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Abstract: This paper presents and patents new profiled- and annular-channel tangential swirlers
with 1.8-3 times less hydraulic drag coefficient compared to swirlers with straight channel walls at
the same flow rate, respectively. The results of numerical simulation of the gas velocity and pressure
profiles for tangential swirler channels of different structures are presented. The modelling was
carried out with the help of OpenFOAM software using the k-¢ turbulence model. It is found that
the shape of the velocity profile at the channel inlet has a decisive influence on the swirler drag
coefficient. The greatest contribution to the total drag coefficient of the tangential swirler is made
by the pressure drop at the channel inlet compared to the pressure drop at the channel wall and the
channel outlet. The experimental dependencies of the tangential swirlers” drag coefficient on the
Reynolds number with a gas criterion of 2000-20,000 and the following structural channel parameters:
width 1, 2-9 mm, height 1, 5-10 mm, number 5-45 units, inclination angle 0—45° are presented. The
experimental data were compared with the modelling calculations and the convergence of data was
achieved. The generalized dependence for the measurement of the hydraulic drag coefficient of three
types of tangential swirlers considering the effect made by the geometric parameters (flow rate, width
and height of the channel, wall inclination angle) on the pressure drop has been determined; it can be
useful at the unit design stage as it allows for reducing the calculation time of the swirler parameters.

Keywords: tangential swirler; resistance coefficient; differential pressure; velocity profiles; pressure
profiles

1. Introduction

The widespread use of swirling gas and liquid flows is due to the achievement of a
significantly intensified transfer of momentum, heat, and mass in various devices compared
to the well-known phase interaction methods.

The use of vortex swirling flows brought significant success in the chemical and oil pro-
cessing industries, as well as in the energy industry and the gas emission filtering technologies.

Vortex flows are now widely used in gas turbines and combustors [1], centrifugal
contactors [2], and circulating water cooling systems and cooling towers [3].

The swirling compacted layer can be used to intensify multiphase reactions [4,5], for
absorption and desorption [6-9], and for gas emission purification [10,11].

Swirler devices designed to create a rotational motion in gas (steam) are used in
separators to separate gas from droplets and dispersed particles [12-14], scrubbers for
cleaning gas emissions, in contact stages and distillation column devices, in vaporizers,
and in evaporators [15].

The integration of swirlers improves the technical and economic performance of the
equipment for better compliance with the production technology requirements.

In this way, the practice shows that swirlers are promising devices and, therefore, the
improvement of their structural options is a relevant task.
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The main requirement for the swirler structure development is to create a device
with a low hydraulic drag, intense flow swirling, and a high liquid or gas throughput,
which are the parameters subject to various restrictions. For instance, when separators with
vortex contact devices for droplet or particle settling are installed on a technological line, a
restriction is applied to the resistance value of the unit, which causes the losses of fan or
compressor productivity when exceeded. That is unacceptable and requires searching for
constructive solutions to reduce the drag value with the maintained intense swirling that
ensures the required effectiveness.

Reducing the swirler drag in the vortex scrubber design allows the gas transportation
expenses to be reduced and to, therefore, reduce the operating costs. Installed on the
rectification column trays, vortex contact devices with a low resistance value can reduce the
steam consumption costs. Moreover, they maintain the required tray operation mode by
varying the ratio of the constructive swirler parameters. The gas bubbles in the liquid are
intensively crushed, and the liquid fluctuation on the tray deck and formation of stagnant
zones are prevented.

Further improvement in vortex devices is impeded by the absence of reliable recom-
mendations on the calculation of the swirlers” parameters and making comprehensive
analysis of their structures.

The dependencies known and used in engineering practice for the hydraulic drag
measurement produce inaccurate and controversial results. For instance, the widely spread
method of measuring the channel inlet and outlet pressure drop based on their section
area ratio (swirling parameter) does not consider the flow hydrodynamics, causing undue
errors. The data on the effect made by the channel width and slope angle on the drag
value are controversial. There are no data on the effect made by the number and height
of the channels on the pressure drop varying within a broad interval depending on the
technological purpose of the unit.

The diversity of factors influencing swirler resistance makes it impossible to assess
the degree of impact of each of them separately, as this requires computing power and a
numerical model describing the gas behavior within the device [16-22].

