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Abstract: A sink vortex is a common physical phenomenon in continuous casting, chemical extraction, water conservancy, and
other industrial processes, and often causes damage and loss in production. Therefore, the real-time monitoring of the sink
vortex state is important for improving industrial production efficiency. However, its suction-extraction phenomenon and shock
vibration characteristics in the course of its formation are complex mechanical dynamic factors for flow field state monitoring.
To address this issue, we set up a multi-physics model using the level set method (LSM) for a free sink vortex to study the
two-phase interaction mechanism. Then, a fluid—solid coupling dynamic model was deduced to investigate the shock vibration
characteristics and reveal the transition mechanism of the critical flow state. The numerical results show that the coupling
energy shock induces a pressure oscillation phenomenon, which appears to be a transient enhancement of vibration at the vortex
penetration state. The central part of the transient enhancement signal is a high-frequency signal. Based on the dynamic
coupling model, an experimental observation platform was established to verify the accuracy of the numerical results. The
water-model experiment results were accordant with the numerical results. The above results provide a reference for fluid state
recognition and active vortex control for industrial monitoring systems, such as those in aerospace pipe transport, hydropower
generation, and microfluidic devices.
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1 Introduction production quality and the energy utilization rate, and

may cause enormous economic losses (Lu et al., 2020).

As the liquid drains out from the bottom of a
limited-space container, a two-phase sink vortex with a
free surface is formed in the anaphase of the drainage,
due to the effect of gravity, Coriolis force, and other
external disturbances (Jeong, 2012). A free sink vortex
is found in a wide range of engineering processes, such
as continuous casting, chemical extraction and separa-
tion, rocket fuel supply, and hydropower generation.
Its scale is related to the initial disturbance velocity,
container geometry, and surface roughness (Tan et al.,
2013, 2018, 2020). However, the appearance of a free
sink vortex is always undesirable, as it can easily reduce
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For example, in continuous casting, vortex suction
affects the purity of the molten steel and reduces the
quality, leading to industrial accidents (Li et al., 2020).
During tidal power plant operation, a surface vortex
can induce irregular loads, affect turbine performance,
and increase the risk of damage. From a safety view-
point, the gas entrainment phenomenon of a free sur-
face vortex is an essential issue in a rocket fuel system.
Given these issues, reliable and accurate monitoring
of the flow field is critically important for some indus-
trial processes in relation to the sink vortex. However,
under some harsh working conditions, such as high tem-
perature, confined space, or substantial magnetic inter-
ference, the flow field is often prevented from being
directly observed by video devices (Li et al., 2023a).
Therefore, an indirect monitoring method based on
fluid-structure interaction analysis and vibration signal
identification is needed to reveal the dynamic proper-
ties of the flow field of a free sink vortex. The key
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technologies require numerical modeling and experi-
mental studies of two-phase free sink vortexes and their
fluid—solid shock vibration characteristics.

Although a free sink vortex is a common natural
phenomenon, it is a complex turbulent mechanical
problem. There are no mature theoretical models for
quantitative analysis of the genesis and motion law
(Sleiti, 2020). It can be studied only by suppositions
or combined with experiments to obtain partial fea-
tures. Related studies (Mikota and Mikota, 2020) sug-
gested that a strong shock wave vibration exists dur-
ing the formation and suction process of a vortex. The
generation of shock wave vibration is closely related
to the critical state transition of the vortex, which is the
result of internal turbulent energy accumulation and
release. The evolution of the two-phase interface is
often highly nonlinear due to the suction of the sink
vortex and the viscous friction at the interface (San-
galli and Braun, 2020). Numerical simulation and exper-
imental research on two-phase sink vortexes and their
fluid—solid coupling vibration face significant chal-
lenges. In this paper, we describe the formation and cou-
pling mechanism of a two-phase sink vortex and then
reveal the relationship between the critical penetration
state and fluid—solid shock vibration characteristics.

There have been many numerical and experimental
studies of the factors contributing to the formation of
a sink vortex. Koria and Kanth (1994) verified experi-
mentally that the drainage of two-phase fluids, due to
their different physical properties, is not synchronized
in the suction process of a vortex. The critical problem
is that the dense friction effect at the two-phase inter-
face causes the motion laws to take on nonlinear char-
acteristics. Lundgren (1985) researched the formation
mechanism of a free sink vortex, based on an axisym-
metric model and the Ekman layer theory. He con-
cluded that the nonlinear drainage in the vortex forma-
tion process was similar to the non-viscous flow in the
Ekman boundary layer. Andersen et al. (2003, 2006)
confirmed that circumferential velocity is the main rea-
son for the formation of vortexes, based on the Ekman
layer theory. Their experimental results showed that
the vortex formation process produces a shock vibra-
tion with a sharp sound. Cristofano et al. (2016) inves-
tigated bathtub vortexes using particle image velocim-
etry (PIV) experiments, and showed evidence of a
clear dependence on Reynolds number and distance
from the outlet hole. Li et al. (2016) showed that the

