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Abstract. A Computational Fluid Dynamics model is presented in this study for the simulation of the
complex fluid flows with free surfaces inside the Tuned Liquid Column Dampers in horizontal motion.
The characteristics of the fluid model of the TLCD in horizontal motion include the free surface of the
multiphase flow and the horizontal moving frame. In this study, the time depend unsteady Standard 4-&
turbulent model based on Navier-Stokes equations is chosen. The volume of fluid (VOF) method and
sliding mesh technique are adopted to track the free surface of water inside the vertical columns of TLCD
and treat the moving boundary of the walls of TLCD in horizontal motion. Several model solution
parameters comprising different time steps, mesh sizes, convergence criteria and discretization schemes are
examined to establish model parametric independency results. The simulation results are compared with
the experimental data in the dimensionless amplitude of the water column in four different configured
groups of TLCDs with four different orifice areas. The predicted natural frequencies and the head loss
coefficient of TLCDs from CFD model are also compared with the experimental data. The predicted
numerical results agree well with the available experimental data.
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1. Introduction

In recent years, the newly developed construction technologies toward lighter and stronger
materials have facilitated the realization of more and more high-rise buildings in many urban areas
where space usage is demanding. The typical examples are the Petronas Twin Tower (452 m) in
Kuala Lumpur, Malaysia, and Taipei 101 Building (508 m) in Taipei, Taiwan and the under-
construction super-high building — Burj Dubai (807.7 m) in Dubai. However, the down side with it
is the high susceptibility of their responses to wind loading, especially the induced acceleration
magnification frequently causes occupants’ discomfort. Thus, for structures such as these, it is very
desirable to use control devices for the sake of vibration suppression. Among many varieties of
control devices, the tuned liquid column damper (termed as TLCD) that is composed of fluid in a
U-shape of liquid column container is a good candidate. During a motion, this device can dissipate
energy by the relative movement of the fluid passing through an orifice located in the liquid
column. In terms of advantages over other types of energy-dissipating dampers, the properties of
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TLCD (such as the natural frequency and damping) can be reliably and precisely determined from
the length of the liquid column and the orifice size.

The original idea of TLCD was developed by Sakai et al. (1989) for suppression of horizontal
motion of structures. After that, quite a few research papers, namely Xu et al. (1992), Hitchcock et al.
(1997), Balendra et al. (1998), and Felix et al. (2005) have verified its effectiveness for suppressing
wind-induced horizontal responses, among whom Hitchcock ef al. even investigated a general type
of TLCDs that have non-uniform cross-sections in the horizontal and vertical columns, termed as
liquid column vibration absorber (LCVA). De Souza et al. (2006) examined the effect of a liquid
damper in some dynamical regimes characterized by coexistence of both periodic and chaotic
motion. Chen and Ding (2008) investigated the dynamic characteristics of the passive, semi-active,
and active TLCDs. Recently, the application of TLCDs was further extended to the suppression of
pitching motion for bridge decks (e.g., Xue et al. (2000) and Wu ef al. (2008). For the application
to the control of horizontal motion toward implementation, some researchers have spent efforts on
determining optimal TLCD designs, such as Chang (1999) on undamped structures, Wu et al.
(2005) on damped structures, and Yalla er al. (2000) on both damped and undamped structures.
Some researchers focused on different type of TLCD. Fu (2009) investigated the influence of
several tuned liquid column gas damper (TLCGD) with gas-spring effect to reduce coupled
translational and rotational vibrations of plan-asymmetric buildings under wind or seismic loads.