The objective of this study is the experimental and numerical investigation of the
hydrodynamic properties of tangential swirlers to identify the parameters and functional
dependences for the subsequent calculation of the hydraulic resistance coefficient value.

2. Materials and Methods

The most commonly used swirlers are tangential (radial) swirlers for ensuring inten-
sive flow swirling with a relatively simple design (see Figure 1).

(b) (d)

Figure 1. Swirler structure. (a) Channels, (b—d): 1—tray deck; 2—steam channel; 3—cover; 4—
tangential swirler.

As shown in Figure 1a, gas is fed through the gas feeding pipe 2, passes through
the tangential channels 4, where it loses a part of its energy, then initiates the rotation
and gains speed until it disperses, for instance, into a liquid placed on the mass transfer
apparatus tray.
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Tangential swirlers can be divided according to their design into devices with straight,
profiled, and annular channel walls. The designs have different cross sections and curva-
tures of the channel wall sides.

Swirlers with straight channel walls are simple in design and, therefore, the most
commonly used type. However, as the channel width and wall slope angle increase, the
tangential component of velocity providing intensive flow swirling begins to decrease.

Swirlers with profiled channel walls [23,24] in some cases eliminate the above draw-
back and contribute to intense flow swirling with a relatively simple device design.

The next stage in improving swirler design was creating devices with annular channels.
These have a high gas and liquid capacity and low resistance.

The complexity of calculating the hydrodynamic parameters of the swirlers [16,17]
complicates their efficient practical use and requires comprehensive research.

The following equation was obtained for calculating the pressure drop in the swirler [25],
taking into account friction and inertia:
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where Eu = AP/ (pg-u*)—Euler’s criterion; pg—1—gas-liquid layer density (kg/ m?); I, B—
swirler design-dependent factors; p—gas content; p;—gas density (kg/m?); —minimum
relative area (m); h*—device dimensionless height; d—bubble dimensionless diameter;
I*—dimensionless distance from axis to layer boundary; and u—average gas flow veloc-
ity (m/s).

The dependence shows the variety of swirler parameters affecting its resistance.

The tangential swirler resistance coefficient can be calculated using the presented
empirical dependences [26,27].

For example, the paper [26] presents the dependence as

& =exp(4.23 —2.345-A), @

where A = f /F—rotation factor; f = n-h-b—total channel area (m?); F = m-Ds-h—swirler
area (m); b—channel width (m); h—channel height (m); Ds—swirler diameter (m); and
n—number of channels.

Dependence (2) does not take into account the influence of the design parameters on
the resistance or flow hydrodynamics.

The expression formulated as an empirical dependence is known [28]:

B 07 b 1.54 h —1.48
F=31ua (h) <l)st> , 3)

where a—channel slope angle (degrees); b, h—width and height of channel walls (m); and
Dg—stage diameter (m).
Equation (3) contradicts the dependence presented in paper [27]:

—0.25
& =21.Re 9%8. <Z> , (4)

where Re—Reynolds number; h—swirler channel height (m); and b—swirler channel
width (m).

The results of calculating the drag coefficient according to these equations, depending
on the design of the swirler, may differ by two or more times.

According to [26,27,29], the resistance of a tangential device depends on the rotation
factor, swirler radius, number of channels, their width and height, and channel wall
thickness and slope angles [27].
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The swirlers were designed based on a 3D model on a computer numerical control
(CNC) machine using layer-by-layer printing technology. The studied swirler models are
presented in Figure 2, and their parameters are described in Table 1.

(a) (b) (c)

Figure 2. Swirler models with straight (a), profiled (b), and annular channels (c).

The swirlers were blown through with air at a temperature of 25 °C, with the orifice-
measured air consumption being up to 100 m?/h.
The following dependence was used to determine the experimental value of the swirler
resistance coefficient:
2-AP
E— &)
Pyt
where AP is the pressure drop (Pa), pq is the gas density (kg/m?), and 7 is the average gas
flow velocity (m/s).
The average gas flow velocity was calculated from the smallest section of the swirler channel.
The design resistance coefficient was determined according to expression (5) based on
the design pressure drop determined by numerical simulation.
The Reynolds number was determined from the dependence:

Re= — 18, (6)

where b—channel width (m), y—dynamic viscosity coefficient (Pa s), and Re—Reynolds number.