Coriolis force had little effect on vortex formation, and
suggested the initial tangential disturbance was the
main factor. Turkyilmazoglu (2011, 2018) described
the exact solutions related to rotating incompressible
fluid flows over surfaces formed by the superposition
of a uniform source and an irrotational vortex. Based
on the Helmholtz equation, Tan et al. (2016, 2019)
presented a solution to acquire the critical penetration
condition, and discussed the Ekman boundary layer.
However, there have been few studies of the two-phase
coupling phenomenon of a sink vortex. Given the dif-
ferent physical properties of mediums, vortex suction
can cause intense motion of the phase components and
appear to have highly nonlinear characteristics. This will
cause a turbulent energy transition in the vortex for-
mation process and induce fluid—solid shock vibration.

It can be inferred from the above that current
research on vortex vibration crosses the disciplines of
solid mechanics, fluid mechanics, and vibration dynam-
ics, and focuses mainly on the contributing factors and
a single-phase. The coupling formation mechanism of
a two-phase sink vortex and the transient vibration
dynamic characteristics have not been precisely defined.
The features of fluid—solid coupling vibration indicate
that the fluids act on the wall under a particular driv-
ing force and appear nonlinear with variation of the
driving force. In the process of formation of a free
sink vortex, the nonlinear excitation of two-phase flu-
ids acts on the thin wall and causes different vibration
features to appear. In our previous studies, we simu-
lated fluid—solid coupling vibration based on the Fliigge
equations and discrete wavelet transform to reveal the
vibration wave transition mechanism, but the results
lacked supporting experimental data (Li et al., 2021,
2023d). Therefore, it was necessary to propose a fast
calculation and stable fluid-structure coupling model
and a vibration signal processing method to establish
an experimental platform and demonstrate its enhanced
application potential in a real-time field anti-vortex
strategy.

In this paper, we present a numerical modeling
method for a two-phase sink vortex to investigate the
coupling formation mechanism, based on the criti-
cal penetration characteristics. A single-phase-based
fluid—solid coupling dynamic model oriented to vortex-
induced vibration was set up to study the shock vibra-
tion characteristics and identify the state of the sink vor-
tex. The corresponding technical route was as follows:



(1) Based on the level set method (LSM), the evolu-
tion process of a sink vortex two-phase interface was
tracked. (2) A fluid—solid coupling dynamic model was
set up to investigate the shock vibration characteris-
tics and reveal the transition mechanism of the critical
flow state. (3) An experimental observation platform
was established to verify the critical penetration vibra-
tion attributes of the numerical results.

This paper is organized as follows: In Section 2,
the fluid-structure coupling dynamics model is de-
scribed, and an interface tracking method is proposed.
In Section 3, the numerical model and boundary con-
ditions of the two-phase sink vortex are given. In Sec-
tion 4, the numerical results after coupling are ana-
lyzed. In Section 5, we describe the fluid—solid vibra-
tion experiments. In Section 6, we draw conclusions
from the results.

2 Mathematical model and solution method
2.1 Multiphase flow coupling model

The research objectives of the sink vortex in this
paper relate mainly to the two-phase flow coupling
mechanism, interface tracking, and its fluid—solid cou-
pling vibration. The two-phase fluid contains air and
water that exist in a finite physical space (Tan et al.,
2017). The conservation equation of mass and momen-
tum is as follows:

%+v-(pu)=o, (1)

£ (pu) 4V (pur)=—Vp + V- (uVu) +pg + F. (2)

where u is the mixture average velocity, g is the gravi-
tational acceleration, p is the fluid pressure, p is the
fluid density, u is the fluid viscosity, ¢ is the time, and
F is the surface tension force per unit volume.

The LSM is widely used in research on multi-
phase flow and can solve the dynamic tracking problem
of a mobile phase interface. Luo et al. (2015) improved
the mass conservation LSM for the detailed numerical
simulation of liquid atomization. Balcazar et al. (2015)
used the conservative LSM to study single and multi-
bubble buoyancy-driven motions numerically. Kinzel
et al. (2018) proposed an LSM suitable for compress-
ible and incompressible multiphase flows. The LSMs
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applied in the above research provide an essential
reference for studying the evolution mechanism and
real-time tracking method for a two-phase interface.