Computational fluid dynamics (CFD) is one of the branches of fluid mechanics that uses
numerical methods and algorithms to solve and analyze problems that involve fluid flows. The
aadvanced technology makes computers faster and more powerful, which allows CFD procedures to
be applied to many experimental flow problems. Today, increasing applications of CFD to
engineering problems include wind, marine, chemical, and hydraulic engineering. Adding functions
of the Volume of Fluid (VOF) and sliding mesh, the free surface and moving computing domain
problems can be solved by CFD. Liovic et al.(2001) used the VOF approach for tracking the
interface distortions of flow. Martinez-Calle et al. (2002) applied the sliding mesh technique to
account for the rotation in an open water numerical model for marine propeller. Maronnier et al.
(2003) solved the velocity field of three-dimensional free surface flows by VOF method. Chen et al.
(2004) successfully simulated the turbulent flow field of the stepped spillway by k-& turbulent and
VOF model. Fixed and sliding meshed with unsteady Reynolds averaged Navier-Stokes equations
had been used to simulate the aerodynamic characteristics of a rotating cylinder for the assessment
of accuracy of rotating meshes by Filippon (2005). Recently, the VOF and sliding mesh models
were combined to deal one problem. Chen et al. (2006) employed both the sliding mesh and VOF
models to simulate the flow in the surface flow accelerator system. Zhou et a/.(2007) adopted the
VOF method and sliding mesh technique to track the interface evolution and treat the moving
boundaries of rotors during early stage of mixing of two immiscible polymer melts.

In this paper, CFD is used to simulate the water flow inside the TLCD in horizontal motion. The
simulation results are compared to experimental measurements to predict the dimensionless
amplitude of water column in the different configured groups of the TLCD. In the past, the
information of the basic properties of the TLCD can be obtained only by performing the
experiments. However, the costs and time of doing the physical experiments are usually very high.
If a reliable computational fluid dynamic model can be developed to predict the information, it is
beneficial for the structure engineers and the TLCD designers. With less time and money, the CFD
simulation is helpful in getting the same result as the experiment without being restricted by space
problems, for example, it is difficult to find a suitable place if a large size of the TLCD model is
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needed. Moreover, a reliable CFD simulation usually can predict the experimental frame of the
TLCD in advance of the experiment.

2. Experimental calibration of the TLCD properties

In order to provide more information on the basic properties of TLCDs, such as natural frequency
and the head loss coefficient, this section presents the calibration results of TLCD properties in the
free vibration and harmonic forced vibration tests using the shake table. A schematic diagram of a
SDOF structure equipped with a TLCD under wind excitation is shown in Fig. 1. Four differently
configured groups of TLCDs with uniform cross-sections as shown in Fig. 2 were constructed. The
design of a rectangular cross-section and sharp-edged elbows is due to the simplicity in
manufacturing. To examine if the size of liquid mass has effects on the basic properties, each
configured group contains three TLCDs that each has the cross-section areas of 15cm x 15 cm,
30cm X 15cm and 45 cm x 15 cm, respectively. Since the damping of the TLCD is mainly

= density p
y orifice T L,

i F@)

Fig. 2 Four configured groups of the TLCDs on the shake table: (a) configured group I, (b) configured Group II,
(c) configured group III and (d) configured group IV
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produced by energy dissipating mechanism while the flow passes through the orifice located in the
middle of the horizontal column, four different orifice areas with area blocking ratios (\¥) of 20%,
40%, 60% and 80%, respectively, are used in each configured group to calibrate the corresponding
head loss coefficient 1. The detail dimensions of each configured group are listed in Table 1; D
represents the amplitude of the table displacement during harmonic forced vibration tests.

2.1 Calibration of the natural frequency

First, the four configured groups of the TLCDs are sequentially placed on the shake table. The
natural frequencies of the TLCDs are calibrated for each group by recording the response of the free
vibration tests, in which the liquid surface movement was excited by driving the shake table at a
frequency close to the resonance frequency and then suddenly stopping its motion. Shown in the
upper part of Table 2 are the natural frequencies thus measured for each group. It was found that
the size of liquid mass does not have an effect on the natural frequency. The calibrated results in
Table 2 concluded that the analytical natural frequency w, = (2g/L)"*/2n (Hz) is reliable because the
errors between the measured and predicted frequencies are less than 2%.