The hydrodynamic properties of the swirler, velocity fields, and pressure drops were
studied by numerical simulation using OpenFOAM software—an interactive medium that
is based on the control volume method [30].

Initially, to prepare the swirler for hydrodynamic analysis, solid-state models (Figure 3)
of its interior were created to reproduce its internal working cavity and all the curves of
the actual device. The reproduced geometry was imported to OpenFOAM software and
broken into computational grid elements.

The embedded utilities were used to make up a computational grid with a significant
concentration of elements in the areas of the greatest velocity gradient. The velocity profile
developed on the basis of the experimental consumption value was set up on the swirler
model inlet; at the outlet, excessive pressure was adjusted. On all the other solid walls
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of the interior geometry cavity, the noSlip condition of sticking was chosen to ensure the
velocity. The mesh independence test revealed an optimal computational grid consisting of
1,300,000 different-shaped elements. The optimal mesh means a reduction in the computa-
tional mesh in the most complex geometry areas with high velocity gradients and constant
controlled parameter values (velocity, pressure) in the mesh convergence process.

Table 1. Parameters of the studied swirlers.

No. Swirler Figure Doyt (m) D, (m) h (m) b (m) n (pcs) « (deg) Channel Walls
1 0.065 0.005 0.0012 40 -
2 0.172 0.156 0.008 0.0030 40 26
3 0.180 0.150 0.008 0.0030 40 26
4 0.167 0.156 0.008 0.0050 25 26
5 0.174 0.156 0.010 0.0050 25 26
6 Figure 1a 0.186 0.150 0.008 0.0050 25 26 straight
7 0.170 0.114 0.010 0.0030 40 26
8 0.150 0.140 0.006 0.0040 40 26
9 0.186 0.176 0.005 0.0015 40 26
10 0.167 0.008 0.0030 40 45
11 0.150 0.008 0.0030 40 90
12 0.150 0.108 0.004 0.0060 40 41
13 0.110 0.068 0.006 0.0035 40 28
14 Figure 1b 0.170 0.128 0.003 0.0080 40 25 profiled
15 0.170 0.120 0.008 0.0035 40 26
16 0.170 0.120 0.016 0.0015 40 31
17 0.130 0.008 0.0040 8 0
18 Figure 1c 0.205 0.008 0.0030 8 0 annular
19 0.170 0.008 0.0050 8 0

(@) (b) (© (d)

Figure 3. The solid-state model for the straight (a), profiled (b) and annular channels (c), pressure

and velocity reading lines during simulation (d).

In the simulation, air having physical and chemical properties corresponding to full-
scale tests was set as a working medium. For the computation, the turbulent k-¢ model
commonly used in computational practice was selected. The model used showed good
results in the internal flows. It works stably in the computation process, requiring no
significant computational resources.

The modelling data presented herein correspond to the established working mode.
The established working mode was found out to be achieved in 5 s.

The desired values were pressure drop and gas velocity. The total velocity u, and its
components along the coordinate axes uy, 1, and uy were calculated. In post-processing
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the numerical experiment results, the resulting pressure value P characterizes the total
swirler losses AP.

The design pressure and channel inlet and outlet velocity in the simulation were read
from lines L;, and Ly, Figure 3c,d, and when processing the obtained data in accordance
with Figure 3a,b.

Pressure drop losses due to the inlet AP;,, were calculated as per Figure 3a,b as follows:

APin =P - Pyap, (7)

where P is the total design pressure in the swirler chamber (Pa); Py is the channel inlet
pressure in the transition area channel.

Figure 3a,b presents a diagram for calculating the pressure drop in a preset swirler
section. The design pressure and velocity (at the channel inlet and outlet) during simulation
and data processing were read along the L lines, Figure 3c,d.

3. Results and Discussion
3.1. Swirler Resistance Comparison

Figure 4 presents the changes in the resistance coefficient dependent on the Reynolds
number for the swirlers with straight, profiled, and annular channels for similar parameters.
According to the actual data, the smallest pressure drop was found in the swirler with
annular channels (Figure 4a, points 3), and the largest was found in the device with straight
channel walls (Figure 4a, points 1). The simulation results showed that the greatest impact
on the swirler pressure drop value is made by the head loss caused by the forces of viscous
friction against the channel walls and head loss at the channel inlet (Figure 4b). According
to these data, the inlet loss of a swirler with annular channels is 2.4 times less compared
to channels with straight walls and 1.4 times less than profiled walls. The outlet pressure
losses for all three compared types of swirlers are comparable.

