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ABSTRACT

Tuned liquid dampers (TLDs) have been broadly applied to suppress structural vibrations. In the present study,
a novel vibration mitigation device consisting of non-Newtonian fluids coupled with an elastic baffle is
proposed. The fluid-structure interaction is studied numerically. To optimize the system, different fluids,
including the Bingham fluid, the Pseudoplastic fluid, and the Dilatant fluid are used as the damping fluids and
the vibration suppression ability of each fluid is studied. Moreover, the energy dissipation mechanisms of
different liquids are obtained. The results show that the optimal vibration suppression in the container without
a baffle can be achieved by using the Bingham fluid. In this case, the average amplitude decay rate of the
container is 12.662% with about 0.199% improvement in the damping ratio when compared to water. In the
container with an elastic baffle, however, both the Pseudoplastic fluid and the Dilatant fluid outperform water
in the damping capacity. The average amplitude decay rates of these fluids are 50.960% and 43.794%,
respectively. Moreover, their damping ratios are 0.035% and 0.019% higher than that of water, respectively.

Keywords: Non-Newtonian fluid; Sloshing liquid damping; Elastic baffle; Energy dissipation mechanism;
Numerical simulation.
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structural vibrations (Konar and Ghosh 2021). TLD
mainly consists of a tank containing liquid (often
water) that dissipates the vibration energy through
liguid boundary layer friction, free surface

1. INTRODUCTION

With increasing urbanization speed in the last few

decades, the height of new skyscrapers has increased
to save construction space while ensuring aesthetic
issues. This may decrease the structural damping and
stiffness of buildings, making them more susceptible
to damage by strong winds and earthquakes. A tuned
liquid damper (TLD) is a low-cost and simple-to-
install system, which is widely used to control passive

contamination, and wave breaking (Ashasi-Sorkhabi
et al. 2017). However, studies show that at too large
accelerations of the horizontal excitation, damping
capacity of the system decreases significantly, and the
sloshing of the fluid in the TLD may not suppress
structural vibrations.
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Aiming at resolving this shortcoming and improving
the energy dissipation capacity of TLD, numerous
investigations have been carried out. In this regard,
various flow damping structures (FDSs) such as nets
(An et al. 2019), slat screens (Faltinsen and Timokha
2011; Halabian and Torki 2011; Crowley and Porter
2012; Hamelin et al. 2013; Marivani and Hamed 2014;
Marivani and Hamed 2017), baffles (Cammelli et al.
2016; Meng et al. 2020; Wu et al. 2021), floating
objects (Ruiz et al. 2016; Zhang et al. 2019), and
obstacles at the tank base (Nayak and Biswal 2016;
Kargbo et al. 2019) have been proposed.

The sloshing phenomenon of non-Newtonian fluid in
the container has been widely investigated. Zhang et
al. (2017) developed a numerical model for non-
Newtonian flows and studied the sloshing of nickel
ore slurry in a cargo hold. Moreover, the parametric
studies of the excitation frequency, excitation
amplitude, and depth to width ratio on the sloshing-
induced moment were analyzed extensively. The
results showed that the maximum sloshing-induced
moment occurred in the resonance region. Grossi and
Shabana (2018) used nonlinear continuum-based
crude oil constitutive models to study the effect of
sloshing on the dynamics and stability of a railroad
vehicle. It was observed that as the oil viscosity
increased, the longitudinal displacement of oil
decreased in both ECP braking and conventional
braking. The results showed that the use of bulkheads
reduced the maximum coupler force by 70%,
decreased the amplitude of the sloshing oscillation,
and led to an even distribution of the normal contact
force on the wheels. Shimanovsky et al. (2014)
performed finite element analysis and studied the
oscillations of Newtonian and non-Newtonian liquids
in a cylindrical transport reservoir during braking. In
this regard, the characteristics of Newtonian, Ostwald
de Waele, and Bingham models of sloshing liquid in
the tank with/without internal perforated baffles were
analyzed and the relationship between the
hydrodynamic pressure and the energy dissipation
rate of studied fluids with different filling levels was
extracted. Kuzniatsova and Shimanovsky (2015)
studied the effect of lateral baffles on the
hydrodynamic pressure and energy dissipation rate
for different types of liquids in road tanks.