The LSM smooth function @(x, ) describes the
interface between the different stages of the flow field
(Kaiser et al., 2020). It represents the distance from
each point to the interface. The zero level set function
on the interface boundary can be defined as

r={x|¢(x. 1) =0/, 3)

where ¢ is satisfied as:

g _
o tusVe=0. )

Then, the multiphase flow field is divided into
two different domains:

<0, xel,
¢(x, 1)1=0, xel, (5)
>0, xel,,

where /, is described as the dispersed phase, and /, as the
continuous phase. /" is the interface of the two regions.
The curvature of the interface x can be expressed as

V¢

=2 6
" v ©
73 ,

Vg | @

where n is the normal vector of the interface.
Since ¢ is a continuum surface, the fluid density p
and viscosity x at the boundary area can be described as

p=pi+(p,—p) H(P), (3
u=p+ (=) H(9), )

where H(¢) is a Heaviside step function, and the sub-
scripts 1 and 2 represent the primary and secondary
phases of the multiphase flow system, respectively. In
the process of LSM iteration, even after a time step, the
level set function is no longer an accurate distance func-
tion. One way to resolve this difficulty is to re-initialize
¢ at each time step into the exact distance function
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from the evolved front /" by solving the following
equations:

% _sen($)(1-|Vd ),

d(x, 0) =¢(x, 0),

(10)
(11)

where 7 is virtual time, d is the distance function, and
sgn(¢) is a sign function. The whole LSM solution pro-
cess first needs discretization and projection in space,
so that the velocity field has no divergence. Then the
time is discretized, and finally the reconstructed ¢(x)
is initialized to further improve the accuracy of the nu-
merical solution. In addition, the two-phase spatial
discretization solution is given in Section S1 of the
electronic supplementary materials (ESM), including
the step of high-order essentially non-oscilatory (ENO)
method (Cao et al., 2022).

The formation of a free surface vortex constitutes
a complex and unsteady flow process, characterized by
highly nonlinear behavior. When an initial disturbance
exists in the flow field, it evolves into a fully devel-
oped turbulent state. The realizable k-¢ model, a clas-
sical turbulence model, has gained traction in engi-
neering applications due to its dependable robustness
and stability (Morales et al., 2013). This model incor-
porates variables related to rotating velocity and cur-
vature, resulting in improved computational accuracy
for flow fields exhibiting intense flow line curvature,
surface vortexes, and swirling flow (Li et al., 2021).
Consequently, the realizable k-¢ model has been adopted
to track turbulent vortex motions:

o(pk) 0(pku) & L\ O
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where x; and x, represent two different spatial direc-
tions, k is the turbulent kinetic energy, and ¢ is the dis-
sipation rate. o, and ¢, are the Prandtl numbers of &
and ¢, respectively. E, represents the time mean strain
rate tensor modulus, v, is the kinematic viscosity, G,
is the turbulent kinetic energy, and y, is the turbulent

viscosity coefficient, which can be expressed as u=
pC K'le. The empirical parameters in the model are as
follows: C=1.44, C=1.92, 6=1.0, and 6=1.3.

Within the aforementioned turbulent model, C,
represents a crucial variable in . It functions as a spe-
cialized expression involving parameters such as swirl-
ing velocity, time-averaged strain, turbulence intensity,
and angular speed (Chen et al., 2015). When subjected
to significant time-averaged strain, the model effec-
tively adheres to the restraining conditions of Reyn-
olds stress, ensuring a flow state that aligns more accu-
rately with the regularities of turbulent physics. The
simulated multiphase vortex exhibits characteristics of
a highly nonlinear turbulent viscous vortex (Li et al.,
2021). The complexity of the interphase viscidity resis-
tance causes the function C, to vary with the vortex
evolution process.

2.2 Fluid—solid coupling vibration model

The interaction between the fluid and the wall
surface is achieved through the contact condition of
the interface, and the contact stress—strain relationship
is described by:

0.= (1+\/)(El—2v)[(1 —v)e.+v(eg,+e,) ], (14)
0y= (1+V)(EI_2V)|:(1 —-v)e, +v(e,+¢,) ]7 (15)
E

Tt (LS LARICRTO) D)

where o, 0g,, and o, are the axial, circumferential, and
radial contact stresses of the container wall, respec-
tively; £ is Young’s modulus of the wall material; v is
Poisson’s ratio; ¢, &,, and ¢, are the axial, circumferen-
tial, and radial contact strains of the wall, respectively.
According to the strain displacement relation contained
in the geometric equation, the axial stress can be derived
by combining the above equations:

0,= E[(l -v) Ou, + vlﬁ(ru,.) }, (17)
(1+v)(1-2v) 0z r or

where u, and u, are the axial and radial flow speeds,

respectively. Based on the above equations, the rela-

tionship between the stress and velocity of the axial

equation can be obtained according to the constitutive

relation of the container surface mechanics:
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where ¢ is the thickness of the pipeline, and R is the
inner diameter of the pipe. Generally, the wall thick-
ness is less than inner diameter, so it can be supposed
that the velocity on the inner wall is equal to that on
the outer wall, i.e. u_,,,=u,| . According to this hypoth-
esis, Eq. (18) can be simplified to

ur'r:R b (18)

6.  E (1) P 4
ot~ (1+v)(1-2v) oz

1
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(19)

After further simplification of the axial stress, we
obtain

ou,

oz

o=FE +vo,+va,.