2.2 Calibration of the head loss coefficient

To calibrate the head loss coefficient, the forced harmonic vibration tests are performed for each

Table 1 Dimensions of the configured groups of the TLCDs

Model 1 Model 1T Model III Model IV
L, (cm) 85 115 145 175
L, (cm) 63.75 57.5 48.33 37.5
A, =4, (cm2) 15% 15 15% 15 15% 15 15* 15
i ) 20,40 20,40 20,40 20,40
Blocking ratio(%)
60,80 60,80 60,80 60,80
p=L,/L 0.4 0.5 0.6 0.7
L = (cm) 212.5 230 241.67 250
D (cm) 4 4 4 4
Table 2 Calibrated results of the TLCD property tests
Configured group
I II I v
Natural frequency @, (rad/sec) 0.4923 x 21 0.4727 x 21 0.4595 x 21 0.4516 x 21
(Error w.r.t. Predicted) (1.8%) (1.7%) (1.3%) (1.3%)
Head loss coefficient 1
Blocking ratio ¥ = 20% 3.96 3.55 3.40 3.40
Blocking ratio ¥ = 40% 6.10 5.80 5.70 5.55
Blocking ratio ¥ = 60% 12.80 12.40 12.50 12.00
Blocking ratio ¥ = 80% 54.50 54.00 59.00 56.00
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group by driving the shake table at various frequencies, and hence the liquid response is recorded.
The head loss coefficients are calibrated by comparing the measured amplitude responses of the
liquid displacement and those from the analytical formula derived in the following. With v being set
to 1 and x being substituted by ¢”™ | the response of J can be easily solved in terms of &, o;
and 27k By taking the absolute Value on both sides, the amplitude of y can be solved as

J2m2 (1 — 12+ (An* (1= D) + K8/ 3np) dniyD)

L= 1
% K(8/3np) M

P = Lh/L

k=w/ Wy

y=pD/L,

7=(-0.6¥+2.1¥"H51-p)?

L=2L,+1L,

 : excitation frequency

@, : natural frequency of a TLCD;

Y. area blocking ratio in the orifice of a TLCD
n7 : head loss coefficient

For each configured group, by adjusting the head loss coefficient 7 to the proper values, the
amplitude of y versus k was plotted together with the experimental data to fit each other, as
denoted by the solid curves shown in Fig. 3. The head loss coefficients thus calibrated is listed in
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3 3
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Fig. 3 Experimental results of  amplitudes for each configured group of the TLCD in the forced vibration
tests: (a) configured group I, (b)configured group II, (c)configured group III and (d)configured group
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the lower part of Table 2. The detail information of the experimental calibration of the TLCD
Properties can be obtained in the paper title of “Design guidelines for tuned liquid column damper
for structures responding to wind” by Wu et a/.(2005).

The meanings of the symbols are listed below:

: The amplitude of water (the largest amplitude under steady-state)

: Dimensionless amplitude (the largest amplitude under steady-state)

- Cross-section area of the vertical post

Ay Cross-section area of the horizontal post

Lj: Vertical length of post of the TLCD (Tuned liquid column damper)
L,: Horizontal length of post of the TLCD (Tuned liquid column damper)
D: Amplitude of the harmonic motion on the vibration table

Y
b
A

3. Numerical modeling and procedure

The numerical simulation tool used in this study was the computational fluid dynamics software,
Fluent. Fluent is designed based on a finite volume discretization of the equations of motion. In this
study, unsteady kappa-epsilon (x — &) turbulence models with the VOF method and the sliding mesh
technique are adopted to track the interface evolution of the water surface and also calculate the
head loss coefficients and Natural frequency.