Based on the performed literature survey, it is inferred
that the combination of water and FDSs can be
effectively applied to dissipate the vibrational energy
of buildings, while the combination of FDSs and non-
Newtonian fluids is mainly applied in road or marine
transportation to suppress the fluid sloshing during
the transportation. The main objective of the present
study is to propose a coupling energy dissipation
system of FDS and non-Newtonian fluids to reduce
the response of the building to the power input and
dissipate the structural vibrational energy under the
action of external excitation.

2. METHODOLOGY
2.1 Physical Model

The physical model of the system is shown in Fig. 1.
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Fig. 1. 3D schematic of the rectangular tank with
an internal baffle.

The coordinate origin is at the center of the
hydrostatic surface. The model consists of a square
steel tank with a wall thickness of 0.005 m and a
length of 0.11 m. A horizontal spring is installed
between the outer wall of the tank and the ground.
The spring stiffness was 8382.8 N/m to achieve a
sufficient vibration period and obtain the best
vibration suppression effect. A baffle with a 0.09 m
long (I8), 0.045 m high (4s), and 0.004 m wide (ws)
is mounted in the tank center. The liquid filling ratio
of the container is 50% (4.=0.05 m). The liquid level
is 0.005 m higher than the upper surface of the built-
in baffle. The container is released from the
equilibrium position of 5 mm and is subjected to free
decay motion under the influence of the spring.

Vibration attenuation of the combined system mainly
depends on the turbulence of the flow and the
interaction between the baffle and the fluid. In this
section, it is intended to compare the vibration
suppression performances of non-Newtonian fluids
and water. It is worth noting that the effect of the
structural size on the results is ignored.

2.2 Numerical Calculation Method

Vibration of the container forces the fluid to slosh
while the fluid interacts with the baffle, this process
is a complex mutual effect between the tank and the
liquid. The whole process is numerically simulated
with an implicit coupling method of partitioned
solvers. The meshed domains are presented in Fig. 2.
In the solid domain, the finite element method (FEM)
is adopted to solve the stress-strain of the structure.
The tank and the baffle have one degree of freedom
in the horizontal direction. The spring's mass and
damping and the contact friction effects between
various components are ignored during the
calculations. The Navier-Stokes equations are solved
in the fluid domain using the finite volume method
(FVM). The solid domain and the fluid domain are
coupled at the interface. The standard k-Epsilon
model is used to simulate the turbulence flow. A
second-order backward Euler algorithm is applied to
solve the governing equations in the transient format.
In this paper, non-Newtonian fluids are assumed to be
homogeneous and single-phase.

2.3 Governing Equations

The governing equations for viscous and
incompressible non-Newtonian fluids can be
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(a) Mesh of the solid domain

(b) Mesh of the Fluid domain

Fig. 2. Meshed domains.

expressed in the form below (Zhang et al. 2020):
du z 1 -

d—’f‘:f—(;)Vp+Avu (1)
V-i=0 (@)

where ¢, U, ]? , p, p and v are the time, velocity vector,
external body forces acting on the fluid particles,
density, pressure, and kinematical viscosity of the
liquid, respectively.

Shear stresses between particles in Newtonian fluids
are positively correlated with the relative movement
velocity of its layers. This can be mathematically
expressed as follows:

T=uy 3)

where 7 is yield stress, y is the shear rate, and u
denotes the dynamic viscosity coefficient.

In the present study, the Pseudoplastic model (Li et al.
2017), the Bingham model (Sun 2000), and the
Dilatant model (Doludenko 2020) are applied to
simulate the flow. The correlation between the stress
velocity and stress shear of the Bingham model can
be expressed as follows (Tang and Lu 2014):

T— Ty =[Upy,T> T “)

where 7o is initial shear stress and y, is the plastic
viscosity of the non-Newtonian fluid.

