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A finite volume mesh with periodic boundary conditions
for a vortex tube numerical simulation

Mikhaylenko C.I.
Mavlyutov Institute of Mechanisc UFRC RAS, Ufa, Russia

The article describes some aspects of computational modeling of air dynamics in a vortex tube channel. In particular,
possible approaches to the numerical study of various geometric parameters are considered, both for the efficiency of
temperature stratification and for maximizing or minimizing various parameters of physical diaphragms. An approach
to the choice of a method for constructing a finite-volume mesh is presented. It is shown that the best performance
can be achieved when using an orthogonalized hexagonal grid with a distribution of finite dimensions close to
uniform. The findings are applied in modeling in the OpenFOAM environment for k — € and k — w turbulence models.
It is shown that in the above formulation of the problem, the results obtained demonstrate the general nature of the
dependence of the physical parameters on the dimensions of the cold diaphragm. However, a quantitative difference
in the results for the k — € and k — w models should be noted. It requires further research and comparison with

experimental data.

KnioueBble cnoBa: numerical simulation, finite volume mesh, vortex tube, OpenFOAM

1. Introduction

A vortex tube is a device without moving parts,
which divides the gas flow inleting tangentially in
the area of one of the tube ends (swirler) into two
low pressure swirling flows with temperatures above
and below the initial one. Gas under high pressure
inlets the vortex tube tangentially through the swirler
nozzles, which increases the angular velocity and,
therefore, organizes the vortex effect. Then the gas
leaves the device through two outlets: a hot diaphragm
located along the outer radius at the end farthest from
the swirler, and a cold diaphragm forming a nozzle
along the channel axis near the swirler. The described
design of the vortex tube is called counterflow. Thus,
the gas is conventionally divided into two layers. Gas
closer to the axis is at a low temperature and exits
through the cold diaphragm, while gas at the periphery
of the pipe is at a high temperature and exits the device
through the hot diaphragm.

The temperature difference caused by the vortex
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flow was first discovered by the French engineer
Georges J. Ranque in 1931 [1] in the process of
improving cyclone pipes for cleaning gases from
dust. Later, the German physicist Rudolf Hilsch [2]
published research on improving the design of a vortex
tube. Subsequently, such vortex tubes were called
Rank-Hilsch vortex tubes.

The vortex tube has the following advantages
over conventional cooling devices: simplicity of
design, no moving parts, operation without electricity
and chemicals, small size and light weight, low
cost, maintenance-free, instant operation, durability,
adjustable temperature [3]. But low thermal efficiency
is one of the main limiting factors in the widespread
use of vortex tubes. In addition to the indicated
disadvantage, it should be noted the increased noise
level and the issue of the availability of compressed
gas, which can also limit the application. Therefore,
when compactness, reliability and lower cost of
equipment are the main factors, and high operating
efficiency is less important, the vortex tube becomes
a good device for heating or cooling gas, purifying and
dehydrating gas, separating gas mixtures, applying


http://mfs.uimech.org/mfs2021.2.010
http://mfs.uimech.org/mfs2021.2.010
https://doi.org/10.21662/mfs2021.2.010

16(2021) 2

73

DNA, liquefying natural gas and for other purposes [4—
6].

Due to the simplicity of the device and its
reliability, vortex tubes are widely used in many
industries. Vortex tubes are used as refrigeration units
in the food industry, for drying and separating gas in
the oil industry, for monitoring the environment in
the study of underwater environments [7], for heating
and cooling chemicals [8], etc.

The main physical mechanism of the processes
that determine gas cooling in a vortex tube has not yet
been fully studied. There is continue investigations
of the emerging effect and attempts to explain this
phenomenon. So, in works [9, 10] reviews of existing
models of vortex tubes and their designs are given. The
existing theories are described and new approaches to
explaining the Rank-Hilsch effect are presented.

It is also necessary to highlight a large number
of experimental studies in the area of the design and
dimensions of the vortex tube. The work [11] presents
the results of a study of the efficiency of cooling a
vortex tube taking into account the number of nozzle
holes. The authors of the article [12] propose a more
detailed consideration of the geometric parameters of
the pipe, such as pipe length, diameter and internal
taper angle, as well as their influence on the efficiency
of the pipe. Thus, there are experimental studies
suggesting characteristic pipe parameters and feed
gas properties.