3.1 Mathematical model

The flow of water and air inside the TLCD is assumed to be an incompressible fluid with variable
properties. RANS equations govern the fluid motion subject to the continuity constraint:

The Continuity Equation

= =0 @

The Momentum Equation

2
aui+ a_u’ = _lgﬁ_'_,ﬂ_a ui_i 'y

— tu, Uy + g,

ot u’@xj pOX;  pOxx; 8xj(u’ uj)+ & ®)
=L (5_% %)_Z
Ui p,ut 8xj+8x,» 3k51j/ “)

Where, U is velocity, P is pressure, o is fluid density, —u;'u;' is Reynolds stress, g; is gravity, and
1 1s eddy viscosities, respectively. The fluid properties are computed knowing the volume fraction
of the liquid phase ¢, introduced in the next section

p=ap+(1- al)pg (5)
o= oyt (- al)/ug (6)
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where the subscripts 1 and g denote liquid and gas phase, respectively. A k& model with a
standard wall law is used for the turbulence. The turbulent kinetic energy, x, and its dissipation rate
&, are obtained from

ok ok 10 ( 4\ ok, Gy

—ty=— = ——| |yt ==+ ==

ot u’@xj paxj[ a)&xj 2, ¢ )
G, 05 L 127(, #\0e] 1 G &
8t+uj6xj paxj[ +O'g 5ij+ngle]€ ngk ®

where C,,, C,, Cp, 0}, and o, are the default x—& model coefficients. G, = 14S; is the generation of
turbulent kinetic energy due to mean velocity gradients with S; the mean rate of strain tensor. The
eddy viscosity is given by u,= C,px’/e.

3.1.1 Free surface model

In CFD, the volume of fluid method (VOF) is a numerical technique for tracking and locating the
free surface (or fluid-fluid interface). The VOF model can model two or more immiscible fluids by
solving a single set of momentum equations and tracking the volume fraction of each of the fluids
throughout the domain. The typical applications include the prediction of the jet breakup, the
motion of the large bubbles in a liquid, the motion of liquid after a dam break, and the steady or
transient tracking of any liquid-gas interface.

The VOF model relies on the fact that two or more fluids (or phases) are not interpenetrating. For
each additional phase that adds to the model, a variable is introduced to the volume fraction of the
phase in the computational cell. In each control volume, the volume fractions of all the phases sum
to unity. The fields for all the variables and properties are shared by the phases and represent
volume-averaged values, as long as the volume fraction of each of the phases is known at each
location. Thus the variables and properties in any given cell are either purely representative of one
of the phases, or representative of a mixture of the phases, depending upon the volume fraction
values. In other words, if the q’h fluid's volume fraction in the cell is denoted as ¢, then the
following three conditions are possible:

* &, = 0 : The cell is empty (of the ¢” fluid).

* &, = 0 : The cell is full (of the ¢” fluid).

* 0 <a;< 0 : The cell contains the interface between the qth fluid and one or more other fluids.

Based on the local value of ¢”, the appropriate properties and variables will be assigned to each
control volume within the domain.

The Volume Fraction Equation

The tracking of the interface(s) between the phases is accomplished by the solution of a continuity
equation for the volume fraction of one (or more) of the phases. For the g™ phase, this equation has
the following form

oo S,
—4 4. = —
5 Y Va, ) ®)

By default, the source term on the right-hand side of Eq. (8), S% is zero, but a constant or user-
defined mass source for each phase can be specified. The volume fraction equation will not be
solved for the primary phase; the primary-phase volume fraction will be computed based on the
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following constraint
a, =1 €))

3.1.2 Sliding mesh model

When a time-accurate solution for rotor-stator interaction is desired, the sliding mesh model is
used to compute the unsteady flow field. The sliding mesh model is not only the most accurate
method for simulating flows in multiple moving reference frames, but also the most computationally
demanding. Most often, the unsteady solution that is sought in a sliding mesh simulation is time-
periodic. That is, the unsteady solution repeats with a period related to the speeds of the moving
domains. However, the other types of transients including translating sliding mesh zones can also be
simulated. For example, two cars or trains pass in a tunnel.