The Ostwald de Waele model can be used to describe
the viscosity of the non-Newtonian fluids based on
the shear rate. The dynamic viscosity of this model
can be expressed as follows (Kim et al. 1983; Tang
and Lu 2014):

u@) =K@ )

where K is the flow rate density and # is the power-
law index. When n<1 or n>1, the model represents the
Pseudoplastic fluid or the Dilatant fluid, respectively.

The angular frequency of the spring is calculated
from Eq. (6) as 9 Hz.
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where k is the spring stiffness and m; is the mass of
the container.

2.4 Numerical Model

The numerical method is verified by using the results
published by Xu et.al (2018). The weight of the
container is 2.1274 kg and it contains 0.332 kg of
water with a standing wave frequency of 2.82 Hz. The
initial displacement of the structure is 5 mm. It can be
seen that there is a good agreement between the
results from Fig. 3.

Three grid resolutions are tested and the displacement
response curves are presented in Fig. 4a. It is
observed that the attenuation trends in the grid size of
0.002 m and 0.001 m are consistent. The timestep
independence verification is shown in Fig. 4b. The
hexahedron grid is employed in the study for the
simulation. To accurately analyze the flow and the
interactions between the fluid and the baffle, refined
meshes are used near the boundary layer and the free
surface. Considering the computational expenses and
computing resources, the mesh size and the time-step
are set to 0.002 m and 0.002 s, respectively.
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3. RESULTS AND DISCUSSIONS

To simplify the analyses, some parameters are
defined as shown in the nomenclature table.

3.1 Attenuation of the Displacement

Figure 5 shows the response curves of the four fluids
in models A and B while the tank vibrates
horizontally with an amplitude of 0.005 m. Fig. 5a
shows that in model A, the response amplitude of
fluid #3 has a significant decay compared to fluid #1.

The largest vibration amplitude decay of fluid #1
occurs at +=0.474 s, which is 10.736% lower than the
previous peak. Moreover, it is found that the average
amplitude decay rate of fluid #3 is 12.662%.
Compared with water, the damping ratio of the
Bingham fluid is improved by 0.199%. It is inferred
that the best vibration suppression performance in the
container without a baffle (model A) can be achieved
using fluid #3 (Bingham fluid). Accordingly, the
application of fluid #3 improves the damping ratio of
the system, but the damping effect of the system
without a baffle is not good regardless of the fluid
type.
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Fig. 6. Normal forces on the container wall (Fya) in two systems with different fluids.
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Fig. 7. Distributions of Fyau and Fpape in model B for different fluids.

Figure 5b shows that in model B, the response curves
of fluids #2 and #4 decay faster than that of fluid #1.

On the other hand, fluid #3 has a relatively slow
attenuation of the response curve and the worst
vibration suppression effect on the container.
Therefore, fluid #3 is not an appropriate choice and
will not be discussed here. During the period from
0.36 s to 0.53 s, the displacements of fluids #2 and #4
are around 0.005 m and the vibration positions of
these two systems are very close to the equilibrium
position. It is concluded that fluids #2 and #4 respond
quickly to the excitation. However, the decay rate of
fluid #1 decreases with no significant difference
between the two adjacent displacement peaks. After
0.53 s, the response curves of fluids #2 and #4
increase first and then decrease. Finally, they
gradually approach the equilibrium position. The
average decay rates of the response curves of fluids
#1, #2, and #4 are 31.161%, 50.960%, and 43.794%,
respectively. Compared with water, the damping
ratios of fluids #2 and #4 are improved by 0.035%
and 0.019%, respectively.

3.2 Normal Force on the Wall

Figure 6 shows the normal forces acting on the
container wall (Farr) by the fluids in different systems.
It is worth noting that these forces originate from the
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liquid particles hitting the wall during the sloshing
process. The magnitude of Far is related to the liquid
properties and the excitation amplitude. In model A,
the energy is dissipated mainly by the impact of the
fluid on the wall. Fluid #2 has initial shear stress and
is more viscous than water so exerts a larger force on
the wall. Moreover, the response of the sloshing fluid
to the excitation has a delay compared to that of the
container, which hinders the movement of the
container and suppresses its vibration. The maximum
and minimum values of Fwa of fluid #3 along the
positive direction are 5.324 N and 1.879 N,
respectively. Furthermore, the maximum and
minimum values of Fwau along the negative direction
are -5.870 N and -1.734 N, respectively. At +=0.272 s,
the maximum decay amplitude of Fiau is 0.970 N.

