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Abstract: Liquid sloshing can be suppressed by the installation of baftles. The influence of a ring baffle on sloshing reduction is
investigated based on an analysis of parameter sensitivity through computational fluid dynamics (CFD) simulation. Firstly, a series
of liquid sloshing experiments with a liquefied natural gas (LNG) independent type C model tank is designed to validate the
numerical method. Four definition parameters of the ring baffle, the height (), the position installation (P), the inclined angle (6),
and the thickness (), are selected as effective factors, and the efficiency of sloshing reduction is used as the comparison criterion.
Research cases of parameter sensitivity are designed by orthogonal tests and computed by a validated numerical method. It is
found that the thickness has little effect but the other parameters, especially the height, have significant influence in suppressing
sloshing. The directions of improvement of the significant actors are analyzed. The effective height of the ring baffle is discussed
numerically with different excitation angles. It is demonstrated that increasing the height of the ring baffle will not bring further

improvement in efficiency of sloshing reduction after it exceeds 20% of the tank diameter.
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1 Introduction

The sloshing phenomenon is usually encoun-
tered in partially filled moving tanks, such as floating
production storage and offloading (FPSO), floating
storage and regasification unit (FSRU), liquefied
natural gas (LNG) fuel bunker vessels in operation,
and liquid storage tanks in dual engine ships or oil
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tank cars. This highly nonlinear phenomenon (Lu et
al., 2016) may lead to violent impact pressures near
the liquid free surface. When the lowest natural fre-
quency of the liquid is close to the excitation fre-
quency, sloshing becomes violent and significantly
compromises structural safety and the stability of the
vessel. Usually, installing sloshing suppressing de-
vices is a practical and effective way of bringing en-
ergy dissipation and shifting the natural period of
baffle-free sloshing (Cho and Kim, 2016).

Extensive investigations have been performed
on devices for suppressing sloshing. Nonlinear liquid
sloshing inside a partially filled rectangular tank has
been investigated numerically by Celebi and Akyildiz
(2002). They found that producing a shear layer,
where energy is dissipated by viscous action, is a
method of reducing sloshing by incorporating a baf-
fle. The motion of the free surface induced by slosh-
ing has a high speed. Therefore, Yu et al. (2017)
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designed a floating baffle to block the oscillation of
the free surface regardless of the filling ratio. The
performance of the floating baffle is discussed ex-
perimentally and its dissipative mechanisms are ob-
tained by numerical methods verified by experiments.
Lloyd et al. (2002) studied experimentally several
kinds of baffles, including solid dashed, oblique,
spiral, round, and perforated ones. The experiments
were conducted in a one-sixth scale model of a cry-
ogenic road tank. Analogously, two types of baffles
are discussed by Panigrahy et al. (2009) through a
series of experiments. It can be found that, as a ring
baffle can absorb the energy at the walls and dissipate
it to all the walls, it is more effective than the con-
ventional horizontal baffles. Wei et al. (2015) identi-
fied the solidity ratio of a slat-screen that provided an
optimal suppressing function on wave elevation and
slamming pressures on the vertical tank wall.
Meanwhile, the authors found seven kinds of wave
scenarios under the specified conditions. Cho and
Kim (2016) theoretically and experimentally inves-
tigated the effect of a dual vertical slat-screen on
sloshing reduction inside a rectangular tank. It was
found that optimal porosity, submergence depth, and
installation position play key roles in suppressing
sloshing motions. Concentrating on the influence of a
perforated vertical baffle, Xue et al. (2013) designed
physical experiments to compare its effectiveness in
reducing liquid sloshing. The suitable orifice size of a
perforated baffle is considered for an effective baffle
arrangement in tanks by weakening the sloshing am-
plitude at higher excitation frequencies. Other re-
searchers have considered non-rectangular tanks. The
damping characteristic of ring baffles in a vertical
cylindrical tank was studied experimentally and nu-
merically by Akyildiz et al. (2013). It has been con-
cluded that the arrangement of ring baffles is an im-
portant factor in reducing sloshing loads. Kang and
Liu (2010) also stated that the vertical position of the
baffle in an oil tank is the key to reducing the force
and rolling moment during turning and braking. That
conclusion is validated by the computational fluid
dynamics (CFD) method. Zhang et al. (2016) carried
out their research on nickel ore slurry sloshing in a
prismatic cargo hold. The critical height of the lon-
gitudinal baffle, which can maximize damping factor,
was presented and discussed by a numerical method
based on data from the experiments.