¢O R
4

3 A\:é \ o=

; \

a
[
LWk e

P (Pa)

1 o \
<\) H '/ M / /
8 ? stragh‘[ pl‘filed annular
otz i Channel type
2000 4000 6000 10,000 20,000 Re (-) @ p 2 u P, o P,
(a) (b)

Figure 4. Dependence of the resistance coefficient value on the Reynolds number (a) for the considered
swirler types and distribution of the design pressure drop (b). Experimental data (1-3): 1—Swirler
No. 3 (according to Table 1) at channel length [, = 0.022 (m); 2—No. 15 at [, = 0.025 (m); 3—No.
18 at I 5, = 0.022 (m). (b) Calculation data at velocity in channel # = 14 (m/s).

It can be assumed that the lowest resistance of the annular swirler is due to the presence
of one leading edge at the gas inlet to the channel, as opposed to channels with straight
and profiled walls, as well as the difference in the gas velocity profile in each device.

The resistance of a profiled channel has a lower pressure drop than straight channels
due to the difference in the slope of walls at the channel gas inlet. The slope angle in the
channel with straight walls was 26° and in the profiled channels, 90°.

3.2. Gas Flow Modes in Swirler Channels

Experimental values of the resistance coefficient of the tangential swirlers having
different channel profiles and widths depending on the Reynolds number presented in
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2000

Figure 5 allowed two typical gas flow areas to be identified: the turbulent and self-pressing
flows separated by a dashed line.
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Figure 5. Dependence of the resistance coefficient on the Reynolds number for swirlers with straight
(a), profiled (b), and annular (c) channel walls. Experimental points (according to Table 1): (a) 1—
No. 2 at I, = 0.004 (m); 2—No. 5 at I, = 0.012 (m); 3—No. 6 at I, = 0.022 (m); 4—No. 9; 5—No. 1;
6—No. 7; 7—No. §; (b) (1-5): 1—No. 12; 2—No. 13; 3—No. 14; 4—No. 15; 5—No. 16; (c¢) 1—No. 17 at
epan = 0.022 (m); 2—No. 18 at I, = 0.022 (m); 3—No. 19 at I, = 0.020 (m).

For the straight channels, Figure 5a, the critical Reynolds number characterizing a
transfer to the self-pressing mode was Re = 6000-7000, with the resistance coefficient having
the dependence ¢ = Re~ 025 For the profiled channels, Figure 5b, Re = 6500-8000, and
&~ Re~ 9% and for the annular channels Re = 8000-10,000, Figure 5¢, and ¢ =~ Re—0-39,

For all the studied channel types, increasing width leads to a corresponding increase
in the hydraulic resistance.

3.3. Effect of Channel Length on Swirler Resistance

The experimental resistance coefficient value measured at a different swirler channel
length with straight and annular walls obeys the dependence ¢ = I3,,,%'%, Figure 6. The
pressure drop is caused by the viscous friction forces acting on the channel wall. This paper
focused on swirlers having hydraulically smooth channel walls, which was also considered
in the boundary conditions of the numerical model.

€O

Re=6000

M Re=10000
[}

1 s Ll

6000 10,000 Re (-) 0.001 0.005 0.01 0.05  Lujqn(m)
(a) (b)

Figure 6. Dependence of the straight channel resistance coefficient (according to Table 1) on Reynolds
number (a) and channel length (b). (a) Experimental points (1-3): 1—No. 4 at channel length
Iehan = 0.002 (m); 2—No. 5 at I ,,, = 0.007 (m); 3—No. 6 I, = 0.022 (m); (b) Experimental points at
channel width b = 0.005 (m) for the swirler channel profiles. Lines—calculation based on simula-
tion results.

