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Abstract. In the work, numerical simulations of a turbulent swirling flow in a model tangential chamber
were performed. Depending on the swirl number and water flow discharge, various flow regimes are
observed: a column vortex, a spiral vortex, a double spiral vortex. In this paper, a study was made of
admission air to control the transition between flow regimes. It is shown that when a gas phase is added,
a transition from a two-helix structure to a single helical vortex occurs. This phenomenon reproduces
the effect observed in the experiment.
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The tangential vortex chamber is one of the convenient objects for studying various vor-
tex structures. In a rectangular chamber, various flow regimes were observed, such as a co-
lumnar vortex, a helical vortex, and a double helical vortex [1]. In other experimental works,
the transition between a single and a double helical vortex was studied in a similar circular
chamber [2,3]. In addition, methods for controlling transitions between modes, including the
effect of the gas phase to the flow structure, were studied in experiment. On the basis of recent
experimental studies, in this work, numerical simulation of the effect of air admission on the
vortex structure of a turbulent swirling flow in a cylindrical tangential chamber was carried out.

The control of swirling flow by air admission has been studied in many experimental works. In
particular, air admission is widely used to reduce pressure fluctuations caused by the precessing
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vortex rope behind the runner of a water turbine. This method is used to suppress hydrodynamic
pulsations of various origins and frequencies, including noise and vibration reduction [4]. In a
two-phase gas-liquid medium, the speed of sound decreases sharply, which leads to a decrease in
the frequency of natural oscillations of the flow path. Since the influence of air inlet is associated
with acoustic processes, and the precession of the vortex rope is associated with the dynamics
of an ideal fluid, it is impossible to fully transfer the results from the scale model to natural
conditions [4], which actualizes the need for numerical simulation of this complex of processes.

1. Numerical model

1.1. Computational Domain, Mesh Resolution and Boundary
Conditions

The vortex flow in the cylindrical tangential chamber shown in Fig. la is considered. A
water flow with density p = 998 kg/m® and viscosity u = 1072 Pa-s was supplied through 12
rectangular nozzles to form a swirling flow. The flow was released through the upper tank of
rectangular cross section by means of four round nozzles. The internal diameter of the chamber
was 0.19 m, and its height was 0.6 m. Each nozzle had a rectangular cross-section of 14x23 mm,
and they were located in four blocks in 3 rows.The same flow rate was set at each inlet nozzles.
Zero pressure was set at the outlets.

The grid consisted of cubic cells in the volume and a prismatic boundary layer with a tran-
sition region (Fig. 1b). A boundary layer of prismatic cells was refined near the walls. The
computational grid contained 37.6 million cells, with y < 3 on the wall.

outlets

Fig. 1. Computational domain (a) and computational mesh (b)

The turbulent flow was calculated using the LES method with the WALE subgrid model [5].
The time step was 10~* s which at a flow rate of 14 m3/h corresponds to the Courant number
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Ccrr, < 0.3 in the entire computational domain. The numerical simulation was based on the
control volume method and the incompressible flow approximation. The SIMPLEC procedure
was used to connect the velocity and pressure fields. The convective terms was approximated by
means of the central difference scheme, and the second-order scheme was used to approximate
the unsteady term.

There are two approaches to modeling the multiphase flow. One of them is based on the
continuum representation of both the carrier and the dispersed phase (Euler’s approach), the
second is based on the simulation of the motion of individual particles with a calculated veloc-
ity field of the carrier phase (Lagrange’s approach). In turn, the Euler approach is subdivided
into several models, of which the Mixture model and the Eulerian model are of interest for the
purposes of this study.

1.2. Mixture model equations

The Mixture model is based on the shared equations of continuity and momentum transfer
for a homogeneous mixture, the properties of which are determined in accordance with the local
fractures of the phases. A two-phase medium is considered as consisting of two components:
liquid and gas and having a continuous density distribution. The local properties of a two-phase
medium depend on the local value of the gas volume fraction, which is (Fig. 2):

‘/gas
8% 1
Veell S

where Vg, is a total volume of gas bubbles in the cell, Vien is the mesh cell volume.

Oég:

lim AV—0

Fig. 2. Mixture model approximation

The density of the mixture (two-phase medium) is defined as the density of a multicomponent
medium in terms of the densities of the individual phases:

p=agpg+(1—ag)pr, (2)
molecular viscosity of the mixture, respectively:
1= pgog + (1 —ag) pr. (3)

The mathematical model of the flow within the framework of the continuum approximation
is based on the conservation laws for a multicomponent incompressible flow.
Continuity equation (law of conservation of mass):

op B
En + V- (pv) =0. (4)
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Momentum equation (momentum conservation law):

Opv +V - (pvv) =—Vp+V(r), (5)

ot
- 6u1 auj

A feature of the Mixture model is the shared partial differential equations for pressure and ve-

where the stress tensor is

locity of the mixture. Thus, in comparison with the single-phase flow model, only one differential
equation is added which is the gas fraction transfer equation:

0 (pgag)

N + V- (pgvag) ==V - (agpgVar) s (7)

where the parameter vg, is determined by the velocity of the gas bubbles relative to the liquid,
which, in turn, is calculated from the condition of the balance of forces acting on the bubble.

