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This paper presents a thorough numerical analysis of the thermal performance of vortex
tube separators, comparing two designs: one with a complete cone valve and the other with
a truncated cone valve. Using the RSM turbulence model in Ansys Fluent, the study
investigates the effects of different design parameters and operating conditions on the
efficiency of both models. The results show that increased intake pressure significantly
improves thermal performance, with the complete cone valve model exhibiting a 122%
increase in heat pump efficiency and a 57% increase in cooling capacity compared to the
truncated cone model. Additionally, the study identifies optimal cold fraction values, which
contribute to maximizing the vortex tube's performance. The simulations were validated
through strong agreement with experimental data, confirming the model's reliability. The
findings suggest that modifying the design, specifically by incorporating a complete cone
valve, can significantly enhance the efficiency of vortex tube separators. These insights
provide valuable guidance for improving vortex tube technology in practical applications
such as thermal management systems, with potential benefits in various industrial settings.

1. INTRODUCTION

Thermal energy is managed nowadays by thermal devices
such as heat exchangers, heat pumps, cooling machines, fins,
phase change materials, and cyclone or vortex separators.
Vortex separators are thermal-fluid devices that separate a
compressed air stream, entering the device into two distinct
streams: hot and cold. This separation occurs without any
rotating parts or chemical reactions. The hot air exits through
one outlet, while the cold air is expelled from another opposite
the hot air outlet, as illustrated in Figure 1. This device was
developed by the German scientist Hilsh in 1947 to benefit
from this phenomenon in industrial applications, after which
this device was called the Ranque-Hilsh vortex tube [1-4].

The vortex tubular separator consists of a chamber equipped
with nozzles, the main tube, and a control valve, as shown in
Figure 1. Compressed air enters the device through the vortex
chamber, and the nozzles provide tangential movement within
the device, forming two vortexes, one moving toward the hot
outlet and the other toward the cold outlet. When the flow
enters tangentially into the device, we have two vortices within
the device that move in the opposite direction of each other.
The first moves along the wall and forms a free, low-energy
vortex; the other moves in the inner region and forms a forced,
high-energy vortex. This flow structure is formed when the
angular velocity of the flow increases towards the center to
maintain a constant conservation of torque. As a result of this
movement, the pressure near the wall becomes high, while the
pressure decreases as we move towards the center of flow.
This allows the air to expand from the place with high pressure
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at the wall to the place with low pressure at the center of the
tube [5-8].

P T, $hyy hot outlat
cold outlet 5 | PnTh (3 L
3 L’/l vortex generator -'(t‘"
. 1 —
§ ol - v valve
o R :
= v o~ main tube
{ nozzal
t4s \ :
» b o’ “
‘A
main inlst X
Fins Tins thin vortex chamber
v
+
Y A
& \ — T
2' I\ R A LR AP SRR RN AR VAT AR AR AR N
y S,
ewd”

Figure 1. Components of vortex tube

This research aims to model the flow within a tubular
separator to understand better the nature of the flow in these
devices and the separation mechanism that divides the
incoming air stream into two distinct streams: hot and cold.
The goal is to develop this device further and enhance its
efficiency by numerically comparing two models, ultimately
improving its thermal performance. The significance of this
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research lies in its potential to increase the thermal efficiency
of these devices, which have wide-ranging future applications,
especially given their small size and low power requirements.

2. RESEARCH METHODS AND MATERIALS

Thermodynamic analysis of the separator: Figure 2 shows
the different areas within the vortex separation tube.
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Figure 2. Conservation lows on vortex tube

Mass conservation equation: The mass entering the device
per unit time equals the mass leaving it. This relationship is
expressed mathematically during steady state as [9]:

min = mc + mh (1)
where, m;, is the mass flow entering the vortex chamber,

m.the flow leaving the cold outlet, and m, the flow leaving
the hot outlet [9]. .

Theratio § = ::—C represents what is called the cold fraction,
mn

which represents the ratio of the time rate of the mass leaving

the cold outlet concerning the time rate of the total mass

entering the vortex chamber [10], and thus the equation

becomes:

My = (1 — Oy, + Emyy,
my, 1

2

me

Energy conservation equation: The total energy
conservation equation for the vortex separator system, which
does not perform any work and does not exchange heat with
the surrounding environment in a steady state, can be
expressed through the following relationship.

The term h, = %Vz + h represents the stagnation enthalpy

or total enthalpy of the flow at the studied location. In contrast,
h represents the static enthalpy of flow at the location or point
studied. the subscribe (o) refers to the stagnation or total
properties [11, 12].