In Model B, vibrational energy is dissipated by the
fluid acting on the wall, and the interaction between
the fluid and the elastic baffle. Therefore, the energy
dissipation mechanism of model B cannot be
explained based on Fwar alone. This issue is further
discussed in the following section.

3.3 The Comparison of Fyu and Fpage

The comparison of Fyar and Fpage for different fluids
is presented in Fig. 7. The magnitude of Fhrape
depends on the rheological characteristics of the fluid
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and the interaction degree between the fluid and the
baffle.

Figure 7 reveals that Fiaz values of fluids #1, #2, and
#4 are gradually slightly than their Frqpe values,
indicating that the interaction between these three
fluids and the elastic baffle is sufficient. In Model B,
the energy transferred to the container by the
excitation is mainly dissipated through the interaction
between the fluid and the elastic baffle. Fig. 7 also
shows that the Far of fluid #3 is greater than its Frafe,
indicating that the interaction between fluid #3 and
the elastic baffle is very weak, and the system mainly
suppresses the vibration through the reaction force
generated by the fluid impacting the wall.

The Fpape of fluid #1 is significantly larger than its
Fyan only at the fourth peak and then decreases
gradually because of the energy dissipation. The
Frape of fluids #2 and #4 is significantly larger than
Fwan after the second peak, indicating that these fluids
respond quickly to the excitation. Moreover, the Fpage
of fluids #2 and #4 are larger than the corresponding
Fyan in the period of 0.2 s~0.5 s. It is concluded that
the interaction between the fluid and the elastic baffle
is the dominant energy dissipation mechanism during
this period. When Fyar is smaller than Fpagme, the
maximum absolute difference (i.e. | Fagte - Fwail |max)
of fluids #1, #2, and #4 are 0.385 N, 0.581 N, and
0.651 N, respectively. It should be indicated that each
fluid has specific rheological properties so the force
curves are different in terms of fluctuation period,
decay amplitude, and stability. In addition, the
excitation is transferred from the container to the fluid,
and then from the sloshing fluid to the baftle.
Therefore, the response curve of Fpapme lags behind
that of Fiai.

3.4 Analysis of the Liquid Flow

Figures 8 and 9 show the two-phase distributions in
the tank and the velocity distribution of the flow field
at X=Xmar in models A and B, respectively. In this
section, only fluids with better damping effects than
water (fluid #1) are discussed.

Figure 5a shows that the response curve of fluid #3 in
model A is slightly lower than that of fluid #1 in the
It cycle. In subsequent cycles, the attenuation
amplitude of fluid #3 gradually increases compared
to that of fluid #1. Fig. 8 illustrates the liquid flows of
fluid #1 and fluid #3 at peak displacements from the
1t to the 4™ cycles. Within this period, fma for the
fluid #1 is 0.054 s, 0.106s, 0.158s, 0.212s,0.264
s,0.316s,0.370 s and 0.422 s, while tyax for the fluid
#3 15 0.054 s, 0.108 s, 0.160s, 0.214s, 0.268 s,
0.322's,0.376 s and 0.428 s, respectively.

Table 1 shows that the velocity magnitudes of fluids
#1 and #3 are approximately equal at 0.054 s.
However, the velocity of fluid #3 is significantly
lower than that of fluid #1 after #=0.106 s. Values of
vmax for these two fluids in the 1% cycle are shown in
Table 1. Moreover, Fig. 8 illustrates that strong liquid
sloshing happens in fluid #1 and its horizontal motion
is more severe than in fluid #3. Crests and wave
breaks are generated as fluid #1 hits the wall and
during the reverse flow. Variations of the free surface
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Table 1 vmax value in the 1t cycle

