rewritten as:

λeff =
μtCp

Prt
, (4)

τeff =≈ μt [∇v⃗ +∇v⃗
T − 2

3
tr (∇v⃗)¯̄I] = μt ¯̄B, (5)

with Prt the turbulent Prandlt number, ¯̄I the identity tensor and ¯̄B the velocity tensor. Replacing λeff and τeff and dividing
each term by the specific perfect gas constant R to normalize Cp in Equation (2) give:

∇ ⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

#1
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
γ

γ − 1
ρv⃗(T + V2

2Cp
)−

#2
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
μt
Prt

γ
γ − 1

∇T−

#3
­
μtBv⃗
R
+

#4
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹µ
μt
Prt

T
P
∇P

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= 0. (6)

Equation (6) could be normalized using the vortex tube diameter (Dvt) as the characteristic length, the forced vortex
angular velocity at the inlet (ωa,in) for the characteristic time, the total density at the inlet (ρ0in) for the mass and the
total temperature at the inlet (T0in) for the temperature. Equation (6) is rewritten as:

∇∗ ⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

#1
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
Prt

γ
γ − 1

ρ∗
v⃗

ωa,inDvt
(T∗ + Ec

2
)−

#2
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ

μt
ρ0inD2

vtωa,in

γ
γ − 1

∇∗T
T0in
−

#3
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
Prt

μt
ρ0inD2

vtωa,in

DvtBv⃗
RT0in

+

#4
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ

μt
ρ0inD2

vtωa
T∗
∇∗P
P

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

= 0, (7)

with ∇∗ = Dvt∇ the dimensionless gradient and divergence operator, ρ∗ = ρρ−10in the dimensionless density, T∗ = TT−10in
the dimensionless temperature, Ec is analog to the Eckert number Ec = V2C−1p T−10in. One could note a term similar
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Figure 2: CFD results with and without the source term from Equation 1 compared with the experimental results of
Camiré (1995) for an inlet pressure of 239 kPa.

to the Reynolds number in terms # 2 to # 4. The Reynolds number could be obtained by introducing the molecular
viscosity μ and the inlet velocity vin = 0.5ωaDvt. In addition, the speed of sound (c =

√
γRT) could be obtained in

term #3 by introducing γ and T. Since the flow is compressible, the speed of sound could also be introduced in term
#1 to express velocity using the Mach number. After some rearrangement, the final dimensionless form of the energy
equation is:

∇∗ ⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

#1
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ

PrtReD
ρ∗

μ∗t
M⃗a
Main

c∗ (1 + Ec
2T∗
)−

#2
¬
∇∗T
T
−

#3
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
(γ − 1)Prt

DvtB
c

M⃗a+

#4
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
γ − 1
γ
∇∗P
P

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= 0, (8)

with ReD = ρ0inu0Dvtμ−1 the Reynolds number based on the diameter and on the total density at the inlet, μ∗t = μtμ−1
the turbulent viscosity ratio, c∗ the ratio of the local speed of sound to the speed of sound at the inlet (c0in), M⃗a the
velocity vector express in terms of Mach number, Main the inlet Mach number.

Equation (8) is similar to the dimensionless form of the energy equation provided by Stephan et al. (1984) using
laminar flow energy equation and by Kaufmann (2022) for the enthalpy balance in the boundary layer of the vortex
tube. However, this equation is different because it includes term # 4, which expresses the pressure gradient, and
because it uses the speed of sound to obtain the Mach number, which is a better method to normalize the velocity for
compressible flows. In addition, because λt is calculated using the turbulent viscosity, the Fourier number found by
Kaufmann (2022) does not appear in this equation.

From Equation 8, one could observe that terms #2 to #4 do not depend on turbulent quantities. This means that their
relative importance does not depend on the turbulent viscosity predicted by the turbulence model. They depend only
on mean flow variables and their spatial derivatives. This may partly explain why the temperature separation predicted
by the standard k − ε is similar to the one predicted by the k − ω SST model in Lagrandeur et al. (2021) even if μ∗t is
much higher for the k − ε model.