In general, baffles are the most widely used of
sloshing suppressing devices because of their sim-
plicity of installation and high performance (Kim and
Lee, 2008). In this paper, the anti-sloshing efficiency
of a ring baffle set in the LNG independent type C
tank is investigated based on analysis of parameter
sensitivity through a CFD simulation. The physical
experiments are designed to validate the numerical
method, which is used to access the damping effect of
the ring baffle. To reduce the number of numerical
tests, an orthogonal test design is applied in analysis
of parameter sensitivity and the main influencing
factor is determined. After that, this factor is numer-
ically discussed to determine its critical level.

2 Numerical method and mathematical model

The excitation motion of the tank is longitudinal,
namely, around the z axis and the origin of axis
(Fig. 1). For efficiency of calculation, a half tank
model simplified from the test model is used for the
numerical calculation.

The viscous fluid sloshing in the tank is subject
to a continuity equation and the Navier-Strokes
equation. The governing equations are as follows.

(a) The continuity equation is
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where p and u; are density and velocity, respectively. ¢
is the time.

(b) The Reynolds-averaged Navier-Stokes
(RANS) equation is
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where p is the time averaged pressure; u is the dy-
namic viscosity of water; J; is the Kronecker delta;
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—puju; is the Reynolds stress term; subscripts i, j,

and / are the coordinate directions.

In order to attain more reliability, especially in
the case of LNG sloshing simulations, Wemmenhove
et al. (2005) suggested that the compressibility of the
air should be taken into account. As the compressi-
bility of air has a great influence on the rising time of
impact pressure when the fluid has a low viscosity (as
water or LNQG), the air in this study is treated as an
ideal gas. Thus, the conservation of energy is also
contained in the governing equations:

2 e+£ +V. e+£
a’c" 2 Pt 3)

=V (kgVT)+V-(pr-u)+ pfiu, +Sg,

where e is the internal energy, kg is the effective
thermal conductivity, VT is the temperature gradient,
f; is the body force vector, and Sg is the source term.
However, as the variation of temperature during
sloshing can be considered as small, the temperature
in the fluid domain is regarded as constant.

The sloshing will be nonlinear and random, es-
pecially during resonance. Considering computa-
tional expense, a realizable k-¢ turbulence model is
adopted. The turbulent kinetic energy & and its rate of
dissipation ¢ are obtained by
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where g is the eddy viscosity coefficient; Gy is the
turbulent production term; f; is the curvature correc-
tion factor; Gy is the buoyancy production term; & is

the ambient turbulence value in the source terms that
counteracts turbulence decay; yy is the compressibil-
ity modification term; S; and S, are user-specified
source terms. C,, Cp, and Cgz are the constant
coefficients. o; and o, are the turbulent Prandtl num-
bers for k£ and ¢, respectively. S is the modulus of the
mean strain rate tensor. v is the kinematic viscosity.
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Fig. 1 Model for numerical computation

Unlike the standard k-¢ turbulence model, in the
realizable model the coefficient C, for attaining tur-
bulent viscosity is computed as

1

= (6)
kU
A0+A57

M

where
U =JS:S+W:Ww, 7)
S=NVu+Vu')/2, (8)
W=(Nu-Vu')/2, 9)

where S is the strain rate tensor, W is the rotation rate
tensor, Vu is the velocity divergence, and 4, and A4
are coefficients. It can be seen that the coefficient of
turbulent viscosity is the term which considers the
mean strain and rotation rates, the angular velocity of
the system rotation, and the turbulence fields.

The volume of fraction (VOF) method is used
for capturing the free surface, which is accomplished
by tracing the volume fraction of control volumes in
the solution of the continuity equation. The fluid is
usually divided into several phases, each of which can
be written as

oa
atq +V-(aqui) =0,

(10)

where a, is the gth phase, and all phases are based on
the following constraint:
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(11)

where # is the quantity of phases.
The physical property of each phase is calculated
by its volume fraction as in the following function:

P:z/’qaq’ (12)
q=1

,uzz,uqaq. (13)
gq=1

3 Experimental setup
3.1 Experimental device

An independent type C LNG tank of 1000 m’,
which is designed to be installed at a LNG fuel bunker
vessel, is investigated here. A model tank is used in
this physical experiment at a scale of 1/17.8. The total
length (Ly) and outer diameter (D,) of the test model
tank are 1.910 m and 0.400 m, respectively (Fig. 2).
The test model tank consists of a main tank and two
heads (Model EHB 390x10PMMA JB/T 4746 (SETC,
2002)) (Fig. 2) with a thickness of 10 mm in the
model. The main tank and heads are made from
plexiglas pipeline and polyvinyl chloride (PVC),
respectively. In the head and the top of the test model
tank, seven holes for measuring sloshing pressure are
set. The arrangement of monitor points is described in
Fig. 3. The experimental fluid used in the experiment
is water, its density and viscosity are 997.561 kg/m’
and 8.887x107* Pa-s, respectively. About 5 ml red
water-solubility dye is added to help in distinguishing
the free surface. This dyeing method has been used in
many studies (Souto-Iglesias et al., 2011; Jiang et al.,
2014) and has little influence on the properties of the
water.

The motion platform and its controller cabinet
(Figs. 4a and 4b), which can simulate a ship motion
with six degrees of freedom (DOFs), are applied to
provide a sloshing motion. The parameters of the
motion platform are listed in Table 1. Flush-mounted
pressure sensors (Delorme et al., 2009) are used to
capture loads induced by sloshing. The measuring
ranges are 0—10 kPa, with an accuracy of 0.2% FS
(full scale). In addition, with the application of a high-

speed camera, the shape of the free surface can be
traced at 50 pictures a second.

Main tank

Do

Head Ly

Fig. 2 Test model tank

Fig. 3 Arrangement of monitor points for pressure senor
(unit: mm)

Fig. 4 Pictures of test rig used in this experiment
(a) 6-DOF motion platform; (b) Controller cabinet

Table 1 Parameters of 6-DOF motion platform

Max Velocity relative
DOF . .
displacement to central point
Surge +240 mm
Sway +210 mm +300 mm/s
Heave +160 mm
Pitch +25°
Roll +25° +50 °/s
Yaw +35°

3.2 Test case

As the length-diameter ratio of the test model
tank is almost 1/5, the tank is very sensitive to
longitudinal excitation. For a ship, roll, pitch, and
heave are the most common situations (Wang et al.,
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1998). Hence, pitch was selected to excite the test
model tank. In this study, the filling level is measured
by the inner diameter (D;) of the model tank. Four test
cases are chosen to verify the numerical method. The
parameters of test cases are listed in Table 2, in which
fu represents the natural frequency.

Table 2 Parameters of test cases

Case Flilling Excitation E;cr:lt;atﬁgrel
evel frequency (rad)
No. 1 0.60D; 1.01; (0.36 Hz) 0.052
No. 2 0.60D; 1.21; (0.40 Hz) 0.052
No. 3 0.60D; 1.0, (0.36 Hz) 0.087
No. 4 0.25D; 1.0£; (0.22 Hz) 0.052

Free oscillation of a liquid is adopted to obtain
the natural frequency at a specified filling level. To
this end, the pressure time history is achieved after the
tank is stopped at considerable velocity. Then, a fast
Fourier transform is used to analyze the frequency
domain of the pressure time history. The spectral peak
frequency corresponding to the maximum pressure
spectrum is the lowest order natural frequency. Con-
sidering the properties of the motion platform, the
value of natural frequency can be derived to two
decimal places, namely, 0.01 Hz.

To eliminate the effect of the initial situation, the
pitch motion will be written as

o.t .

—=-sin(2mf?), 0s<t<20s,
0.1)=+<20 (@) (14)

0, sin(2mft), t>20s,

where 0,,,() is the radian or displacement of the model
tank movement, 6, is the maximum amplitude of
excitation, f'is the excitation frequency, and ¢ is the
time of excitation. It can be seen that the test model
tank will take 20 s to get to the maximum amplitude.

4 Verification of the numerical simulation

4.1 Model configuration of tank without baffle
ring

The inner surface of the test model tank is se-
lected as the model for simulation. A Cartesian grid is

used to mesh this model. Fig. 5 shows the internal
grid of the model tank. The refinement process is
applied to the boundary of model with a prism layer.
The quantity of grids is about 435000. On the basis
that the Courant-Friedrichs-Lewy (CFL) number is
less than 1, the time step is selected to be 0.002 s. The
boundary condition of the vertical section is set to be
symmetrical. The surfaces of model tank are set as a
no-slip wall. The rigid motion of mesh vertices in
entire fluid region is utilized to handle the tank’s
external excitation. In the present study, the motion is
specified by a user-defined function and it is assumed
that the moving component does not deform during
motion.