This work describes the development of a finite-
volume mesh focused on doing massive computational
experiments to study the dynamics of gas in the
channel of a vortex tube. Possible limitations imposed
by spatial decomposition in parallel calculations
using MPI technology are taken into account. Several
ways to prepare a mesh for calculations in the
OpenFOAM software are described below. In this case,
the experience [13-15] obtained earlier is used. Also,
when developing the mesh, the features of the possible
influence of the boundary conditions on the results
obtained are taken into account [16].

2. The mathematilcal model
2.1. The common hydrodynamics model

The hydrodynamics processes into a vortex tube
channel can be described by the standard system of
continuous media equations contents of the continuity
equation, the equation of impulses, the energy
conservation equation and closure the system by an
equation of state.

« The continuity equation

87p + apui

o Tox, O

» The equation of impulses (Navier-Stockes equa-
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» The energy conservation equation
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» The equation of state of an ideal gas
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The following notation is here: p is the gas density; u;
are the velocity vectors components; p is the pressure;
E is the specific total energy of gas; v is the adiabatic
exponent; e is the specific internal energy linked with
the specific total energy by equation

e =
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Tj; is the viscous stress tensor calculated as
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wis the dynamic viscosity and ;; is the Kronecker sym-
bol.

When using the turbulence model, u is calculated
as u = ug + vip, where pg is the dynamic viscosity of
gas and v; is a kinematic eddy viscosity calculated by
any turbulence model.

E:

2.2. The k — o turbulence model

The turbulence model k — w is considered one of
the best for the case when there is a solid wall in the
computational domain. The vortex tube corresponds
to this case. The model is described by the turbulence
energy equation and the specific dissipation rate equa-
tion.

» The turbulence energy equation
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» The specific dissipation rate equation
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Here k is the turbulence energy; w is the specific dis-
sipation rate; v is the kinematic viscosity of gas; v; is
the kinematic eddy viscosity calculated as

Vi = —;
0]

and closure coefficients are empirical values
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2.3. The k — ¢ turbulence model
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=

The k — ¢ turbulence model is known as more sim-
ple in its numerical realization. The model equations
are the turbulence energy equation and the turbulence
dissipation rate equation.

» The turbulence energy equation
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« The turbulence dissipation rate equation
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Here k is the turbulence energy; ¢ is the turbulence
dissipation rate; v is the kinematic viscosity of gas; v;
is the kinematic eddy viscosity calculated as

k2
Vi = CH?’

and the model empirical closure coefficients are values

Ci1=144, C =192, or=1, o.=13.

2.4. The initial and boundary conditions

A counter flow vortex tube is considered in the
work is a cylindrical device which has four tangentially
placed inlet channels and two outlet diaphragms. The
main channel length of a simulated tube is 120 mm
and the diameter equal to 16 mm. The diameter of the
cold diaphragm changes from wthe size equal to 5 mm
to 11 mm. The hot diaphragm placed near external
wall of cylinder is circular and its wide equal to 0.5 mm.
The outlets of the computational domain are located
at the ends of the cylinder, which has the diameter
equal to diameter of main cylinder, and places at a
certain distance from the outlet diaphragms.

The initial conditions is close to normal ones. The
velocity of gas equal to zero, the temperature equal to

293 K, the pressure equal to atmospheric (100 kPa) and
the density equal to air density for ordinal conditions.

Inlet parameters are constant pressure equal to
600 kPa (6 atm) and constant temperature (293 K). An
inlet velocity is determined by the pressure gradient.

Outlet parameters are the normal pressure
(100 kPa), and flow boundary conditions for a velocity
and a temperature.

The boundary conditions for the physical param-
eters on the wall are determined by the turbulence
model. Where are set the slip boundary condition
for the k — ¢ turbulence model case and the no-slip
ones for the k — m model. The boundary conditions
for turbulence parameters on the wall describes by
corresponding wall functions.

3. A mesh construction

A vortex tube is a complex geometrical area, since
in addition to the main cylindrical channel, there are
also swirler inlets, outlet diaphragms and boundaries
with outlet conditions, placed with the necessary re-
quirements. The simplest option for meshing for com-
plex areas is automatic generation. OpenFOAM allows
to use the unstructured mesh automatically generated
in the Salome software. The second option is to gen-
erate a pseudo-structured orthogonalized mesh using
the SnappyHexMesh utility included in the OpenFOAM
software.