(20)

Taking the derivative of Eq. (20) to time, the rela-
tionship between the axial stress and the velocity of the
container is

0o, .. 0u, do, 0o,
ot =E oz Vo Ve )
In Eq. (21):

_ 1 R+0

0y= 5& o,dr, (22)
1 R+0
0.= 1 2nro,dr. (23)
2n(R+ 25) !

Based on the above hypothesis, the fluid-solid cou-
pling vibration 4-equation model can be obtained by
ignoring the radial inertial force, centrifugal force, and
Coriolis force in the contact process:

ove 1 op _

ot p oz (24)
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Eqgs. (24)—(27) are the fluid axial motion equa-
tion, fluid continuity equation, structure axial motion
equation, and structure physical constitutive equation,
respectively. v, is the average velocity of flow, p, is the
pipeline density, p; is the fluid density of the mixed
phase, p is the mean pressure of the liquid, 4, is the
volume modulus of the fluid, z, is the friction between
the fluid and the wall surface, and « is the dip angle
of the pipeline.

3 Implementation of free sink vortex model
3.1 Mechanical model and boundary conditions

A physical model was set up to investigate the
mechanical characteristics of the sink vortex (Fig. 1a).

Vibration model

A
Fluid
model
Fluid-structure
interaction
P, —
P,
Fluid—soild data |-
Soild exchange area
model | P,—P,
’ (@)
Swirling wall
Pressure
Pressure
outlet

Fixed load
wall

Fluid domain grid

L K
Solid domain grid

(b)

Fig. 1 Mechanical model of fluid—solid coupling vibration:
(a) physical model; (b) mesh grid and boundary conditions
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The container in the physical model had an upper diam-
eter of 120 mm, a bottom diameter of 88 mm, and a
height of 130 mm. The two-phase fluids in the con-
tainer consisted of liquid (at the bottom, 91 mm) and
air (at the top, 39 mm). Based on the dynamic charac-
teristics of the vortex, a mechanical and dynamic model
of a multiphase fluid was set up (Fig. 1b). The model
was simulated using COMSOL Multiphysics 5.6, and
the tetrahedron non-structure mesh scheme was used
to model the calculation region, especially the refined
mesh at the drainage pipe. The physical features and
boundary conditions are listed in Table 1.

Table 1 Boundary conditions of the mechanical model

Item Description
Inlet Pressure inlet
Outlet Pressure outlet
Wall Swirling wall
Reference pressure (Pa) 1.01x10°
Gravity (N) 9.81
Air zone (mm) 91
Water zone (mm) 39
Upper diameter (mm) 120
Bottom diameter (mm) 88
Model height (mm) 130
Pipe length (mm) 3
Pipe diameter (mm) 4

The finite volume method discretizes the control
equations to ensure strict fluid mass conservation. Since
the multiphase sink vortex simulation belongs to an
unsteady state process, phase and phase variation in
multiphase coupling are complex. The PISO (pressure
implicit with the splitting of operators) algorithm was
adopted to deal with the pressure—velocity coupling and
ensure convergence efficiency (Yuan et al., 2016).

3.2 Solid model and boundary conditions

The fluid—solid vibration model was to set a solid
constraint on the fluid model. The flow would induce
shock vibration on the wall during drainage, and the
effect could be analyzed by detecting the vibration of
the inner wall. This demands a solid inner wall mesh,
and the mesh division needs to be denser due to the
nonlinear impact of the sink vortex (Wang et al., 2023).
The physical features and boundary conditions are listed
in Table 2.

The model focuses on coupling the fluid domain
and the solid domain, and considers the shock vibration

Table 2 Boundary conditions of the solid model

Item Description

Inlet Fixed load wall
Outlet Fixed load wall
Inner wall Fluid—solid coupling wall
Outer wall Free load wall
Model height (mm) 3

Pipe length (mm) 3

Pipe diameter (mm) 5

generated by the fluids acting on the wall surface. The
pressure at the outlet in the fluid model is P,, and that
at the inner wall in the solid model is P, (Fig. 1a). The
simulation considers the coupling of fluid and solid,
and the numerical equation completes the data exchange
from P, to P, of the coupling wall. During the forma-
tion and evolution of the sink vortex, the value of P,
changes constantly and affects the deformation status
of the inner wall (Sam et al., 2018). Therefore, the
dynamic vibration characteristics of the sink vortex can
be obtained by analyzing the displacement variation
features of the solid wall.

Based on the above hypothesis, the displacement
data of a point on the solid model can be obtained, and
the vibration acceleration data can be obtained by two
derivations of the time. In this study, we selected acrylic
plastic with a small Young’s modulus that could obtain
large displacement as the material. The simulation
applies the fluid—solid method only to capture the shock
vibration characteristics and cannot consider the influ-
ence of the temperature field on the solid structure. As
the fluid impact affects the wall, the wall surface defor-
mation is more extensive, and the shock vibration is
more prominent. The physical properties of the mate-
rial are shown in Table 3 (Ge et al., 2018).