Fig. 5 Grid of the model tank

A 3D implicit unsteady solver is used to solve
the viscosity flow in a tank by the collocated grid
arrangement. The air is considered to be compressi-
ble, while the water is of constant density. The first
order scheme is used for temporal discretization. The
physical time of simulation is 15 oscillation periods
after the excitation amplitude reaches the specified
angle. The commercial CFD solver, STAR-CCM+ is
adopted for all the simulations. Simulations are ac-
complished in an Intel (R) Xeon(R) CPU E5-2630 v4
@2.20 GHz (double CPU) workstation with 32.0 GB
of RAM.

4.2 Verification

Based on the results of the experiments, the
numerical simulation is verified qualitatively by the
deformation of the free surface and compared quan-
titatively with the pressure time history of sloshing.
The verification condition is the same as the test
cases, under which severe sloshing will happen.
However, in the test cases in this study, the pressure
time histories are different between the 0.60D; filling
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level and others. There are double peaks in time
pressure history under 0.60D; filling level in case
No. 1 (Fig. 6a). According to the relation between
sloshing pressure and oscillation angle, it can be
found that, when the oscillation frequency is close to
the natural frequency, the impact pressure due to the
violent motion of the free surface will be dominant
and the first peak will be formed. Then, when the tank
moves to the horizontal position, the liquid will push
the tank head due to inertial force and gravity. Thus, it
will produce the other peak. This opinion can be
proved by Zhao and Chen (2015). Under 0.25D; fill-
ing level, the single peak will appear after the tank
reaches the maximum angle and moves to the hori-
zontal position (Fig. 6b). The reason is that the
smaller mass of liquid cannot produce the second
impact on the head, although the excitation frequency
is close to the natural one.

Pressure of sloshing (x700 Pa)

- — = = Osdllation angle (%)

Angle/Pressure

4 Pressure of sloshing (x300 Pa)
5 - = = = Oscillation angle (*)
J AR
2 1
@
5
@ 11
2
a
= 04
(=]
<, |
2
—3 T T T T T
91 101 111 121 131 141

Time (s)
(b)
Fig. 6 Relation between sloshing pressure and oscillation
angle
(a) Case No. 1 (monitor point P4); (b) Case No. 4 (monitor
point P1)

The monitoring points P1, P2, P3S, and P4 are
selected for validating the different cases. Compari-
sons of pressure time history between experiments
and numerical simulations are shown in Figs. 7-10. In
addition, the mean values of sloshing pressure after
full excitation amplitude are compared between ex-
periments and numerical simulations (Table 3). It can
be seen that comparisons at all monitoring points
show good agreement in the cases validated. The
pressure of the monitoring point which is located at
the free surface is strongly affected by deformation of
that surface. Thus, there will be some deviations in
numerical simulation under the resonance of sloshing
in cases No. 1 and No. 2. However, it can be shown
from the quantitative comparisons that the numerical
method can predict the sloshing pressure well, in-
cluding monitoring points near the free surface.

The shapes of the free surface in sloshing are
also compared. According to the movement mode of
the motion platform, the test model tank will rotate
anticlockwise from the initial position. For conven-
ience of description, the position of the tank at one
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Fig. 7 Time histories of sloshing pressure (case No. 1)
(a) P3S; (b) P4. EXP: experimental; NUM: numerical
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Fig. 10 Time histories of sloshing pressure (case No. 4)
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Table 3 Comparison of results with different cases

Monitor  Mean sloshing pressure (Pa)  Error

C .
ase point Experimental ~ Numerical (%)
No. 1 P3S 639.07 622.50 -2.59
o P4 514.56 497.46 -3.32
P3S 489.60 512.22 4.62
No. 2
P4 387.61 357.55 =7.75
P3S 836.11 809.15 -3.23
No. 3
P4 682.61 624.31 —8.54
P1 239.32 225.43 —5.80
No. 4
P2 69.77 70.68 1.30

designated period is selected as the basis of compar-
ison of the free surface shapes. All the free surface
profiles are captured when the maximum excitation
angle is reached and compared at one period (7). As
shown in Figs. 11a and 12a, the liquid travels as a
bore from one side of tank to the other and there are a
lot of air bubbles mixed in the free surface. Then, the
liquid impacts the upper head of tank (Figs. 11b and
12b) and some free surface transforms into a jet flow
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(Figs. 11c and 12c¢). When the oscillation angle in-
creases, the deformation of the free surface becomes
more violent and liquid impacts the top of the tank
(Fig. 13). When the filling level arrives at 0.25D;, that
is, shallow water (Faltinsen and Timokha, 2009), it
can be seen that the flow of fluid is mild and trans-
forms into a bore at the head of the test model tank,
which is similar to the 3rd free-surface pattern

