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NUMERICAL SIMULATION OF THE FLOW WITH DISPERSE PHASE
IN A TANGENTIAL VORTEX CHAMBER
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Skripkin S.G. , Dekterev D.A.

Abstract The flow with a disperse phase in a tangential vortex chamber at high swirl
numbers was studied using a numerical methods. The swirling flow is created using nozzles
directed at an angle to the chamber axis. The numerical flow model was based on compu-
tational fluid dynamics methods and described the turbulent flow of water. Turbulence was
simulated using the large eddy simulation method. Based on the results of single-phase flow
simulation, particle motion was calculated using the Lagrange approach. The results of the
single-phase flow simulation are consistent with the data from the corresponding experimental
studies. The movement of particles depends significantly on their density. For massless parti-
cles, the average residence time of the particles is noticeably lower for a higher swirl number.
The residence time of heavy particles is 1.5 - 2 times higher than the similar residence time of
massless particles. At the same time, most of the heavy particles do not leave the tangential
chamber and are deposited.
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1 Introduction

Swirling flows are widespread in industrial applications, therefore their dynamics are
of considerable interest for research [1, 2]. Swirling flows play an important role in
many energy devices, in particular, burners and furnaces [3], as well as in cyclone
separators, chemical reactors [4] and wind turbines [5], water turbines [6], etc. Vortex
structures arising in the flow have a significant effect on heat and mass transfer, and
also intensively interact with structures [7].

An important problem is to study the patterns of swirling flow and the movement
of disperse phase with various parameters. One of the convenient objects for studying
such flows is a tangential vortex chamber in which the flow is swirled using nozzles
directed at an angle to the axis of the chamber [8, 9]. Experiments have shown that
the vortex flow in such a tangential chamber is strongly influenced by the swirl number.
In a number of experimental papers [10, 11] with a tangential vortex chamber, a single
or double spiral vortex was observed in the flow, depending on the flow regime. In [12],
a numerical simulation of a single-phase turbulent flow in a vortex tangential chamber
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was carried out. The numerical simulation has also shown the appearance of unsteady
vortex structures in the form of a single or double spiral vortex.

2 The problem description and numerical model

Figure 1: Computational
domain.

Figure 2: Computational
mesh.

The numerical simulation was based on experimental work
carried out on a cylindrical tangential vortex chamber with
a diameter of D = 190 mm and a height of 0.6 m. In to-
tal, 12 nozzles were mounted in the cylindrical part, three
in each of four symmetrically arranged blocks, the flow
through which can be blocked independently. Computa-
tional domain of the numerical model is shown in Fig. 1.
To form a swirling flow, a uniformly distributed water flow
with density and viscosity ρ = 998 kg/m3 and µ = 10−3 Pa s
was supplied to the cylindrical chamber. The flow was dis-
charged through the upper tank of rectangular cross-section
using four round nozzles under the condition of constant
and equal pressure at the outlets of the nozzles. The water
flow rate was Q = 14m3/h = 0.00389m3/s, which cor-
responded to the Reynolds number Re = 25800, deter-
mined by the diameter of the chamber and the average
longitudinal velocity. The swirl number was determined
by the geometric parameters of the chamber in accordance
with an approximate formula assuming a uniform profile of
the axial component of the swirl velocity of the flow [2]:
S = (πDd)/(2nσ), where D is the diameter of the cylindri-
cal section of the vortex chamber, d is the diameter of the
reference circle associated with the angle of the nozzle, n

is the number of open nozzles, σ is the cross-sectional area of each nozzle. The angle
of the nozzles relative to the vortex chamber axis was chosen as maximum as possible
and corresponded to the swirl number S = 6 (with all nozzles open). The swirl number
in the tangential chamber was regulated by the number of open nozzles. When closing
one or two rows of nozzles while maintaining the flow rate, the flow velocity in them
increases and, accordingly, the angular momentum flux increases. The swirl number,
according to the approximate formula for a tangential chamber, will be inversely pro-
portional to the number of the open nozzles (i.e., the total area of the inlets). Thus,
for one closed row of nozzles, the swirl number will be equal to S = (3/2) · 6 = 9, and
for two closed rows S = 3 · 6 = 18.

The grid consisted of cubic cells in the core and a prismatic boundary layer with a
transition region. The numerical mesh contained 37.6 millions cells and was detailed
in the input channels and in the wall layer (Fig. 2), y+ < 3 in the entire computational
domain.