Table 3 Material attributes of the coupling model

Physical property Value
Solid density (kg/m®) 1190
Solid Young’s modulus (Pa) 3.2x10°
Solid Poisson’s ratio 0.35
Water density (kg/m®) 998.2
Water kinematic viscosity (m’/s) 1.006x107°
Water dynamic viscosity (Pa-s) 0.001
Air density (kg/m’) 1.205
Air kinematic viscosity (m’/s) 1.48x107°
Air dynamic viscosity (Pa-s) 1.79x10°°




3.3 Validation of the mechanical model

The model data with d=14 mm were used as an
example to verify the mechanical model (Fig. 2). A
weighing instrument was placed on each side of the
support plate to verify the volume fraction of the drain-
age process. The water content was obtained indirectly
from the mass variation. In Fig. 2, the time interval in
the simulation was 0.2 s, and in the experiment, the time
interval was 1 s due to the quick drainage process.

1.0

—=— Experiment
—e— Simulation

0.8

0.6

0.4

Volume fraction

0.2

0.0 1 1 1 1 1 1 1 1 1 I
0 1 2 3

Time (s)

Fig. 2 Volume fraction of the drainage process

As the drainage progresses, the volume fraction
data show a decrease in the rate of decline. Some air
drains from the outlet instead of water with the gener-
ation of the sink vortex, which leads to a decrease in
the drop rate of the volume fraction. In the simulation,
it is difficult to form a vortex at the outlet because of
the lack of Coriolis force. Therefore, a swirling wall was
used to disturb the flow field to ensure the formation
of a sink vortex. This results in a lower central area of
the liquid level in the early stage, and leads to vortex
penetration in advance.

The volume fraction in the simulation was obtained
by monitoring the area from the bottom of the con-
tainer to the initial liquid level height. Due to the gas
phase in the center of the liquid level, the volume frac-
tion in the simulation was less than 1. However, the
volume fraction in the experiment was obtained indi-
rectly by detecting the fluid quality, which led to the
difference in the initial value between simulation and
experiment. With the drainage process, the liquid above
the initial liquid level in the simulation gradually
decreases, which to some extent compensates the drain-
age fluid and reduces the rate of decline in the volume
fraction. In addition, the initial disturbance in the sim-
ulation was more significant than in the experiment, so
the vortex generation occurred earlier, and the volume
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fraction dropped more slowly. The decline rate of data
was almost uniform due to the formation of the sink
vortex in the anaphase of the drainage. The mesh
schemes have an important influence on the accuracy
of numerical solution. In order to achieve a balance
between accuracy and efficiency, the mesh indepen-
dence study is provided in Section S2 of the ESM.

4 Numerical results and discussion
4.1 Streamline and volume fraction

A sink vortex often occurs in many industrial pro-
cesses and is associated with significant damage (Zheng
et al., 2021). For example, in the anaphase of continu-
ous casting ladle teeming, a sink vortex can suck the
liquid slag into the tundish and have negative effects
on the purity of molten steel (Wang et al., 2021). A
similar situation often appears in chemical extraction
and water conservancy (Fan et al., 2021). In these situ-
ations, the vortex penetration state is critical in sucking
upper impurities. Therefore, in this study we focused
on the two-phase suction mechanism and the critical
penetration condition of the sink vortex. Based on the
dynamic mechanical model, the 3D fraction streamline
profiles and volume fractions of the critical penetrat-
ing state with different nozzle diameters were obtained
(Fig. 3).

Fig. 3 shows several typical cases in which d=4,
8, and 14 mm. Each group of comparisons is divided
into a gas—liquid two-phase distribution diagram and
a two-phase streamline coupling diagram. The figure
shows that the phenomenon of multiphase coupling
can be observed, and the coupling strength increases
with the flow rate at the outlet. After the sink vortex
penetrates the outlet, the two-phase coupling phenom-
enon of water and air appears in the container and
shows a highly nonlinear characteristic. The impurities
mix into the fluid and enter the outlet via a descend-
ing spiral flow. In Fig. 3d, it is difficult for the pollut-
ants to flow into the outlet due to the lower vortex
intensity. In contrast, in Fig. 3f, in the vortex with a
higher rotating velocity, the impurities could more
easily enter the outlet and had a more extensive volume
fraction. The formed vortex scale would be more sig-
nificant with increasing diameter of the outlet. Under
the condition of vast liquid inside a container, it will
result in a penetrating phenomenon that should be
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Fig. 3 Volume fraction profile and streamline profiles of vortex penetration: (a) volume fraction profile in 4=4 mm case;
(b) volume fraction profile in =8 mm case; (c) volume fraction profile in =14 mm case; (d) streamline profile in =4 mm
case; (e) streamline profile in =8 mm case; (f) streamline profile in =14 mm case

avoided in many industrial processes. In the case where
d=4 mm, the formed vortex was much smaller than
the others, as required in some production processes.
The time-varied waves of volume fractions were
obtained (Fig. 4) to perform further research on the
volume fraction profiles in relation to the nozzle diame-
ters. The results show that: (1) With increasing nozzle
diameter, the descent rate of the water fraction increases,
and the volume fraction of =14 mm can reduce to 0.