The TLCD is a horizontal moving object, so the dynamic mesh model has to be used in the
moving border. In this study, the moving behavior of the TLCD is a special case of the sliding mesh
model. Usually there is a virtual (grid) interface between rotor and stator at sliding mesh model.
However, there is no interface set in the case because TLCD model moved the whole calculation
domain. The walls of TLCD and the internal grids move simultaneously, so the grid is not
reorganized or deformed.

3.2 Numerical model

In this study, the multiphase flow model that includes air and water is selected. By using the
sliding mesh and the dynamic mesh technique of the Fluent, the TLCD is able to achieve the simple
harmonic motion in horizontal. Moreover, by using the VOF model, we can further track the
location of the water surface after being vibrated. However, in the case of free surface simulation,
the influence of the gravity field needs to be considered. That is, the gravity is set te be 9.81m/s*.
Fig. 4 shows the structure grid and refined grid at the region of the free surface at the calculation
domain.

In order to obtain the optimum parameters, which include the selections of turbulence model,

I

Fig. 4 The structure grid and refined grid at region of free surface
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boundary condition, simulation time duration, time step size, and grid size etc., the different
combination of parameter cases are tested. Fig. 5 showed the numerical domain and the settings of

boundary condition. Table 3 lists the parameter settings of final numerical model. Fig. 6 shows the

Open (pressure-inlet)

Orifice

e

Body (wall) \ / Cell (interior)

Dynamic Zones

Fig. 5 Numerical domain and settings of the boundary condition

Time at
64.0sec

64.6sec

65.2sec 65.8sec

64.2sec 64.8sec 65.4sec 66.0sec

64.4sec

65.0sec 65.6sec 66.2sec

Fig. 6 Continuous pictures of the moving amplitude of water in the TLCD for time duration from 64 sec to
66.2 sec

Table 3 Numerical solution parameters used in the CFD simulation

Numerical model Unsteady time-depend Standard x-& model and VOF model
Computational domain Same with the experiments (table 1)

Boundary conditions Sliding mesh and dynamic mesh model

Computational grid Structured grid and refined grid at region of free surface
Simulation time duration 80 seconds

time step size 0.01 second

Under-relaxation parameters VOF: 0.4 (pressure), 0.7 (velocity)
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change of the dimensionless amplitude of water inside the vertical columns of the TLCD of
configured group I that is in red (dark) color for simulation time duration between 64 seconds and
66 seconds. The turbulent flow model is a standard k£ — & model with the blocking ratio of 20%,
and the vibration frequency is 0.49167 per sec.

4. Comparison of the simulation results to the experimental results

The comparison of the dimensionless amplitude of the CFD and the experiment are shown in Fig. 7.
Overall, the CFD prediction of the configured group I represents the best among other three models.
If the blocking ratio is considered in the case, the bigger the blocking ratio, the better the accuracy
of the CFD predictions. For example, the configured group III represents the worst CFD predictions
if considering the locking ratios. When the blocking ratio is 20%, the prediction difference between
the CFD and the experiment is around 10%. If the blocking ratio is 80%, the prediction difference
is around 3%. When the blocking ratio is 0%, the CFD prediction for dimensionless amplitude is
relatively close to the prediction of dimensionless amplitude when the blocking ratio is 20%. (The
experiment does not perform with the blocking ratio 0%). If the nondimensional frequency is
considered, when the excitation frequency is equal to the natural frequency, the prediction difference
between the CFD and the experiment is the greatest. If the nondimensional frequency is either lower