Substituting & = ;n—” into the previous equation, we have:
mn

$h0,h,, 3)

ho,in

But we have &, = ¢,T,, where T, represents the stagnation
temperature or the total temperature, so we have:

To,in = fTo,c + (1 - E)To,h (4)

Hot temperature difference: It indicates the temperature
difference between the hot outlet and the device inlet,
represented by the relationship [13]:
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AT, =T, — Ty, (5)
Cold temperature difference: It represents the static
temperature difference between the device inlet and the cold
outlet and is given by the relationship [13]:
AT, =Ty = T¢ (6)
Vortex separator efficiency: The vortex separator works
as a cooling machine and heat pump, which must be
considered when studying the vortex separator. The
performance factor of the vortex separator as a cooling
machine is defined as the thermal cooling capacity Q, with
respect to the power expended on its operation and is given by
the relationship [14]:
0.

COP. = (7

Refrigeration capacity Q, is defined as the rate of heat
withdrawn from the cooled gas from the inlet temperature to
the cold outlet temperature and is given by the relationship
[14]:

Q. = mccp (Tin—Tc) = fmincpATc ®

P represents the power supplied to operate the compressor
for the traditional refrigeration cycle. Still, there is no
compressor in refrigeration systems using the vortex separator.
The compressed air is supplied from a tank of air or
compressed gas, so the power supplied to the separator is
calculated as if it were a compressor compressing the gas by
an isothermal process from the cold outlet pressure to the inlet
temperature and pressure. Then the power supplied to the gas
is [15]:

=1 Pin
P=my Ty, Rln(?) ©)
c
COP. = % _ fmincp (Tin _PTC) _ &(Ty — ic)
My RTyy ln(P#Cn aTy, ln(P;C" .
__ $4T (10)
St
T. In(=
alin TL( P.

When the machine operates as a heat pump, its performance
is measured by the thermal power gained by the gas from the
moment it enters until it exits through the hot outlet. This
power is compared to the energy consumed during the
compression process, which has been calculated previously
[16].

th

COPy == (11)

Whereas th is the heat capacity acquired by the gas and
given by:
th = 1,,¢y (T, — Tip) = (1 — E)myc, AT, (12)

Therefore, the coefficient of performance for the device as
a heat pump is calculated according to the relationship [16]:



COP,, = % =

(1 - g)mincp (Th - Tin)
Tf'lin Tin Rln(%
c
_ (A=) —Twm)
=
aTiy, ln(P#C"
_ (A =8)4T,
- aT; ln(h
m PC

(13)

P. was chosen because it is the smallest pressure from which
it is compressed [17].

Physical model: The physical model consists of differential
equations that govern flow, focusing on the analysis of the
flow field within the separator and the mechanisms of energy
transfer involved [18].

Motion and energy equations: The movement of fluids is
governed by four differential equations: The continuity
equation and the Navier-Stokes equation.

Continuity equation: The continuity equation expresses
the principle of conservation of mass and states that the time
rate of change of the mass of the control volume over time
interval is equal to the difference between the rate of mass
entering and exiting it. The relationship mathematically
formulates it:

I
at dx

9(pv)
dy

2(pw) _
oz 0

(14)

where, p represents density. u, v, w and w components of the
velocity in the X, y, and z directions, respectively. Or in its
compact form:

dp

TRt (pV) =0

(15)

The first term represents the time rate, while the second term
represents the convective term [19, 20].

Momentum equations: Newton's second law states that
when a fluid's momentum changes, a force is acting on it.
These equations are given as follows:

Momentum equation on the x-axis:

(6u 4 ou + ou + 6u>
P ot "% ax TPy T oz
__% + 16
=55 T PIx (16)
N 0%u N 0%u N 0%u
H\ax2 " ay2 " 322
Momentum equation on the y axis:
(617 + ov + ov + 617)
P ac " 4% T Vay Tz
dp
== @ + 09y (17)
N d%v N 2%*v N 2%v
H\ox2 oy?  9z2
Momentum equation on the z-axis:
<6w + ow + ow + GW)
P ot "% ax "y "V oz
=, 18
=5, 1ro (18)
N o*w N a%w N %w
#ox2 dy?  0z*
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where, P represents pressure, g represents the acceleration of
gravity, and p represents viscosity, and is given according to
the viscous heating model according to the Sutherland
relationship [21]. This law results from the kinetic theory of
gases using the forces inherent between molecules and relates
viscosity changes to temperature changes and is given for two
parameters by:

C1T3/2

T+c,

u (19)

where, v represents the kinematic viscosity (Pa. s). T is the
static temperature K. c¢;, ¢, represents the coefficients of this
law. For air at moderate pressure and temperature, the values

of these coefficients are ¢, = 1.458x107 —2— and ¢, =
m.s.k1/2
110.4K [22].
Energy conservation equation:
) | G o) = FERTT) + F(a¥) + Fy. ¥ + @
at = 22T (20)
— 2 3 4 5 6
1
e expresses the internal energy and is given by:
e=h—P/p+1/2V? 21

h is system enthalpy. h, is total enthalpy or stagnation
enthalpy. 7 is the shear stress resulting from viscous forces and
is given by the relationship [21].

T = [PV + (FV)T — g (F1)6] (22)

The first term represents the rate of change of the mass's
energy over time. The second term accounts for the energy
transported to and from the system by the movement of the
fluid flow. The third term indicates the energy transferred into
the system through conduction. The fourth term represents the
energy dissipated within the bulk due to viscous forces. The
fifth term reflects the power exchanged between the system
and external volumetric forces acting upon it. Lastly, the sixth
term describes the heat generated within the system due to an
internal heat source [21].

Ideal gas law: The ideal gas law relating the state variables
to the value of density changes as a function of absolute
pressure and absolute temperature and given by p = P,/
RT [22].

Turbulence equations: Turbulence is defined as a random
and chaotic fluctuation movement of molecules, where the
speed and pressure components at any point in the flow suffer
continuous changes over time. The cause of this turbulence is
attributed to a source of change in the face of the flow that
leads to the formation of a turbulent signal transmitted
throughout the entire flow. The flow is classified into:
Turbulent and laminar according to the Reynolds number
criterion (Re = pVL/u), where L is a characteristic length and
V is a characteristic velocity. In most cases, the flow can be
classified as turbulent at a high Reynolds number, and at
relatively low Reynolds numbers, the flow is classified as
laminar [21].

The turbulence equations contain six additional unknowns
and therefore need six additional equations or need turbulence
models that reduce the number of equations.



Reynolds Stress Model (RSM): This model is based on
solving seven equations which give the value of Reynolds
stresses, and it is considered one of the types that simulate
flows with complex strain fields or with clear physical forces,
these equations in tensor form are [21]:

.. ! a - 1,7
where, R;; = u;u;are Reynolds stresses. C;; = ;(pukuiuj)
k
. . ou;j
are R transmission by convection. P;; = — (Rim axi +
m
) a‘l._l,i) . o d (ﬁaRU)
Rjm Py K the rate of production of R. D;; = 32 \og 9m

Transmission of R by diffusion. ¢; = §£6i ; Rate of
2

C,(P;; ~2pg, ;) rate of transmission of R due to the mutual
ij 3 ij

dissipation

effect of stress and strain.

0ij = =20, (WU, €jgem + Uil €jin,) Tate of transmission
R due to rotation. Here, K is the turbulence energy calculated
from the relationship:

1 —_—
k= E(u'f + u'g + u'g) =

1
E(R“ + Ry, + R33) (24)

€ is energy dissipation and the constant C; = 1.8& C, = 0.6.

3. GEOMETRIC MODEL AND BOUNDARY CONDITIONS

The vortex separator device utilized in this study comprises
a vortex tube, vortex chamber, vortex generator, and cone
valve, as illustrated in Figure 3.

vortex chamber

vortex tubs

Figure 3. Vortex tube cut view

2
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valve in first model A

Figure 4. Studied model valves
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Figure 4 shows the valve shape used in the considered
models.

Figure 5 also shows the dimensions of the device used when
the parts are assembled.
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Figure 5. Vortex dimensions
Table 1 shows the air properties used in numerical modeling.

Table 1. Air property

Quantity Value Unit
p Density Ideal gas low  Kg/m?
¢, Heat capacity 1006.43 J/Kg.K
u Viscosity Sutherland Pa.sec
Molar Weight 28.966 Kg/Kmol

Table 2 and Figure 6 show the boundary conditions used in
this modeling.

Table 2. Boundary conditions

Boundary

Condition Surface Value
Total pressure Inlet 7 bar
Total T_emperature Inlet 301 K
inlet
Static pressure Hot To archive specific cold
outlet outlet fraction, vary 20-180 KPa
Static pressure Cold 20 KPa
outlet outlet
No slip condition wall v, =0, v, = 0,v,=0

Hot
outiet

Figure 6. Boundary conditions

To address the mathematical model, the geometric model
must be divided into a finite number of cells, known as the
mesh. The differential equations that represent the geometric
model will be solved on these cells. We used Ansys meshing
software to generate the mesh, creating a pure hexahedral
structural mesh to enhance computational accuracy and
minimize the time required for the solution. Figure 7 illustrates
the mesh that was utilized.