o
o

©
~

Volume fraction

—e— d=12mm
d=14 mm

-
¥
T

2 4 6 8 10
Time (s)

0.0
0

Fig. 4 Time-varied waves of volume fractions for different
nozzle diameters

(2) The volume fraction of d=4 mm only reduces to
less than 0.7, proving that a lower outlet flux can effec-
tively restrain the quantity. (3) As the vortex is penetrat-
ing, the rate of decline of the volume fraction decreases.
In general, the flow flux controls the intensity of the
formed sink vortex. In satisfying the requirements of
the industrial processes, the nozzle diameter of the
drainage pipe should be reduced.

4.2 Pressure profiles of vortex formation process

The total pressure at the outlet can reflect the
kinetic energy characteristics of a sink vortex (Li et al.,
2023b, 2023c¢). Fig. 5 shows the variation of the total
pressure in the drainage process. The total pressure in
the figure is given by reference to standard atmospheric
pressure. As the total mass of the container decreases
due to drainage, the total pressure trends downward.
The average total pressure was the highest at =4 mm,
i.e., the downward trend of the total pressure was the
slowest. The flux was closely related to the total pres-
sure. In contrast, the average total pressure was the
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Fig. 5 Pressure profiles of the vortex formation process

lowest at d=14 mm, the curve decreased more slowly
with the draining process, and the total pressure de-
creased faster before vortex penetration. The total pres-
sure gradually reduced with the fluid flowing out of
the outlet. In the anaphase of drainage, due to the gen-
eration of the sink vortex, the gas was sucked into the
liquid, and caused the flux to be reduced, wherein the
trend of total pressure stabilized. In particular, the total
pressures at d=12 and 14 mm tended to be balanced at
10 s, caused by penetration of the outlet by the vortex.
After that, impurities and air entered the outlet, and the
variation curve decreased slowly, which was similar to
the change of the volume fraction.

The two-phase coupling of the sink vortex pro-
duces non-periodic energy diffusion, which can cause
shock vibration to the drain tube (Lin et al., 2022).
This leads to obvious oscillation of the total pressure
curve in the drain anaphase. The total pressure curve
at d=14 mm oscillated first due to the sink vortex pen-
etrating the outlet. The larger the outlet, the earlier the
penetration by the sink vortex. The sink vortex was
generated and penetrated the outlet late because of the
small flux. Therefore, at =4 and 6 mm the curve had
no apparent oscillation. A noteworthy phenomenon is
the negative pressure implied during vortex formation.
The value below the reference atmospheric pressure
presented in Fig. 5 may be affected by two factors:
(1) The vortex has aperiodic energy diffusion in the pen-
etration stage. The wall surface produces strain under
the fluid—solid coupling effect, making the drainage
diameter expand and causing the local pressure to
decrease. This phenomenon is more evident in the large
diameter pipeline because the greater flow has a more
severe impact on the wall surface, making the struc-
tural deformation more obvious. (2) A tetrahedron non-
structure mesh scheme was used to model the calcula-
tion region, especially the refined mesh at the drainage
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pipe. There is a large-scale difference between the
meshes in the drainage pipe and those in the container.
Numerical calculation accumulates significant errors
when pressure data are transmitted between meshes of
different scales, making the pressure here lower than
the reference pressure point. Based on the above anal-
ysis, we conclude that vortex penetration causes the
pressure curve oscillation. This characteristic provides
technical support for vibration-based industrial systems,
and the formation of the sink vortex can be predicted.

4.3 Frequency domain of the vibration signal

Through fast Fourier transform (FFT), the
frequency-domain distribution of the vibration signal
is obtained during the drainage process (Fig. 6). The
abscissa is the signal frequency and the ordinate is the
acceleration amplitude of the vibration signal. With
increasing outlet diameter, the oscillation times of the
vibration signal decrease and the peak value gradually
declines. The main reason is the decrease in accuracy
caused by a small number of model data points with
a large outlet diameter. The sampling frequency was
100 Hz in the four simulations, and the larger outlet
models had a higher flux and longer drainage time,
resulting in fewer data points in the whole drain pro-
cess. For example, the =8 mm model had a total of
15960 data points, while the d=14 mm model had only
7460, fewer than half of the former. Therefore, the fre-
quency analysis at =8 mm was closer to the actual
situation than that of the other three experiments. In
addition, the low-frequency signal was weaker in the
whole drain process, while the high-frequency signal
was stronger. The amplitude of the frequency signal
below 200 Hz in the model at =8 mm was less than
2x107° (m/s’)’, and its amplitude in the range of 200—
300 Hz increased gradually. In the high-frequency sig-
nal, the signal amplitudes of many bands were higher
than 3x107° (m/s’)’.