1.3. Eulerian model equations

In contrast to the Mixture model, in the Eulerian model, the mass conservation equations and
the momentum conservation equations are solved for each phase separately, taking into account
the interaction between the phases, while maintaining the same pressure for all phases.

Transfer equation for the fraction of phase k:

0 (prax)
ot

NE

+ V- (prvkag) =) (g — M), (8)

l

Il
—

where 7, is the phase exchange rate.
Momentum transfer equation for phase k:

0 (o prvr)

5 + V- (agprvrvr) = —axVp + V(11) + Z (Ry + vigriug — vpringg) + Frige e, (9)

=1

where Ry is an interaction force between phases, and Fjig i is a lift force acting on the gas
bubbles from the carrier liquid.

This approach makes it possible to simulate the motion of gas bubbles relative to liquid for
various ratios of the bubble relaxation time to the characteristic time of the problem.

2. Results of single-phase simulations

Single-phase flow calculations were carried out for two swirl numbers. The swirl number,
according to the approximate formula for a tangential chamber, is inversely proportional to the
number of the open nozzles (i.e., the total area of the inlets):

wDd
S=— 10
2no (10)
where D is the chamber diameter, d is the nominal circle diameter associated with the nozzle
rotation angle, n is the number of open nozzles, ¢ is the cross-sectional area of each nozzle.
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When all 12 inputs are open, the swirl number S = 6.6. With one row of nozzles closed, the
swirl number will be equal to S =3/2-6.6 =9.9.

The flow rate was 14 m3/h, which corresponds to the Reynolds number Re = 25800. The
Reynolds number is based on the average axial velocity in the tangential chamber:

Uo2R
Re:u, Q

U= — 11
I 07 ZR2 (11)
where R is the radius of the tangential chamber. The Strouhal number is based on the same

velocity:
2Rf
St = ——, 12
where f is the dominant frequency of the pressure pulsations.
For comparison, graphs of the average velocity components in horizontal sections z = 320 mm

and z = 470 mm were plotted (Fig. 3). The mean velocity profiles show close agreement with
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Fig. 3. Axial (a) and tangential (b) components of the average velocity in the section z = 320
mm for different swirl numbers

experiment for both flow regimes. As can be seen from the graphs, the tangential velocity profile
almost completely tracks the experimental results. The graph of the axial velocity component
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is also close to the experimental data, except for the near-wall region, in which the experiment
shows a significantly greater thickness of the boundary layer.

Calculations for the swirl mode S = 9.9 showed that there is a well-defined and stable two-
vortex structure in the flow, which is depicted using the pressure isosurface in Fig. 4. In the mode
S = 6.6, a double-helix structure also appears (Fig. 4), however, it is unstable and disappears
with time.
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Fig. 4. Vortices visualized by pressure isosurface: a)S = 6.6,b)S = 9.9

In both modes, the spectrum of pressure fluctuations on the wall contains a dominant har-
monic (Fig. 5), which corresponds to the Strouhal number St = 1.8 in the mode S = 6.6 and the
Strouhal number St = 3.7 in the mode S = 9.9 (Tab. 1). The spectrum of pressure fluctuations
was built using the fast Fourier transform of the pressure signal on the wall with a window of
8.5 s, which gives a frequency step of 0.11 Hz (ASt = 0.16). In the mode S = 6.6, the spectrum
also contains a lower harmonic St = 0.8, and in the mode S = 9.9 it contains the harmonic
St = 1.3. The last harmonic approximately corresponds to the rotation speed of the two-helix
vortex structure as a whole. During one revolution, the centers of the vortices of the double-helix
structure pass the monitoring point twice, thus generating pulsations with a frequency twice as
high as the frequency of rotation of the double-helix structure itself.

Table 1. Strouhal number of the dominant harmonics of the pressure fluctuations

calculations | experiment
S=6.6 1.8 1.7
S =99 3.7 4.0
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Fig. 5. Power spectral density of pressure fluctuations on the wall: (a)S = 6.6, (b)S = 9.9

3. Results of two-phase simulations

When calculating the flow with air admission, the water flow rate was 14 m®/h and the air
flow rate was 0.7 m3/h, so the air volume fraction at the inlet was 5%. The density of water
was 998 kg/m?, and the density of air was 1.225 kg/m3. The size of air bubbles (dispersion) was
2 mm. The swirl number of the flow was S = 9.9, which corresponds to the formation of the
two-helix vortex structure.

a b

Fig. 6. Mode S = 9.9, calculations with air (Mixture model, concentration 5%, dispersion 2 mm):
a) vortex visualized by pressure isosurface, b) streamlines at z = 320 mm
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Calculations of the two-phase flow in the vortex chamber using the Mixture model in this
mode did not show the influence of the gas phase on the flow patterns. In this calculation, a
stable two-helix vortex structure was formed in the tangential chamber (Fig. 6). At the same
time, the gas phase in these calculations was not concentrated at the centers of the vortices (as
happens in the experiment), which shows that the slip velocity approximation in the Mixture
model is limited for the conditions of this tangential vortex chamber.