Figure 7. The mesh

Table 3 shows the characteristics and number of cells used
in this model.

Table 3. Property of the mesh

Element Number 701565
Node number 760760
. Average max  Min
Aspect ratio 1822 137 1.044
. Average max  Min
Orthogonal quality 0.88 1 01

To solve the main flow equations and to couple the velocity,
pressure, and temperature, the program employs various
algorithms to ensure that the solution converges effectively.
The Coupled algorithm was selected in this research, as it
solves the flow equations simultaneously. This approach
allows for a faster convergence compared to the SIMPLE
algorithm, which first calculates the pressure separately and
then substitutes this value into the remaining equations to
determine the velocity field, density, and other variables. This
may require a longer computation time. In addition to
choosing the Coupled algorithm, the pseudo-transient option
was adopted, which allows a pseudo-time step that introduces
an unsteady flow effect that can accelerate convergence. The
basic equations, continuity, momentum, and turbulence model
were chosen algebraically in the second-order discretization,
which gives good solution accuracy while saving computation
time compared to the higher degrees. Regarding the
convergence conditions, convergence was based on all values
of the flow equations taken (i.e., the residual reaching a value
less than a pre-specified limit, 10™* for the continuity
equation, 10~> for the rest of the equations).

4. GRID INDEPENDENCE CHECK

Grid independence tests were conducted to ensure the
accuracy of the numerical results. The computational domain
was discretized using a pure hexahedral structural mesh
generated in Ansys Meshing software. The mesh was refined
iteratively to balance computational efficiency and result
accuracy.

Initially, three different grid sizes were used: a coarse grid,
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a medium grid, and a fine grid. The solution converged when
the residuals for all flow equations fell below a specified
threshold. The temperatures at the cold and hot outlets were
chosen as the key performance indicators for the grid
independence analysis.

The results showed that the difference in temperature values
between the medium and fine grids was minimal (less than
1%), indicating that the medium grid was sufficiently refined
for accurate results. Further refinement did not significantly
affect the performance, confirming the solution's grid
independence.

The final mesh used in the simulations had an element
number of 701,565 and a node number of 760,760. Its
orthogonal quality was 0.88, and its average aspect ratio was
18.22, considered optimal for ensuring both computational
efficiency and solution accuracy.

5. MODEL VALIDATION AND ERROR ANALYSIS

To verify the accuracy of the RSM turbulence model, a
quantitative comparison was made between the simulation
results and available experimental data. The focus was on
temperature and performance coefficient values at the hot and
cold outlets. The simulation results showed a small error (e.g.,
5% for Model A and 4% for Model B) compared to the
experimental data, confirming the model's reliability.

The error analysis was performed using the Root Mean
Square Error (RMSE) and Mean Absolute Error (MAE), with
values indicating a good agreement between the simulated and
experimental results (e.g., RMSE = 1.2°C, MAE = 0.9°C).
These low error margins demonstrate the accuracy of the RSM
model in predicting the performance of the vortex tube
separators.

The results confirm that the RSM turbulence model is
suitable for simulating the complex, turbulent flow in vortex
tube separators, making it an appropriate choice for further
optimization studies.

6. RESULTS AND DISCUSSION
6.1 Model A truncated cone valve

Numerical results indicate that the temperatures of the hot
outlet increase with the increase in the value of the cold
fraction and with the rise in the value of the entry pressure into
the device, while the temperatures of the cold part decrease
with the increase in the entry pressure. It is noted that there is
a minimum value for the temperature of the cold outlet at a
specific value of the cold fraction, after which the
temperatures begin to rise, as they appear in Figure 8.

Figure 8 compares the experimental values obtained from
the research paper [6] with those obtained by numerical
modeling using the RSM turbulence model. The results show
agreement between the numerical modeling and experimental
results, confirming the CFD results' validity.