However, the frequency-domain analysis of the
vibration signal in the whole drainage process could
not prevent vortex formation. Frequency-domain anal-
ysis at different stages of the process of vortex forma-
tion was conducted to study the critical penetration at-
tribute. The frequency-domain data at d=8 mm of four
time periods were extracted (Fig. 7).

In the first 10 s, the sink vortex was formed far
away from the outlet. After 10 s, it gradually approached
the outlet, and completely penetrated the outlet in 16 s.
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vortex developed to its maximum scale and approached
the outlet, causing the vibration signal to increase
sharply. This was evident in the high-frequency bands,

Fig. 7a (0-5 s) is very similar to Fig. 7b (0—10 s). This
indicates that the flow characteristics in the two time peri-
ods were almost identical. In the range of 11-12 s, the



particularly in Fig. 7c. After that, the low-frequency
signal (0—150 Hz) showed no apparent variation and
the frequency signal (150—350 Hz) had increased by
1.5 times, while the high-frequency signal (350-500 Hz)
nearly doubled (Fig. 7d). This suggests that the ampli-
tude of the high-frequency signal is an important fea-
ture for sink vortex identification and precaution.

5 Fluid—solid vibration experiment
5.1 Experimental platform construction

To verify the fluid—solid mechanical dynamic
model in this paper, an experimental platform of a
sink vortex was set up based on the similarity second
law of fluid mechanics (Pan et al., 2020), as shown in
Fig. 8a. The experimental device consisted of a perspex
container with a drainage pipe. Fluid transport and cir-
culation of the vortex formation process were realized
through the fluid circulation module. To achieve accu-
racy, factors influencing the experimental results should
be controlled as much as possible. Under the experi-
mental conditions, because the liquid viscosity varies
with temperature, the viscosity of the fluid medium is
an important parameter to show the characteristics of
fluid flow (Lyu et al., 2023). The viscosity coefficient
also plays a crucial role in the turbulent kinetic energy
and dissipation rate transport equation, so temperature
should be maintained at a stable value. The experiment
was conducted at a temperature of 20 °C to ensure a
stable fluid viscosity coefficient (Ji et al., 2012).

Fig. 8 Experimental platform of vortex shock vibration
(a) and installation position of integrated circuits piezoelectric
(ICP) vibrating sensor (b). 1: container; 2: ICP vibrating
sensor; 3: current adapter; 4: data acquisition card; 5:
computer; 6: stainless-steel pump

When a sink vortex is formed in the anaphase of
drainage, it will induce a series of shock vibrations
on the wall. Through the vibration analysis real-time
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acquisition system, the vortex-induced vibration was
analyzed, and vibration analysis data acquisition, con-
version, processing, and other functions were achieved.
The signal was received by the vibration sensor (Fig. 8b)
and passed to the current adapter through the signal line.
Then, it was transmitted to the computer for signal
processing by a data acquisition card. The drain change
was achieved by replacing the drain outlet under the
bucket. The experiment was divided into three parts,
and considered three different nozzle diameters.

5.2 Experimental results and discussion

Based on the sink vortex shock vibration detecting
platform, the amplitudes of the shock vibration are
shown in Fig. 9. The horizontal ordinate is the time,
and the vertical ordinate is the acceleration amplitude
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Fig. 9 Shock vibration amplitudes with different outlet
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of the vibration signal. The drainage process from the
beginning to the process of penetration can be detected.
The vibration of each group was significantly higher
during a certain period of time than that during other
periods for the same group. This time corresponds to
the moment that the vortex in the respective experi-
ments penetrated the drainage pipe. It can be seen that
the sink vortex at d=14 mm penetrated the drainage
outlet first. With the reduction of nozzle diameter, the
vortex penetrated the outlet later. In the prophase of
experiments, there was a small vibration that repre-
sented the generation and evolution of the vortex. As
the vibration amplitude reached its maximum, the vor-
tex penetrated the drainage hole.

To clearly observe the vibration characteristics
of the penetration moment, the partial vibration data of
experiments at the critical penetration were extracted
(Fig. 10). A maximum apparent vibration attribute was
observed, indicating that the vortex had passed through
the drain hole. Before this, the vibration signal was
stable, but then increased with the penetration process.
As the energy of the sink vortex was released, the vibra-
tion signal decreased quickly. Moreover, when the drain-
age diameter was larger, the vibration intensity was
increased. In particular, the vibration intensity at d=
14 mm was much higher than those of other outlet diam-
eters. Although the maximum vibration intensity at d=
10 mm was not as high as that of =6 mm, the whole
vibration energy at d=10 mm was still greater. In gen-
eral, the distortion vibration attribute of the critical
penetration process provides a useful guide for rele-
vant industrial monitoring systems. Based on a simi-
lar distortion attribute, an early warning during indus-
trial processes could be realized, enabling the avoid-
ance of major economic losses.