Calculations with the Eulerian model showed that the air bubbles follow the position of the
vortex of the two-helix structure well, as that is observed in the experiment. As the transient
calculation proceeds, the two-helix vortex structure gradually collapse into a single vortex, and
this happens gradually as the branches of the two-helix structure approach and merge from
bottom to top (Fig. 7).
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Fig. 7. Mode S = 9.9, multiphase calculation (Eulerian model, concentration 5%, bubbles size
is 2 mm), isosurface (f = 0.05) of the gas volume fraction at different times

As a result of the calculations, it was possible to reproduce the effect of transition from a two-
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helix structure to a single helical vortex when air is added to the swirling flow. This phenomenon,
obtained numerically, fully correlates with the same effect previously obtained by means of the
experimental study.

Conclusions

By means of the calculations of the flow in the tangential vortex chamber, the two-helix pre-
cessing vortex structure observed in the experiment was reproduced. In single-phase calculations,
the average velocity profiles in cross sections show close agreement with the experimental data for
both considered flow regimes. In both modes, the dominant harmonic is observed. The pressure
pulsation frequency increases with the swirl number and corresponds to the Strouhal number
St = 1.8 in the mode S = 6.6 and the Strouhal number St = 3.7 in the mode S = 9.9. In the
mode S = 9.9, the dominant frequency of pressure fluctuations is approximately two times higher
than the rotation velocity of the two-helix vortex structure. Thus, pressure fluctuations on the
wall are caused by the passage of one of the two vortices of this structure past the monitoring
point. At the same time, the two-helix vortex structure experiences continuous changes, during
which the vorticity is redistributed among the vortices, the distance between the centers of the
vortices changes, etc.

Under the conditions of a laboratory experiment, the vortex structure of the flow is shown
by means of air bubbles that accumulate in the centers of the vortices. With an increase in
air discharge, the flow regime changes from a double-helix structure to a single vortex. In the
calculation of a multiphase flow using the Mixture model, air bubbles do not accumulate at the
centers of vortices, regardless of their dispersion. This shows the limitations of the approximation
of the slip velocity for this problem. The calculation using the Eulerian model reproduces well the
concentration of air bubbles in the centers of vortices. At the same time, when air is admitted,
the double-helix structure gradually disappears. The transition from a two-helix structure to a
single vortex occurs gradually as the spiral branches approach and merge from bottom to top.

The work was carried out with the financial support of the Russian Science Foundation (grant
no. 21-19-00769, hitps://rscf.ru/en/project/21-19-00769/).
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Awnnoranusi. B pabore BBINOSHEHO YHCIEHHOE MOMIEUPOBAHNE TYPOYJIEHTHOTO BUXPEBOIO TEYEHUS B
MO/IEJIbHOM TAHIeHIMAILHOM KaMepe. B 3aBUCHMOCTH OT 3aKPYTKM IIOTOKA M PACXOJa BOJBI B KAMEpe Ha-
OJTFOJIATOTCST PA3/IMYHbIE PEXKUMBI TEUEHUsI: KOJIOHOOOPA3HBIN BUXPh, CIIUPAJBHBIN BUXPh, JBONHOM CIIH-
paJbHBIN BUXpb. B paboTe mpoBeseHO MCCIeI0BaHNe BAUSHAs JOOABIEHUsT BO3/IYXa HA TEPEXOJ, MEXKTY
pexkuMamu TedeHus. [lokaszaHo, 4To 1pH J0OABJIEHUU BTOPOI (Da3bl MPOUCXOIUT IIEPEXOJ] OT JIBYXCIIH-
pPaJbHON CTPYKTYPhI K OJWHOYHOMY CIUpaJbHOMY BuUXpio. /laHHOe siBjieHMe BOCIPOU3BOIUT 3(PGDEKT,
HaOJIIOMAEMBINl B SKCIIEPUMEHTE.

KuroueBrle ciioBa: 4dnciieHHOE MOJENIMPOBaHUE, apaMeTp 3aKPYTKHU, TaHTEHI[MAIbHAs KaMepa, MHO-
roda3HbIil TOTOK, IO/IBOJ, BO3/IyXa, JIByXCIUpAJIbHAs BUXPEBas CTPYKTYpPa, MOJIEIb CMECH, TIOJIHAS dijie-

poBa MOJIEIb.
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