3.1. Automatically generated meshes

Previously the author investigated the possibil-
ity of using an automatically generated unstructured
mesh with finite octahedral volumes [14]. Fig. 1 shows
an example of such a mesh created with Salome. It
should be noted that despite the uniformity of such
a mesh on the surface, as shown in Fig. 1 (a) and (c),
the mesh does not have sufficient uniformity inside,
as can be clearly seen in Fig. 1 (b). Such a structure of
a finite-volume mesh leads to a slight increase in the
computational error.

The most significant disadvantages of such a
finite-volume mesh are as follows. With the number of
nodal points comparable to that of a hexagonal mesh,
the number of faces between neighbour finite volumes
for an unstructured mesh increases significantly. Since
the finite volume method calculates the flow of physi-
cal values through each face, the simulation time in-
creases significantly. The next important disadvan-
tage is the non-orthogonal of the unstructured mesh,
which in the general case also leads to an increase in
the simulation time and, in addition, to an increase in
the error. The last significant disadvantage is the fact
that the unstructuredness of the mesh complicates the
spatial decomposition procedure, which increases the
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Figure 1. The mesh generated by Salome: general view along the tube (a); cross-section of the mesh (b); view from the

side of the cold diaphragm (c)

simulation time on the computational cluster.

Thus, the relative ease of constructing an unstruc-
tured mesh is largely lost by its general disadvantages.

The issue of automatic mesh generation with a
small number of finite volumes using OpenFOAM [15]
was also considered earlier. The SnappyHexMesh util-
ity is intended for this goal. The mesh is created using
3D reference geometry described in STL format. The
utility allows to get a partially structured orthogonal-
ized and mostly hexagonal mesh.

The main disadvantage of this method of gener-
ating a mesh is that if the number of nodal points is
limited, the resulting mesh is highly homogeneous
with artifacts and concentrations.

Fig. 2 shows an example of a mesh generated by

the SnappyHexMesh utility. It should be noted that
the number of node points on this mesh is comparable
to the number of nodess on the unstructured mesh
shown in Fig. 1. The figure shows that such a mesh is
fairly uniform on the surface and in depth. However, in
the near-wall areas and in the places of surface bends,
a considerable concentration of the nodal points is
observed, which is clearly visible in Fig. 2 (b) and (c).

It should be noted that in the case presented in
Fig. 2, the computational process is completely impos-
sible, since to supply stability, it is necessary to set the
time step much less than any reasonable value.

It is possible to achieve computational stability on
such a finite-volume mesh if we make it more uniform,
but this significantly increases the number of nodal

(a) =
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(b)
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Figure 2. The mesh generated by SnappyHexMesh utility: general view along the tube (a); cross-section of the mesh (b);

view from the side of the cold diaphragm (c)
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Figure 3. The manually maked mesh for using with k — & turbulence model: the cold diaphragm and the hot diaphragm
areas (a) and view from the side of the cold diaphragm (b)

points, which ultimately dramatically increases the
simulation time.

3.2. Manually created meshes

We can try to avoid the problems described in the
previous section by building a finite-volume mesh us-
ing the blockMesh utility included in the OpenFOAM
software. The utility uses a formal description to
divide the computational domain into a set of non-
intersecting blocks (boxes) but contacting with their
faces, each of which will contain its own orthogonal
hexagonal grid of finite volumes. The specified descrip-
tion is written in a special dictionary file blockMesh-
Dict. The dictionary contains the coordinates of the
points that will be the corner points of the hexagonal
blocks; descriptions of possible curves between two
points, if this edge is not a stright line. The dictionary
also contains definitions of blocks and the way they
will be split into finite volumes. In addition, surfaces
are selected in the dictionary, on which boundary con-
ditions will be set.

The computational domain describing the vortex
tube channel is very difficult for manual development

of a uniform hexagonal finite-volume mesh. The com-
plexity is determined by several factors. First, one can
distinguish at least three nested cylindrical regions
oriented along the channel. The mesh for the inner
cylinder is easily obtained using the five-area method.
However, for the outer cylinder, some action must be
taken to maintain the relative uniformity of the mesh.
For this it is necessary to introduce additional blocks,
as can be seen in Fig. 3 (b) and 4 (b). Then it is nec-
essary to describe the hot diaphragm (third cylinder),
which has a very small thickness and, in addition, a
cone-shaped plug is located at this end of the vortex
tube.