Based on the shock vibration experiment platform
of the sink vortex, the spectrum attributes of the shock
vibration are shown in Fig. 11. The left figure shows the
vibration frequency domain of each diameter (d=6, 10,
and 14 mm) from the beginning to the period in which
the vortex is about to penetrate the outlet (Figs. 11a,,
11b,, and 1lc,). The right figure shows the spectrum
attributes of the whole drainage process (Figs. 11a,, 11b,,
and 1lc,). The phenomenon of high-frequency sig-
nal enhancement is apparent during the whole vortex
penetration process. Another observation is that there is
a significant positive correlation between the rising pro-
portion of high-frequency signal and the outlet diameter.
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Fig. 10 Shock vibration amplitudes with different outlet
diameters: (a) =6 mm; (b) =10 mm; (¢) =14 mm

This indicates that the coupling strength of gas—liquid
increases with increasing outlet diameter. The numer-
ical calculation results in Fig. 7 are in accordance with
the experimental results, and provide theoretical sup-
port for vortex prevention in industrial production.

The vibration (d=14 mm) time-domain data in the
simulation and experiment are compared in Fig. 12,
in which the simulation data are shown in dotted line
and the experimental data in solid line. Both sets of
data peak at about 7 s, which is during the period of
vortex penetration. The vibration duration in simula-
tion was more significant than that in the water experi-
ment. The simulation data begin to oscillate signifi-
cantly from 5 s and peak at 7 s. However, the experi-
ment shows that the peak was reached only in 7 s, and
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then the vibration disappeared. This indicates that the
time from the formation of the vortex to its penetration

in the simulation was longer than that in the actual sit-
uation. Before vortex penetration, multiple bubbles
appeared continuously at the outlet in the simulation
due to the initial disturbance and turbulence model.
This process lasted for 2 s in the simulation, but passed
quickly in the experiment. This process caused noise to
appear in the simulation vibration signal. Despite this
difference between simulation and experiment, one
common effect was that the sink vortex caused shock
vibration in the penetration process. This provides a
useful reference for vibration detection systems.

The vibration (¢=14 mm) frequency-domain data
in the simulation and experiment were obtained by FFT
(Fig. 13). The sampling frequency of the water-model
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investigation was 1000 Hz, and the collected data were
processed to 100 Hz for ease of comparison. Therefore,
the highest sampling frequency of both simulation
and experiment was set to 50 Hz. When the frequency-
domain characters of simulation and experiment were
similar, the low-frequency signal was weak while the
high-frequency signal was relatively intense. In the
water-model experiment, the signal around 42 Hz
was significantly enhanced. In general, the frequency-
domain signal characteristics were roughly similar, and
the differences between them were slight. This is a
reflection of the fact that a simulation can at best be
only a close representation of an actual experiment.
However, the enhancement of the high-frequency signal
before vortex penetration is a more noteworthy phenom-
enon. This characteristic could be applied to detect the
penetration of a sink vortex in steel continuous cast-
ing and chemical extraction, and we hope our research
results can offer a universal reference for fluid state
recognition in these industrial processes.

6 Conclusions

Flow field state monitoring of the sink vortex is
of vital significance for industrial processes, including
metallurgic pouring, aerospace detection, and chemical
extraction. It can effectively improve product quality
and energy efficiency. In this paper, we have presented
a method for modeling a two-phase vortex coupling
mechanism and its fluid—solid coupling vibration char-
acteristics. The related experimental work has been fin-
ished, and the main conclusions are as follows.

(1) Based on the LSM and realizable k-¢ turbu-
lence model, a fluid—solid coupling vibration model is
presented to obtain the profiles of the volume fraction

streamline, pressure, and vibration characteristics.
Numerical results showed that the coupling process
characteristics are dependent on the flow flux. In the
anaphase of the drain, the energy of vortex coupling
induces a pressure oscillation phenomenon. This is the
basic reason for fluid—solid shock vibration.

(2) From the results of numerical calculations,
the frequency signal is weak and stable before the sink
vortex penetrates the outlet. When the sink vortex
reaches the critical state of penetration, the pressure
oscillation caused by two-phase coupling leads to the
enhancement of each frequency signal, and a high-
frequency band is particularly apparent.

(3) According to hydrokinetics theory, a fluid—solid
experimental platform was set up to observe the shock
vibration attribute, and achieve real-time monitoring of
the sink vortex. The numerical modeling proposed in
this paper was reliable and accurate according to the
experimental results.

In summary, the main contribution of this study
was to present a numerical model for a two-phase sink
vortex and its fluid—solid vibration, and then achieve
monitoring of the vortex flow field. Theoretically, the
model not only offers direct guidance in relation to the
vortex formation mechanism, but also provides a help-
ful reference for fluid—solid coupling shock vibration.
In related engineering fields, it provides technical sup-
port for vortex suppression control and fluid—solid
vibration signal processing.
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