Volume fraction of water

0 0.2000 0.4000 0.6000 0.8000 1.0000
[ TR B '
(@)

Wolume fraction of water

0. 0.2000 0.4000 0.6000 0.8000 1.0000
[ TR ) | 'h

(Bouscasse et al., 2013) (Fig. 14). Compared with the
0.60D; filling level, the free surface will not strongly
break but swirl like a bore after arriving at the head of
the tank. In all, it was found that the numerical profile
of the free surface generally coincided well with the
experimental profile. This indicates that the VOF
method is effective in capturing the shape of the free
surface.

“olume fraction of water

00 02000 04000 06000 08000 10000
h : b H

Vohame fraction of water

0. 0.2000 0.4000 0.6000 0.8000 1.0000
e | 'n

Volume fraction of water

0. 0.2000 0.4000 0.6000 0.8000 1.0000
— i i
(c)
Fig. 11 Comparisons of computed and experimental free

surface profiles of case No. 1
(a) 0.61T; (b) 0.94T; (c) 1.02T

Volume fraction of water

0 0.2000 04000 _0.6000 0.8000 1.0000

(c)

Fig. 12 Comparisons of computed and experimental free
surface profiles of case No. 2
(a) 0.66T; (b) 0.87T; (c) 1.01T
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Fig. 13 Comparisons of computed and experimental free
surface profiles of case No. 3
(a) 0.66T; (b) 0.70T; (¢) 0.95T

5 Computational results and analysis
5.1 Model configuration of tank with baffle ring

The test model tank is selected to be the object of
research. Two ring baffles are set in the tank. In the
physical tests with the same experimental device, the

0. Nlii i2000 5_3%5 frf:“iam
()
Fig. 14 Comparisons of computed and experimental free
surface profiles of case No. 4
(a) 0.017; (b) 0.52T; () 0.81T

0.8000

i

sloshing characteristic at four filling levels (0.25D;,
0.40D;, 0.60D;, and 0.80D;) is investigated experi-
mentally by wave patterns and sloshing pressures
(Liu et al., 2017). Under different filling levels and
oscillation frequencies, the sloshing pressures meas-
ured by monitor points near the free surface are
compared with statistical values. These statistical
values in each filling level are selected to be maximal
under different excitation frequencies. It is found that
the filling level of 0.60D; brings the largest sloshing
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pressure on the head of the model tank. Therefore,
case No. 1 is selected to be the research condition.
The parameters, which can describe the baffle ring,
include the height (H), the position installation (P),
the inclined angle (), and the thickness (¢). The def-
inition of these parameters is shown in Fig. 15. As the
blockage effect of a vertical baffle is mainly used to
decrease the horizontal velocity of liquid, ring baftles
with inclined angles might also disturb the horizontal
flow of fluid by forming vortices. Therefore, for the
integrity of the study, the influence of that incline
angle is considered. The ring baffles are installed
about the midsection of the tank and the incline angles
of the two ring baffles are equal. The parameters
sensitivity on anti-sloshing is investigated by or-
thogonal test design and the numerical method, which
has been verified above, is used to simulate sloshing
under different parameters of the baffle ring.

Based on the validated numerical method above,
the Cartesian grid is also employed for these simula-
tions (Fig. 16). Considering their thickness and size,
the refinement process is used on the surface of the
ring baffles. Also, the prism layer is attached to the
boundary of the model. The midsection of the model
is specified as a symmetry condition and other com-
ponents as a no-slip wall condition.