0.2 0.2
@ Blocking Ratio = 0% © Blocking Ratio =0%
< Blocking Ratio = 20% oo + Blocking Ratio = 20%
> 0.16 (m Blocking Ratio = 40% 0.16 | = Blocking Ratio =40%
5 5 Blocking Ratio = 80% . 5 Blocking Fatio = 60%
= o i io =80%
° 012 g 012 o Blocking Ratio = 80%
) °
2 2
TE:_ 0.08 S 0.08
< (@) g (b)
0.04 0.04
0 0
0.6 0.8 1 1.2 0.6 0.8 1 1.2
Nondimensional frequency, k Nondimensional frequency, k
0.2 0.2 ® Blocking Ratio = 0%
o Blocking Ratio = 0% ! 0 oy
+ Blocking Ratio = 20% 046 | & Blocking Ratio = 20%
> 0-16 = Blocking Ratio = 40% o ® Blocking Ratio = 40%
3 & Blocking Rato 0% 5 | SBcmaratezgre
o Blocking Ratio = 80% =80%
S 0.2 ocxing nate S 042
T T
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é_ 0.08 ?E,_ 0.08
< C < d
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0 . 0
0.6 0.8 ) 1 1.2 0.6 0.8 1 1.2
Nondimensional frequency, k Nondimensional frequency, k
O¢M/ O: CFD

— : Experimental value

Fig. 7 Comparisons of amplitudes with experiment and CFD in forced vibration tests: (a)configured group I,
(b)configured group II, (c)configured group III and (d)configured group IV
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Table 4 Comparisons of head loss coefficient with experiment and CFD
Experiment CFD Experiment CFD Experiment CFD Experiment CFD

Head loss coefficient

I I 111 v
Blocking ratio #= 0% - 3.74 - 3.74 - 3.77 - 3.66
Blocking ratio #'=20% 3.96 4.25 3.55 4.29 34 43 3.4 4.25
Blocking ratio #'= 40% 6.1 6.56 5.8 6.67 5.7 6.68 5.55 6.69
Blocking ratio #'= 60% 12.8 12.99 12.4 13.07 12.5 13.22 12 13.4
Blocking ratio %= 80% 54.5 51.2 54 51.15 59 51.01 56 51.2

Table 5 Natural frequency of experiment and CFD as compared with theory

Analytical natural I 11 11 1\
frequency wa = (2g / L)*(rad/s) 0.4836 x 2m 04648 x 21 0.4535 x 2n  0.4459 x 2n
. Natural frequency wq (rad/s) 0.4923 x 2n 0.4727 x 2m 0.4595 x 2n  0.4516 x 2n
Experiment .
(Error w.r.t predicted) 1.8% 1.7% 1.3% 1.3%
CED Natural frequency wq (rad/s) 0.4909 x 2n 0.4713 x 2m 0.463 x 2 0.4542 x 2n
(Error w.r.t predicted) 1.5% 1.4% 2.1% 1.9%

or higher, the CFD has more accurate predictions.

The process of obtaining the head loss coefficient and the natural frequency by using the
numerical simulation results is the same as using the experimental data. The head loss coefficients
calibrated by using the CFD data are compared with the head loss coefficients calibrated by using
the experimental data. As shown in Table 4, the head loss coefficients obtaining from both the CFD
predictions and the experiment are very close. It is also noted that for each blocking ratio, the CFD
predicts relatively close head loss coefficient values for each configured groups. Therefore, it can be
concluded that the head loss coefficient is neither affected by the different size of liquid mass nor
by the different configurations (different p). It is only significantly affected by the area blocking
ratio ¥ in the orifice. Table 5 shows the natural frequencies of both the experiment and the CFD
compared with the analytical natural frequencies with blocking ratio 20% for four configured
groups. The difference of the TLCD natural frequency calibrated by the CFD and analytical natural
frequency is about 1% to 2%. Similarly, the difference of the TLCD natural frequency calibrated by
the experiment and analytical natural frequency is about 1% to 2%.

5. Conclusions

It is concluded that the CFD software, Fluent, can effectively predict the free surface of water
inside the vertical columns of the TLCD, and calibrate the natural frequencies of the TLCD with
different moving frequencies and blocking ratios by combining both the volume of fluid (VOF)
method and the sliding mesh technique. The results of the comparison between the numerical
simulations and the experimental measurements show that it is not difficult to achieve similar trends
in flow behavior inside the TLCDs if the adequate grid resolution, accurate boundary conditions and
improved turbulence models are provided. The study concludes that the CFD is relatively reliable in
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the research and development of TLCD.
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