In the positive In the negative
Fluid direction direction
t/s Vmax t/s Vmax
/(m-sh) /(m-sh)
1 0.054 0.254 0.106 0.475
3 0.054 0.211 0.108 0.095

in fluid #3 are smoother and more restrictive than that
of fluid #1, and the velocity of fluid #3 is always
lower than that of fluid #1. This may be attributed to
the inherent properties of fluid #3. This type of fluid
flow requires certain initial stress to initiate,
otherwise, it acts as a solid. When the container
vibrates, some energy is consumed by driving the
flow of fluid #3. Therefore, the energy carried by the
fluid when it starts to flow is less than the total energy
transferred to the container from the external source
of excitation (Korobeinikov 2000; Zhang et al. 2016;
Shamsoddini and Abolpour 2021).

Figure 5b shows that in model B, the peak
displacements of fluids #2 and #4 are slightly higher
than that of fluid #1 in the 2" cycle, decays from the
31 cycle, and the highest displacement reduction
occurs in the 5™ cycle. Fig. 9 shows the flows of these
three fluids in the 2" to 5 cycles.

In the 2™ cycle, fluids #2 and #4 respond rapidly to
the excitation and the disturbance is generated at the
top of the baffle. Table 2 shows the vimax value of these
three fluids during this cycle.

During the vibration process, the baffle's bending
degree illustrates interactions between the baffle and
the fluid. Fig. 9a shows the wave breaking near the
wall, liquid backflow originating from the container
vibration, and the flow disturbance caused by the
swing of the baffle. It is observed that when the flow
field velocity decreases after 0.406 s, these
phenomena diminish or disappear.

Figure 9b demonstrates that the energy of the system
is dissipated mainly through the vortex generated at
the top of the baffle. In the initial stage, a large
external excitation increases the velocity gradient
inside the fluid, which increases the shear rate of the
fluid instantaneously and increases instability (Li ef
al. 2016) of fluid #2. Therefore, fluid #2 is highly
susceptible to the swing influence of the baffle and a
vortex appears at the top of the baffle.

Table 2 Vi value in the 2% cycle

In the positive In the negative
direction direction
Fluid
Vmax Vmax

t/s J(m-sY) t/s I(m-sY)
1 0.158 0.779 0.210 0.875
2 0.156 0.987 0.208 1.009
4 0.158 1.066 0.208 1.009
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Time 0.054[s]
Velocity

Equilibrium position

0.254

0.226
0.198
0.169
0.141
0.113
0.085
0.056
0.028
0.000

[m sr-1]

Time 0.106 [s]
Velocity

Equilibrium position

0.475
l 0.422
0.369
0.316
 0.264
l 0.211
0.158
0.105
0.053
0.000

[m s?-1]

Time 0.158 [s]
Velocity

Equilibrium position

0.258

0.229
0.201
0.172
0.143
0.115
0.086
0.057
0.029
0.000

[m s-1]

Time 0.212[s]
Velocity

Equilibrium position

0.564

0.502
0.439
0.376
0.314
0.251
0.188
0.125
0.063
0.000

[m s7-1]
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Time 0.054[s]
Velocity

Equilibrium position

0.254
0.226
0.198
0.169
0.141
0.113
0.085
0.056
0.028
0.000

[m s?-1]

Time 0.108 [s]
Velocity

Equilibrium position

0.475

0.422
0.369
0.317
0.264
0.211
0.158
0.106
0.053
0.000

[m s?-1]

Time 0.16[s]
Velocity

Equilibrium position

0.258

0.229
0.201
0.172
0.143
0.115
0.086
0.057
0.029
0.000

[m s?-1]

Time 0.214[s]
Velocity

Equilibrium position

0.564

0.501
0.439
0.376
0.313
0.251
0.188
0.125
0.063
0.000

[m sA-1]
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Time 0.264 [s]
Velocity

Equilibrium position

- 0.360

0.320
0.280
0.240
0.200
0.160
0.120
0.080
0.040
0.000

[m s?-1]

Time 0.316[s]
Velocity

Equilibrium position

0.436

0.387
0.339
r 0.290
0.242
0.194
0.145
0.097
0.048
0.000

[m sA-1]