The turbulent flow was modeled using the LES method with the WALE subgrid
model [13]. The time step was 1.3·10−4 s, which corresponds to the Courant number
CCFL < 0.3 in the entire computational domain. The discretization of the transfer
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equations was based on the finite volume method [14, 15]. The SIMPLEC procedure
[14, 15] was used to link the velocity and pressure fields. The convective terms were
approximated using a central difference scheme. A second-order scheme was used for
the time approximation.

(a)

(b)

(c)

Figure 3: Comparison with experimental data: a) tangential component of average
velocity in section z = 470 mm, b) tangential component of average velocity in section
z = 320 mm; c) axial component of average velocity in section z = 320 mm

Based on single-phase calculations, the mixing processes and residence time of par-
ticles under conditions of swirling flow of a tangential chamber were simulated using
the Lagrange approach. Lagrange approach is used for flows with a relatively small
concentration of particles in the flow. In these methods, a particle is a point with zero
geometric dimensions and the motion of particles is resolved directly and described by
the motion equations of a solid body. The carrier fluid is modeled as a continuous
medium. This approach allows for a visual assessment of the parameters of the path
lines and the time of particle motion.

3 Results of the simulation
Preliminarily, the carrier fluid flow was calculated in various modes. Fig. 3 shows
comparison of calculated average velocity components with the experimental data in
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two horizontal sections z = 320 mm and z = 470 mm from the lower end of the
chamber. As can be seen from the Figs., the tangential velocity profile is close to
the experimental one in the flow core. The plot of the axial velocity component also
reproduces the experimental data in the flow core well, including the recirculation zone.
At the same time, in the near-wall region, the experiment shows a significantly larger
boundary layer thickness.

Averaging the transient flow shows several regions of backward flow (Fig. 4). In par-
ticular, several conjugate recirculation zones are formed in the center of the chamber.
Near the upper end of the chamber, there is a toroidal recirculation zone. Below the
nozzles, an additional recirculation zone is formed, adjacent to the wall of the chamber
from its bottom to the lower row of nozzles. At the same time, transient data show
the formation of single or double spiral vortices precessing around the chamber axis.

Based on single-phase simulation, calculations of particle motion were performed
for different swirl numbers. Tab. 1 presents the parameters of massless particle motion
from the inlet to the outlet, which were launched at the nozzle inlets. The particle
residence time is related to the chamber turnover time Tref , which at a flow rate of Q
= 14 m3/h = 0.00389 m3/s is Tref = (4Q)/(πD2H), where Q is the volumetric flow
rate, D = 0.19 m is the diameter of the tangential chamber, H = 0.6 m is the height
of the tangential chamber.

As can be seen from Tab. 1, the residence time of particles decreases noticeably for
the swirl number S = 18. This can be explained by the fact that high swirl leads to
an increase in the volume of recirculation zones in the tangential chamber. Massless
particles, as follows from this assumption, follow the carrier fluid streamlines and,
accordingly, almost never enter the stagnation zones. The stagnation zones, in turn,
reduce the effective volume of the tangential chamber available for the passage of the
fluid, which leads to a decrease in the average residence time of massless particles.

Figure 4: Axial component of average velocity in longitudinal section and recirculation
zone visualized by zero iso-surface of axial velocity under the swirl number S = 6

In the calculations, particles were released from the upper inlets for different flow
modes. Particles mainly move along the periphery of the chamber, but massless parti-
cles pervade in different parts of the tangential chamber, including its lower part near
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Table 1: Dependence of the residence time of massless particles on the swirl number
Swirl
number

residence
time, s

relative residence
time, T/Tref

rms residence
time, s

rms relative residence
time, T/Tref

S = 6 9.27 40.5 5.5 24.0
S = 9 9.18 40.1 6.2 27.1
S = 18 7.26 31.7 5.1 22.3

Table 2: Dependence of the residence time of heavy particles on the swirl number,
without gravity

Swirl
number

residence
time, s

relative residence
time, T/Tref

rms residence
time, s

rms relative residence
time, T/Tref

S = 6 14.6 63.8 7.5 32.8
S = 18 19.8 86.5 2.0 143.2

the bottom end (Fig. 5). It can also be seen that longer residence time is typical for
those particles that move closer to the center.