In the next section, the relative magnitude of term #4 will be compared to the others using CFD results.

3. RESULTS AND DISCUSSION

3.1 Prediction of the cold outlet temperature with the source term
Figure 2 shows the impact of the additional source term on the prediction of the CFD model. One could observe that,
without the source term, the CFD model underpredicts the temperature drop in the vortex tube. With the pressure
work terms, predictions are really good at high cold mass fractions. However, at low cold mass fractions, the total
cold outlet temperature (T0c) continues to drop as a linear function of the cold mass fraction. The same behaviour
is observed without the source term. In this case, results from the simulation without the source term are closer to
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(a)

(b)

Figure 3: Static temperature contours (in K) near the inlet (a) without the pressure convection source term and (b)
with the source term for P0in=239 kPa and μc=0.6. The black line delimits the flow reversal zone.

experimental results, but the shape of the curve is not improved. In fact, the increase in the cold outlet temperature
at low cold mass fractions may be caused by the occurrence of a vortex breakdown in the cold tube when the axial
momentum is low. Flow reversal in the cold tube at low cold mass fraction has been confirmed experimentally (Yusof
et al., 2015) and numerically (Lagrandeur et al., 2021). Yusof et al. (2015) demonstrated that the lower cold outlet
temperature is obtained just before the beginning of the flow reversal in the cold tube.

Figure 3 illustrates the effect of the additional source term on the static temperature profile. The flow reversal zone,
which is defined here as the location where the axial velocity approaches zero, is also shown on the figure. Without
the source term, the static temperature in the core is always higher than at the periphery, meaning the heat transfer
by conduction is from the core to the periphery. However, the source term is necessary to obtain the reverse static
temperature profile measured by Gao (2005).

3.2 Comparison of the pressure energy source with other modes of energy transfer
In this section, the pressure convection term Skh is compared in magnitude with the other terms in Equation (8). Fig-
ure 4a shows the ratio between the pressure convection (term # 4) and the turbulent temperature conduction (term #
2) in the radial direction. One can observe that the pressure gradient term is one order of magnitude higher than the
temperature gradient term across the flow reversal line, meaning that energy flows outward due to the work done by
the pressure gradient. Although not shown here, pressure convection remains as the dominant term across the flow
reversal line up to the detwister near the hot end. Temperature convection is dominant in the boundary layer where the
swirl is almost zero. Similar results are obtained for the seven other simulations for different P0in and μc values.

Figure 4b displays the ratio between the energy transfer by pressure convection and the energy transfer by shear stress
in the radial direction. Once again, the pressure convection term is dominant by one order of magnitude. It is true for
all the vortex tube lengthes and for all others investigated conditions. Again, the shear stress is dominant only in the
boundary layer.

Figure 4 highlights the importance of the pressure work term in the vortex tube core, where the pressure gradient is
strong enough to make it the dominant energy source term. However, the pressure gradient is strongly dependent on
the tangential velocity profile. The k − ω SST turbulence model used here predicts a forced vortex velocity profile
along all the length of the vortex tube, which is different from measured velocity profiles (Lagrandeur et al., 2021).
It would be interesting to repeat this analysis with a more complex turbulence model that could accurately predict the
tangential velocity profile.

Finally, all figures show the separation line with zero axial velocity, but it is necessary to determine the direction of
the flow in the radial direction to establish if the flow goes inward. The radial velocity is negative across the flow
reversal line in most of the vortex tube at all inlet pressures, and cold mass fractions investigated. Near the inlet, a
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(a)

(b)

Figure 4: Ratios in the radial direction of (a) terms # 4 and # 2 from Eq. (8) and of (b) terms # 4 and # 3 for P0in=239
kPa and μc=0.6. The black line delimits the flow reversal zone.