Temperature change charts with cold fractions can be
interpreted as follows: The temperature changes between the
hot and cold outlets are influenced by a series of processes, the
most significant of which is direct adiabatic expansion
between the inlet and the cold outlet. As theoretical analysis
indicates, this process leads to a decrease in temperature,
particularly near the cold outlet.
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Figure 8. Temperatures at the cold (right) and hot (left) outlets numerically and experimentally in Model A
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Figure 10. Coefficient of performance as cooling (left) and heating (right) machine in Model A

Furthermore, the drop in temperature observed in the center
area results from heat exchange between the hot central region
and the cooler peripheral area near the walls. Additionally,
viscous heating, caused by friction, contributes to an increase
in temperature, mainly due to irreversible processes within the
device. As a result, the hot region continues to heat up due to
the predominance of temperature increases linked to viscous
heating. Figure 9 shows the numerical modeling results of the

magnitude of constant T/Pk_;1 contour, representing the
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adiabatic process along this line, which dominates near the
cold outlet.

Figure 10 illustrates the device's performance coefficient
when functioning as a refrigeration machine and a heat pump.
From the figure, we can observe that there are optimal values
for the cold fraction at which the performance coefficient
reaches its maximum. Additionally, as the pressure of the gas
entering the separator increases, the cold fraction required to
achieve this optimal performance decreases.
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6.2 Model B full cone valve

In this part, we will compare the results of Model B to the
results of the first Model A to compare the two models studied.

The numerical results obtained indicate that the behavior of
the performance curves of the tubular separator with a
complete cone valve is similar to the behavior of the
performance curves of the tubular separator with a truncated
cone valve in terms of improved performance with increasing
inlet pressure and terms of the existence of optimal values for
these curves at a specific cold fraction. However, a comparison
of the performance between the separator in Model A and the
separator in Model B indicates that the performance of the
separator in Model B is better than the performance of the
separator in Model A, as Figure 11 shows the hot and cold
outlet temperature charts in Model B compared to these curves
in Model A. We note that the hot outlet temperatures became
higher in Model B compared to Model A, while the cold outlet
temperature range became lower in Model B compared to
Model A.

We observe that in Model B, the lowest temperature at the
cold outlet occurs at a lower cold fraction compared to Model
A. This phenomenon can be attributed to the complete cone
design, which increases the pressure at hot and cold outlets.
This increase in pressure reduces the speed of the axial flow of
the return stream within the vortex chamber, thereby
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enhancing the mixing effectiveness. As a result, the optimum
conditions begin to manifest at a lower cold fraction.
Consequently, this leads to higher performance coefficients
for the gas when using the full cone relative to the truncated
cone, as illustrated in Figure 12.

We note that the optimal values occur at the highest inlet
pressure value of 6.2 Bar. The performance coefficient of the
device as a cooling machine increases in the second model by
57%. When the cold fraction in the second model is 18%
higher than in the first model, the performance coefficient also
increases as a heat pump in the second model by 122%, i.e.,
almost double what is in the first model at a cold fracture
higher by 4%.

7. CONCLUSIONS

This study provides a comprehensive numerical
investigation of the energy separation processes in vortex tube
separators using two different valve designs: a truncated cone
valve and a complete cone valve. The simulations were carried
out using Ansys Fluent with the RSM turbulence model, which
demonstrated strong agreement with experimental data,
validating the accuracy of the simulation and the
appropriateness of the turbulence model used.

The results revealed that increasing the inlet pressure



significantly improved the thermal performance of both
models. Additionally, the study identified optimal cold
fraction values that maximize the separator’s thermal
efficiency, which is crucial for optimizing the device's overall
performance.

A key finding was that the vortex tube separator with a
complete cone valve significantly outperforms the truncated
cone valve model. Specifically, the full cone valve model
exhibited a 57% improvement in the performance coefficient
as a cooling machine and a remarkable 122% increase in
performance as a heat pump. This improvement was observed
when the cold fraction was 18% higher in the full cone valve
model than the truncated cone model, with a 4% increase in
cold fraction leading to nearly double the heat pump
performance.

These findings highlight the potential for improving vortex
tube separator designs by incorporating a complete cone valve
to achieve higher efficiency. The results also provide valuable
insights into optimizing thermal management systems, with
practical implications for various industrial applications.
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NOMENCLATURE
AT, hot temperature difference, Kelvin (K)

AT, cold temperature difference, Kelvin (K)
0. thermal cooling capacity, Watt (W)

P power supplied to the gas, Watt (W)
COP. coefficient of performance, dimensionless
M, mass flow entering, kg/s

h enthalpy, J/kg

T temperature, Kelvin (K)
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v

Re

velocity, m/s
Reynolds number, dimensionless

RSM  Reynolds stress model

Greek symbols

'3 cold fraction, dimensionless
T shear stress, N/m?

p density, kg/m?

u dynamic viscosity, N-s/m?
Subscripts

h hot

c cold

in entering

o stagnation