As an example of heavy particles, we used anthracite particles with a diameter of
1 mm and a density of 1550 kg/m3. Since the movement of such particles is affected
by gravity, two series of calculations were carried out: with and without gravity. In
this case, the gravitational acceleration was directed along the chamber axis towards
the bottom end (similar to the experimental conditions), which corresponds to the
downward direction.

The motion of heavy particles differs significantly from that of massless particles.
As can be seen from Tabs. 2 - 7, in most cases the residence time of heavy particles
is 1.5-2 times longer than that of massless particles. At the same time, most of the
heavy particles do not leave the tangential chamber and are apparently deposited. As
can be seen from Tab. 8, the proportion of particles that leave the tangential chamber
is 60-90% for massless particles and only 0.1-4% for heavy particles.

The path lines of heavy particles without taking gravity into account show that
their motion occurs closer to the wall of the tangential chamber (Fig. 6a). Despite zero
gravity, particles in large quantities pervade into the chamber space below the nozzles.
An interesting effect occurs when gravity is taken into account: the path lines of most
particles achieve limited height (approximately the same for all swirl numbers), and
particles with a long residence time are concentrated in this horizontal layer (Fig. 6b).

4 Conclusions
Calculations of particle motion under swirling flow conditions in a tangential chamber
show a significant difference between the motions of massless and heavy particles. The
path lines of massless particles correspond to the flow of the carrier fluid. If diffusion
is neglected, this means that the particles do not pervade into the recirculation zones.
The stagnation zones reduces the effective volume of the chamber available for the flow.
Most of the particles move closer to the periphery of the chamber, but massless particles
also pervade into other areas of the tangential chamber. This occurs, apparently, due
to the complex system of recirculation zones of the vortex tangential chamber. It can
also be seen that a longer residence time is a characteristic of those particles that move



Numerical Simulation of the Flow with Disperse Phase in a Tangential Vortex Chamber 105

Figure 5: a) path lines of massless particles depending on the swirl number, the color
indicates the residence time of the particle, [s]; b) the corresponding vortex pattern of
the flow, visualizion by a pressure iso-surface, [Pa]

Figure 6: Path lines of heavy particles depending on the swirl number, the color indi-
cates the particles residence time, [s]; a) without taking gravity into account, b) taking
gravity into account

Figure 7: Dependence of the residence time of heavy particles on the swirl number,
with gravity

Swirl
number

residence
time, s

relative residence
time, T/Tref

rms residence
time, s

rms relative residence
time, T/Tref

S = 6 2.41 10.5 1.44 6.3
S = 9 13.7 59.8 18.1 79.0
S = 18 21.7 94.8 7.8 34.1

Figure 8: Fraction of particles leaving the tangential chamber, %
Swirl number massless parti-

cles
heavy particles,
without gravity

heavy particles,
with gravity

S = 6 66 4 2
S = 9 89 0 2
S = 18 86 0.2 0.1

closer to the center of the chamber, which is probably due to lower axial flow velocities.
The residence time of heavy particles is 1.5 - 2 times longer than the similar residence



106 Platonov D.V., Sentyabov A.V., Shtork S.I., Skripkin S.G., Dekterev D.A

time of massless particles. Moreover, most of the heavy particles do not leave the
tangential chamber at all and are deposited.

Thus, for massless particles, the average residence time is determined by the ef-
fective volume of the chamber, which apparently decreases with the appearance and
growth of recirculation zones. At the same time, the entry of massless particles into
the recirculation zones is possible due to diffusion, including the consideration of tur-
bulent diffusion and coherent vortex structures. Particles with a density different from
the density of the carrier fluid are subject to the influence of various forces: gravity,
buoyancy, inertia, etc. This allows such particles to deviate from the streamlines of
the fluid and, potentially, pervade into recirculation zones, increase the residence time
and change their concentration in different parts of the chamber. Thus, light particles
(such as air bubbles) are concentrated in the centers of the emerging vortices. Heavy
particles, on the contrary, move closer to the periphery. A different behavior can be
expected if the supply of particles is organized not tangentially, but radially, so that
the particles, due to their inertia, fall into stagnant areas in the center of the chamber.
Gravity makes heavy particles move upwind, concentrating in a horizontal layer. All
the above effects depend significantly on a combination of various parameters, such as
the size of the particles, their density and the density of the carrier fluid, the method of
supply, the orientation relative to gravity and the structure of the flow. Swirling flow
in a tangential chamber is associated with the emergence of a large number of forces
and effects acting on various particles in such a medium, which opens possibilities for
controlling two-phase flows.
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