Figure 5: Radial velocity (in m⋅ s−1) near the inlet and in the cold outlet of the vortex tube for P0in=239 kPa and μc=0.6.
The black line delimits the flow reversal zone.

zone with positive radial velocity is observed as shown in Figure 5. One could observe that a recirculation zone with
positive radial velocity is found across the flow reversal line near the inlet. This positive radial velocity brings fluid
with low total temperature over the flow reversal line as shown in Figure 6. This could reduce the energy separation
by cancelling out the energy transfer from the pressure gradient near the inlet as proposed by Behera et al. (2005).
However, deeper investigation is necessary to confirm this statement.

Even if it is not shown here, this recirculation zone is similar in shape for different inlet pressures. However, it is
observed that the recirculation zone enlarges when the cold mass fraction is reduced. This is surprising since some
authors stated that the reciculation zone is related to an undersized cold outlet (Behera et al., 2005). Even if a larger
cold outlet has not been investigated here, it was expected that the recirculation zone would become larger when the
mass flow through the cold outlet increases, but the opposite behaviour is observed here.

4. CONCLUSION

Since its invention, the energy transfer mechanism in the Ranque-Hilsch vortex tube has been a subject of debate. In
this article, the effect of the turbulent pressure work was investigated. This term in the energy equation is proportional
to the pressure gradient and only appears in the Favre-Averaged Navier-Stokes equations for compressible fluids. The
effect of this term has been studied by adding a source term as proposed by Khait et al. (2014) to a 2D CFD model
using Fluent. Adding this term improved the prediction of the cold outlet temperature. In addition, it inverses the static

Figure 6: Total temperature (in K) near the inlet and in the cold outlet of the vortex tube for P0in=239 kPa and μc=0.6.
The black line delimits the flow reversal zone.
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temperature profile near the inlet. This term is deemed necessary to predict the reverse static temperature profiles near
the inlet.

The different terms in the energy equation were also presented in a dimensionless form. The pressure gradient term
was compared to the other energy transfer mechanisms. This analysis demonstrated that the pressure work term is one
order of magnitude higher than the heat transfer and the shear work in the radial direction across the flow reversal
line. The analysis also highlighted a recirculation zone near the inlet, which is believed to be detrimental to the energy
separation process. However, more complex turbulence models are deemed necessary to better predict the magnitude
of the pressure gradient from a better prediction of the tangential velocity profile.

NOMENCLATURE
¯̄B velocity tensor (s−1)
c speed of sound (m⋅s−1)
cp specific heat at constant pressure (J⋅kg−1⋅K−1)
D diameter (m)
e specific internal energy (J⋅kg−1)
Ec Eckert number (–)
h specific enthalpy (J⋅kg−1)
¯̄I identity tensor (–)
k turbulence kinetic energy (m2⋅s−2)
Ma Mach number (–)
P pressure (Pa)
r radius (m)
R specific gas constant (J⋅kg−1⋅K−1)
ReD Reynolds number based on the diameter (–)
Skh pressure gradient source term (W⋅m−3)
T temperature (K)
v velocity (m⋅s−1)
V velocity magnitude (m⋅s−1)
y+ nondimensional wall distance (–)
γ specific heat ratio (–)
ε rate of dissipation of k (J⋅kg−1⋅s−1)
λ thermal conductivity (W⋅m−1⋅K−1)
μ dynamic viscosity (kg⋅m−1⋅s−1)
μc cold mass fraction (–)
ρ density (kg⋅m−3)
¯̄τ shear stress tensor (kg⋅m−1⋅s−2)
ω specific dissipation rate (s−1)
ωa angular velocity (s−1)

Superscripts
⃗ vector
” density-weighted fluctuating velocity
* nondimensional quantities

Subscripts
0 total condition
c cold outlet
eff effective
h hot outlet
in inlet
m molecular
t turbulent
vt vortex tube
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Abbreviations
2D two-dimensional
CFD computational fluid dynamics
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