3.4. Influence of the Channel Wall Slope Angle on Swirler Resistance

The values of the resistance coefficient of the swirler having straight channel walls at
different slope angles are presented in Figure 7. An increase in the slope angle of the straight



ChemEngineering 2022, 6, 48

8 of 16

channel walls from 26° to 90° leads to a two-fold decrease in the experimental resistance
coefficient (see Figure 7b), which is confirmed by numerical simulation. The computation
results are presented with the dashed line in Figure 7b. The resistance coefficient values
obey the dependence & = a 071,

¢O) COf

II
, HM 2T

\ < experimental data

- - - simulation data

2000 4000 6000 8000 Re (-) 0 50 100 a (°)
(a) (b)

Figure 7. Dependence of the resistance coefficient on the Reynolds number with straight channels
(a) and slope angle o (b): Experimental points at channel width b = 0.003 (m) and channel length
Iy = 0.004 (m) by different channel wall slope angle o.

Figure 8 presents the total gas velocity profiles at the channel inlet and outlet at
different channel wall slope angles.

12 20 )
10
2 . AW
£ 2 Fo
- O -~ . 3
ER Log
2 3
% 0.004 0008 0012 0016 % 0.002 0.004 0.006
Ljy, (m) Loyt (m)
(a)
8
% ,;.. 12 2
6
— é E 8 3
4
§.‘ §.‘ 4/
2 3
0

0
0 0002 0004 0006 0008 0 0002 0004 0006
Lip (m) Loyt (m)

(b)

Figure 8. Cont.
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Figure 8. Change in total velocity u, for swirlers with straight channel walls along the reading line at
the channel inlet L;,, and outlet Ly,; at b = 0.003 (m), 1 = 0.008 (m), # = 14 (m/s): (a) & = 26°; (b) & = 45°;
(c) « =90°. Lines (1-3) for reading by channel height h: 1—# = 0.004 (m); 2—/ = 0; 3—h = 0.008 (m).

With a change in the channel wall slope angle, the gas velocity profiles at the channel
outlet do not change significantly. With a change in the channel wall slope angle, the
velocity distribution at the channel inlet changes. As the channel wall slope angle decreases,
the velocity profile tends to be concave, i.e., the velocity decreases along the length I,
between the edges of adjacent channel walls. A decrease in velocity leads to an increase in
pressure losses both at the inlet and in the channel itself compared to channels placed at
an angle of 90°. As the velocity decreases, the dynamic velocity on the channel wall also
decreases, leading to an increase in the boundary layer thickness and the resistance value.

With a change in the value of a from 26° to 45°, the experimental value of the resis-
tance coefficient was reduced by 1.5 times, and by 1.9 times in the numerical simulation.
The difference in the drag coefficient calculated with numerical modelling compared to
the experimental one can be reduced by means of correction of the turbulence model
factors used.

Figure 9 presents the distribution of the total velocity u, and its components along the
coordinate axes u, uy, and uy. The velocities u, and u, are comparable and have bigger
values than the velocity u,. At a channel slope angle of 26°, the velocities u, are higher than
at a channel slope angle of 45°. That is, reducing the channel wall slope angle increases the
flow rotation intensity.

X
l{;) Y = -""12
'Hx
I{y
e e HZ{’_Z—; pus—— .
i 4 il
0 0.002 0.004 0.006 0 0.002 0.004 0.006 0.008
Lip (m) Lip (m)
(a) (b)

Figure 9. Distribution of the total velocity 1, and its components along the coordinate axes uy, uy,
and u, at channel wall slope angle « = 26° (a) and & = 45° (b): Straight channel walls.
3.5. Influence of Channel Height and Number on Resistance Value

Figure 10 presents the typical dependences of the velocity and pressure profiles at
different swirler channel heights. As established for swirlers with straight and profiled
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channel walls, an increase in the wall height leads to a decrease in the pressure drop and
obeys the dependence & = h~013,

3 16

u (m/s)

0
0 0.002 0.004 0.006 0.008 0 0.002 0.004 0.006
in M Loyt (m)

. \ . 2 . . .
0.005 0.01 0.015 0 0.002  0.004  0.006
Liy, (m) Lyyt (m)
(b)
421 3
32 U
229 % = . g
1135 = =
= 13 =
36
) =i 64 110 0.001 0.002  0.003 00 0.001 0.002 0.003 0.004
P=219.05 (Pa : : S . ; s S
P} Lin (m) Loyt (m)
(c)
251 17 3
184 13
7 £ g
=
49 11
/)i-18 9 ' ‘ ;
0 0.001  0.002 0.003 0 0.001 0.002 0.003 0.004

P=254.87 (Pa) Lj, (m)

(d)

Figure 10. Distribution of pressure drop in straight (a,b) and profiled (c,d) swirler channels at
h =0.080 (m) (a,c) and & = 0.008 (m) (b,d) at % = 14 (m/s), b = 0.003 (m), and n = 40. Lines (1-3),
according to Figure 8.