= ¥

\ /

Fig. 15 Definition parameters of ring baffle

Fig. 16 Grid of tank with ring baffles

To verify the time and grid sensitivity of the
solutions, the examination of grid dependence is first
carried out. Three different grid systems, coarse, me-
dium, and fine, are used to test the grid sensitivity of
the solutions. The excitation condition is consistent
with test case No. 1, and the simulation is carried out

for duration of ten periods. The details of each grid
and the results of relative error with a fine grid are
shown in Table 4 and Fig. 17, from which it can be
found that a coarse grid gives the worst result at
monitoring point P4. Considering the pressure time
histories, to capture the free surface movement ac-
curately and efficiently, the medium grid system is
chosen for the computations and three different time
steps are considered: 0.004 s, 0.002 s, and 0.001 s.
Table 5 gives the quantitative comparison of relative
error with the time step 0.001 s. It can be seen from

Table 4 Details of grids and error of mean value with
fine grid

Error of mean value (%)

Grid uantit
Quantity Pl P4
Coarse 370194 1.80 —14.19
Baseline 446 692 4.22 2.05
Fine 618519 - —
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Fig. 18 and Table 5 that results with the three kinds of
time step show only small differences. However, the
simulation used with 0.004 s will underestimate the
peak of the sloshing pressure and so, for efficiency, a
time step of 0.002 s is selected for the simulations.

Table 5 Error of mean value with time step of 0.001 s

Error of mean value (%)

Time step (s)

P1 P4
0.004 -0.38 —4.29
0.002 2.48 3.22
3000 F---- 0001s 0.002 s
2500 | 0.004 s
I '.n l‘ A
— 2000 [ h :‘1 h W M .LI
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Fig. 18 Comparison of pressure time histories in moni-
toring points computed with different time steps
(a) P1; (b) P4

5.2 Design of orthogonal simulation experiment

The four definition parameters of the ring baffle
are selected as factors in the orthogonal simulation
experiment. All factors and their levels are listed in
Table 6. The three levels of the height (H) of the ring
baffle start from 0.10D; with 0.10D; steps and the
absolute height in mm is given in Table 6 as well.
From the point of view of a decrease in the length of

free surface, the ring baffle is installed at 1/3Ly and
2/3Ly. Then both ring baffles will be installed close to
the head of the tank at the 1/4 and 1/5 length of the
tank. The distance of ring baftles to the head of tank is
also listed in Table 6. The maximum inclined angle is
set to £45° and the positive value is for the ring baffle
rotating clockwise. Considering the size of grid, the
thickness of the ring baffle is divided into three levels:
5 mm, 10 mm, and 15 mm. The interactions of all
factors are neglected. As the factors and levels can not
satisfy the standard orthogonal table, the commercial
code IBM SPSS 19.0 is adopted to design the or-
thogonal simulation experiment (Table 7). For error
analysis, a blank column of factor x, which has three
levels, 1, 2, and 3, is added to the orthogonal table.

Table 6 Factors and levels in the orthogonal simulation
experiment

Level H P 6 t
1 0.10D; 630 mm 0° 5 mm
(38 mm) (1/3)
2 0.20D; 4725mm  —23° 10 mm
(76 mm) (1/4)
3 0.30D; 378 mm 23° 15 mm
(114 mm) (1/5)
—45°
5 45°

5.3 Results and discussion

Through numerical simulation, the force time
history on the head of the tank in the x direction is
achieved after excitation at the maximum oscillation
angle. The efficiency of the ring baffle is taken from
the definition of Kim and Lee (2008) for reference.
However, the horizontal force on the head of tank due
to the sloshing pressure replaces the water height
variation. Thus, the efficiency of the ring baffle is
defined as

_ Olunbattled ~ Oafiled

77anti-sloshing - o H
unbaffled

15

where o is the square of deviation of force in x direc-
tion at the left head, and the subscript of o specifies
sloshing condition of tank with or without baffle ring.

The results of anti-sloshing are listed in Table 8.
The mean values (K;) of each level for the different
factors and their ranges (R) are given (Table 9). By
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Table 7 Orthogonal test design table

Z
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Table 8 Results of orthogonal simulation experiment

NO.  anti-sloshing | NO-  Wanti-sloshing NoO.  #anti-sloshing

1 0.07 10 0.09 18 0.40
2 0.31 11 0.62 19 0.17
3 0.16 12 0.55 20 0.33
4 0.15 13 0.37 21 0.68
5 0.15 14 0.55 22 0.63
6 0.13 15 0.50 23 0.65
7 0.16 16 0.58 24 0.60
8 0.31 17 0.59 25 0.78
9 0.04