Time 0.37[s]
Velocity

Equilibrium position

0.344

0.305
0.267
0.229
0.191
' 0.153
0.115
0.076
0.038
0.000

[m sA-1]

Time 0.422[s]
Velocity

Equilibrium position

l 0.448
0.398
0.348

- 0.299
0.249

Mf 0.199

- 0.149

0.100
I 0.050
0.000

[m s™-1]

(a) Fluid #1(Water)

Equilibrium position

Time 0.268 [s]
Velocity

l 0.360
' 0.320

0.280
- 0.240
0.200

M-» 0.160

- 0.120

0.080
I 0.040
0.000

[msr-1]

-~

Equilibrium position

Time 0.322[s]
Velocity

0.436
0.388
0.339
r0.291
0.242
0.194
- 0.145
0.097
0.048
0.000

[m sA-1]

-

Equilibrium position

Time 0.376 [s]
Velocity

0.344
0.306
0.268
0.229
0.191
0.1563
0.115
0.076
0.038
0.000

[m sA-1]

-

Equilibrium position

Time 0.428[s]
Velocity

|

h
|

0.448
0.398
0.348
0.299
0.249
0.199
0.149
0.100
0.050
0.000

[ms?-1]

-

(b) Fluid #3 (Bingham fluid)

Fig. 8. The comparison of the liquid flow in model A for different fluids.
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Equilibrium position
Time 0.158 [s]
Velocity

1.066
0.948
0.829
071
0.592
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0.000 0.000 0.000
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(a) Fluid #1 (Water)

(b) Fluid #2 (Pseudoplastic fluid)

| [m s*-1]

(c) Fluid #4 (Dilatant fluid)

Fig. 9. Flow contours in the model B for different fluids

Figure 9c shows that the free surface of fluid #4 is
severely broken and the fluid near the wall even
"climbs up" along the wall. The top of the baffle has
a long duration of disturbance to the fluid and a wide
range of action. The transient excitation affects the
properties of fluid #4. With the continuous decay of
the excitation, the flow of fluid #4 reversibly
progresses towards shear thinning.

4. CONCLUSION

In the present study, a novel vibration suppression
system is proposed. The system is based on sloshing
non-Newtonian liquids with an elastic baffle. To
evaluate the vibration suppression performance of the
system, numerical simulations are carried out and
microflows of these fluids are analyzed. From the
simulation results we can conclude that

(1) In the system without a baftle, the best vibration
suppression performance can be achieved from
the Bingham fluid (fluid #3), where some energy
is consumed to overcome the initial shear stress
and drive the fluid flow. When using the
Bingham fluid as the damping liquid, the
excitation of the fluid flow requires a large
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energy input. The average amplitude decay rate
of the structure is 12.662% with about 0.199%
improvement in the damping ratio when
compared to water.

(2) In the system with an elastic baffle, both the
Pseudoplastic fluid (fluid #2) and the Dilatant
fluid (fluid #4) have better vibration mitigation
performances than water. Moreover, both fluids
have rapid responses to external excitation.
When applying these two fluids as the damping
liquid, the average decay rate of the response
curve is 50.960% and 43.794%, respectively.
Their damping ratios are 0.035% and 0.019%
higher than that of water, respectively. In the 2"
cycle, fluids #2 and #4 respond rapidly to the
excitation and the disturbance is generated at the
top of the baffle. It is found that the flow
instability of the Pseudoplastic fluid increases
the shear rate and the energy dissipation by the
vortex, which forms at the top of the baftle. The
flow of the Dilatant fluid develops reversibly
towards shear thinning after being transiently
excited. The energy is dissipated by wave
breaking on the free surface and by disturbances
generated at the top of the baffle.
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The performed analyses demonstrate that under
simple harmonic vibrations, the vibration suppression
performance of the proposed system with an internal
clastic baffle immerged in a non-Newtonian fluid
outperforms the capacity of the conventional TLD
with water as the damping liquid. This study provides
a reference for the application of non-Newtonian
fluids in vibration suppression.
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