Loy (m)

According to the presented velocity curves, other things being equal, a swirler with a
lower channel height has a lower velocity compared to swirlers with higher channels. It is
safe to assume that viscous frictional forces on the swirler bottom and lid at a low channel
height have a bigger impact on the velocity profile at the inlet. A decrease in velocity
leads to an increase in the thickness of the boundary layer and an increase in the swirler
head loss.

For annular channels, no relationship between the channel height and its resistance
was revealed.

With a decrease in the number of channels in the swirler from 40 to 8, the swirler
resistance decreased by 15%, which the numerical simulation confirmed. An analysis of
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the velocity profile revealed that for 8 channels, the outcoming gas flows do not contact
each other, while for 40 channels, they mix, which, according to [31,32], generates more
turbulence in the flow, and, therefore, increases the pressure drop.

3.6. Effect of Channel Width on Resistance

According to the simulation results, the dashed lines in Figure 11, and the experimental
data shown as points in Figure 11, an increase in the channel width leads to an increase in
the swirler resistance coefficient and obeys the dependence &~b.

£E)

6 [ O straight channels profiled
< profiled shannels e
A annular channels j/"
Strai P2 annular
4 Shalg]lt”;;, O 5
/,/:‘,"' o of
il P
/’, N ”/,
2 7 SOl
| A
w s A
e
1 L M )
1 2 4 6 8 bx107(m)

Figure 11. Dependence of the resistance coefficient value on the swirler channel width. Experi-
mental data Re = 2200-5000 (1-3): 1—channel width b = 0.0015-0.004 (m); 2—b = 0.0015-0.008 (m);
3—b =0.003-0.004 (m). Dashed lines: experimental data by Re = 2100-3500.

Figure 12 presents the shares of pressure drop (from total resistance) caused by channel
inlet, walls, and outlet at different swirler channel widths. According to the data obtained,
the largest contribution to the total resistance is made by the head loss in the channel and
the inlet loss.

0.0015m  0.003m  0.006 m ) 0.0015m 0.003m 0.009m

P,‘,; n Pr#;m; i Pom " Pm " Pmm: ¥ Pum @ P;n - Pn‘mz-r I Pum
(@) (b) (©)

Figure 12. Share of the head loss of the total pressure drop at different swirler channel widths and at
h =0.008 (m): (a) straight channels n = 32 (pcs); (b) profile channels n = 40 (pcs); (c) annular channels
n =8 (pcs).

Velocity profiles obtained by simulation with different channel widths and the same
Reynolds number are presented in Figure 13. According to the data obtained, an increase in
the channel width leads to a decrease in the gas velocity which, in turn, leads to an increase
in the swirler head losses. Due to the different velocity profiles at the channel inlet, the
velocity is redistributed along the channel length, which affects the swirler resistance.

The distribution of the total velocity u, and its components along the coordinate axes
uy, ty, and u; for the annular channels are presented in Figure 14. The tangential component
of the velocity u, has the biggest value compared to the velocities 1, and u, and makes the
main contribution to the total velocity value.

Compared to the straight channel walls, the tangential velocity component for the
annular channels dominates the others.
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Figure 13. Full inlet velocity curves for straight (a—c), profiled (d—f), and annular (g—i) channels at
different swirler channel widths at Re = 2200: (a,d,g) b = 0.0015 (m); (b,e,h) 0.003 (m); (c,i) 0.006 (m);
(f) 0.009 (m). Lines (1-3), according to Figure 8.

2
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Loyt (m)

Figure 14. Velocity distribution at annular channel inlet. Lines (1-4): 1—u,; 2—uy; 3—1ty; 4—uz.