The above problems can be partially solved. The
result shown in Fig. 3 shows a finite volume mesh de-
signed for the computational domain with the con-
straints described above. This mesh is intended for
calculations using the k — ¢ turbulence model. In the
case of using the k — ¢ model, on the wall it is possi-
ble to set the condition of no-slip and not select the
near-wall layer, as can be seen in the figure.

The main significant difference in the use of a
computational mesh constructed in this way from

(b)

(@

[

[

Figure 4. The manually maked mesh for using with k — w turbulence model: the cold diaphragm and the hot diaphragm
areas (a) and view from the side of the cold diaphragm (b)
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an unstructured mesh is significantly less simulation
time. In addition, a difference in the level of compu-
tational error is assumed, but this issue has not been
checked for the case of modeling a vortex tube using
these meshes.

When constructing a mesh for modeling using a
k — o turbulence model, an additional requirement
arises to select several layers of finite volumes of the
near-wall region. It should be noted that the method
of constructing the computational mesh, which was
used for calculations with the k — ¢ turbulence model,
is fully applicable for this case as well. The definition
of boxes in the blockMeshDict dictionary allows to set
the non-uniformity of the finite-volume mesh, which
makes it possible to select the near-wall layer. In Fig. 4
shows a mesh created with such modifications. It is
worth noting that such a mesh contains almost twice as
many finite volumes as compared to the mesh shown
in Fig. 3.

4. Some results

Finite-volume meshes described in section 3.2.
have proven themselves well in calculations using the
sonicFoam solver from the OpenFOAM software [18-
20]. These meshes are now actively used in massive
computational experiments.

Fig. 5 shows the dependence of the time-average
temperature at the outlet of the cold diaphragm noz-
zle on the diameter of the cold diaphragm. Below are
the results obtained by the time of this writing on the
study of the dependence of various physical param-
eters on the diameter of the cold diaphragm. When
simulating the vortex tube has the following main di-
mensions: channel diameter D = 16 mm; channel
length L = 120 mm; cold nozzle length / = 20 mm; the

320 ‘
300

A 280

~ 260

240

220 | | | |

d, mm

Figure 5. Dependence of the time-average tempera-
ture at the outlet of the nozzle of the cold
diaphragm on the diameter of the cold di-
aphragm
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Figure 6. Dependence of the time-average temperature
at the outlet of the hot diaphragm on the
diameter of the cold diaphragm

diameter of the cold diaphragm varied from d = 7 mm
to d = 12 mm. Data are given for calculations us-
ing k — € and k — o turbulence models. In the figure,
you can see that for both options, the allocation of a
certain conditionally optimal diameter is character-
istic, at which the temperature of the outgoing air is
minimal. However, the specified minimum is reached
at different values of the diameter and has different
values of temperature.

It follows from the literature that for these geo-
metrical parameters, the values obtained in the k —
o turbulence model are closer to the experimental
data [21], but this statement requires additional verifi-
cation in the case under consideration.

In Fig. 6 shows the dependence of the average
temperature on the hot diaphragm on the diameter
of the cold diaphragm. These plots show a fairly simi-
lar relationship for both turbulence models. However,
in the future, it is necessary to expand the range of
variation of the cold diaphragm diameter in order to
explain the maximum observed when using the k-e
turbulence model.

5. Conclusion

Thus, it is shown that the construction of a com-
putational mesh using the blockMesh utility allows to
create a better mesh due to human participation. De-
spite the fact that in some parts of the computational
domain such a mesh deviates slightly from the real
geometry of the vortex tube, as it happened for the
swirlers in Fig. 3 and 4, this has no noticeable effect
on the result.

A particularly important property of the mesh
created by the blockMesh utility is the ability to ex-
tensively control the size of individual finite volumes,
their placement, uniformity and condensation.
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It should also be noted that the language for de-
scribing the dictionary blockMeshDict allows to widely
enter and use variables, as well as use arithmetic ex-
pressions in the C language. To calculate these ex-
pressions, the C compiler is called. Thanks to this
possibility, the creation and modification of the com-
putational mesh can be largely automated. This fact
makes it easier to carry out massive computational
experiments.

Thus, the blockMesh utility can be recognized
as one of the most convenient and accurate tools for
creating a finite-volume mesh for modeling a vortex
tube in the OpenFOAM software.
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