The tangential velocity u, distribution curves in the annular channel, computed for
different channel lengths, are presented in Figure 15. According to the collected data, the
tangential velocity element increases along the annular channel length under 0.007 (m). For
this reason, designing a further increase in the swirler channel length is not practical.
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Figure 15. Distribution of tangential velocity uy; reference lines for different channel lengths (1-4):
1—Ipan = 0 (inlet), 2—I 0, = 0.007 (M), 3—Ipyy = 0.014 (m); 4—I oy, = 0.021 (m).

3.7. Dependence for Estimating the Resistance Coefficient

To calculate the hydraulic resistance of a swirler for developing experimental data-
and numerical simulation-based designs, an empirical dependence was formulated. The
experimental swirler resistance coefficient values were processed as presented in Figure 16.

&= K_a70.7l.Refm.lchan0.19.b0.6_hfq’ (8)

where K = 10,173—coefficient for straight channels, K = 751—for profiled channels, K = 1571—
for annular channels; m = 0.281 for straight and profiled channels, m = 0.396 for annular
channels (Figure 4); m = 0.042 general in turbulent mode; g = 0.13 for straight and profiled
channels, g = 0 for annular channels (Figure 11).
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Figure 16. Dependence of the resistance coefficient & on a =071 ~Re*m-lgh;9n-b0'6~h*q (right side of
Equation (8)) for swirlers with straight parallel (a), profiled (b), and annular channels (c). Experimen-
tal points (according to Table 1): (a) 1—No. 2 at I, = 0.004 (m); 2—No. 5 at [, = 0.012 (m). 3—No. 6
at I, = 0.022 (m); 4—No. 7; 5—No. 10; 6—No. 11; (b) (1-5): 1—No. 12; 2—No. 13; 3—No. 14;
4—No. 15; 5—No. 16; (c) 1—No. 17 at I 4, = 0.022 (m); 2—No. 18 at I},;, = 0.022 (m); 3—No. 19 at
Iehan = 0.020 (m).

4. Conclusions

1. For the first time, comprehensive experimental studies of the effect made by the
resistance of the tangential swirlers’ structural parameters with the results confirmed by
numerical modelling data have been carried out. The shape of the velocity profile depends
on both the gas flow rate and the channel design and was proved to be making the greatest
impact on the total pressure drop due to the head loss conditioned by the channel inlet
velocity profile shape.

2. The dependence for the computation of the tangential swirler hydraulic drag
coefficient considering the flow rate and the channel size has been formulated. As the value
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of the Reynolds gas criterion increases, the drag coefficient decreases due to a reduction in
the viscous friction force. Increasing the channel width and decreasing the inclination angle
results in an increase in head loss due to a reduction in the gas velocity at the channel inlet.
The height of the swirler channel influences the pressure drop by changing the velocity
profile due to the gas friction against the cover and the bottom of the unit.

3. The completed research allowed us to achieve good convergence of the numerical
simulation and experimental results and to draw conclusions on the rationality of using the
given computation method. The new data obtained allow for the design of swirlers with a
given drag coefficient within a wide range of design and process parameters, taking into
account the flow hydrodynamics based on the analysis of velocity and pressure profiles.
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Abbreviations

A rotation factor

b width of the channel in the swirler (m)
D diameter (m)

d bubble dimensionless diameter

Eu Euler’s criterion

F area of the swirler (m?)

f total area of the channels (m?)

h height of the channels in the swirler (m)
h* device dimensionless height

I, B,K swirler design-dependent factors

] share of the head loss

L line of pressure reading (m)

l length (m)

I dimensionless distance from axis to layer boundary
m,q degree

n number of channels (pcs)

P design pressure (Pa)

AP pressure drop (Pa)

Re Reynolds number of gas in the swirler’s channels

design gas velocity in the swirler’s channels (m/s)
average gas flow velocity in the swirler’s channels (m/s)
channel slope angle (deg)

coefficient of dynamic viscosity of the gas (Pa-s)
dimensionless resistance coefficient

density (kg/m3)

dimensionless gas content

minimum relative area (m)

9D mT= 2 g =
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Indices

arc arc

chan channel

8 gas

gl gas-liquid
in inlet

out outer

P total

S swirler

st stage

tran transition area
w working
y tangential
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