Table 9 Visual analysis of orthogonal simulation

Factor K K, K; K, K R
A 1.1336  1.6435 1.8226 - - 0.6890
B 1.6574 1.4743 1.5282 1.3570 1.3601 0.3004
C 1.4862 1.4904 1.4237 - - 0.0667
D 1.6100 1.4662 1.2246 - - 0.3854

comparison of the ranges, the order of effect of the
four factors can be concluded as A>D>B>C. Based
on the mean values of each level, it is found that the
best scheme is A3;B;C;D;. Moreover, the subject effect
is analyzed by computation of variance (Table 10). In
Table 10, dr is the degree of factor; F is the ratio of St
to Sy; St is the quadratic sum of the average deviation
of factors; S, is the quadratic sum of average devia-
tion of error. The significance of factors A, B, and D
is less than 0.05, so it could be concluded these fac-
tors have significant influence on the efficiency of
anti-sloshing. Based on the value of F, the factor A,
namely, the height of the ring baffle, can significantly
reduce sloshing. The factor C, that is, the thickness of
the baffle ring, hardly affects the efficiency of anti-
sloshing. Also, it can be seen from the magnitude of
the F value that the effect order is the same as the
result in comparisons of range.

Table 10 Analysis of variance
Type 11T

Source sumof  df Mean F Slgmf-
square icance
squares
Corrected 2.883 10 0.288 50.592 0.000
model
Intercept 41.227 1 41227  7234.420 0.000
A 2.054 2 1.027 180.184 0.000
B 0316 4 0.079 13.868 0.000
C 0.017 2 0.008 1.474 0.262
D 0.497 2 0.248 43.567 0.000
Error 0.080 14 0.006
Total 57.382 25
Corrected 2.963 24
total

Increasing the height of the ring baffle, i.e. the
main factor, is the most effective method of sloshing
reduction. However, increasing the size of the ring
baffle can bring fatigue and transform the baffle into a
sacrificial structure (Sanapala et al., 2016). Therefore,
simulation tests are designed to indicate the most
effective height for sloshing reduction. Test cases
No. 1 and No. 3 (Table 2) are selected as the condi-
tions of simulation, which means two different exci-
tation angles will be used while other conditions are
the same. The parameters of ring baffles are given in
Table 11, in which No. 1 ring baffle is included in
orthogonal simulation experiments (i.e. No. 4 in Ta-
ble 7). No. 4 ring baffles are verified as the best
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option in all the orthogonal simulation experiments.
Likewise, Eq. (15) is selected as the criterion to
evaluate the effectiveness of different ring baffles. As
shown in Fig. 19, if the height of ring baffles is in-
creased, the efficiency of suppressing sloshing will be
improved. However, the rate of improvement in re-
ducing sloshing slows considerably after the height of
the ring baffles exceeds 0.20D;.

The mechanism of suppressing sloshing by

Table 11 Parameters of ring baffles for analysis

No. H 0 (°) ¢t (mm) P (mm)
1 0.10D;
2 0.20D;
0 10 630
3 0.25D;
4 0.30D;
90.00% -
gooo% {3 —=—5
70.00% -
. 60.00% -
§50.00% -
£ 40.00% -
= 30.00%
20.00% 5
10.00% -
0.00% : : .
0.10D; 0.20D; 0.25D, 0.30D,
H

Fig. 19 Efficiency of different heights of ring baffles with
different excitation angles
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means of ring baffles is also investigated numerically.
The case No. 19 in the orthogonal table and the 2nd
case in discussion of the height of the ring baffle are
selected to compare the difference in anti-sloshing
power of two types of ring baffle. Assuming that the
thickness of the ring baffle is not the main effect
factor, the case No. 2 in the orthogonal table is also
used to discuss the effectiveness of the direction of
inclined angle. At the same time (0.2757), there will
be an elevation difference of the free surface between
the middle and side of the tank when the fluid is about
to impact the head (Figs. 20a, 21a, and 22a), because
of the blockage effect of the ring baffles. If ring baf-
fles with negative inclined angles are used, the tran-
sition of elevation near the ring baffles will be smooth
(Fig. 21b). Both inclined baffles can reverse the di-
rection of some fluid flow and can produce more
vortices both in front and back of the ring baffle
(Figs. 21c and 22c). As for the position of the baffle,
cases No. 2 and No. 11 in the orthogonal table are
used as comparators, and their motion of the free
surface at different times in one period is shown. It is
indicated that too large a distance between two ring
baffles cannot suppress the velocity of the fluid in
time and weakens the effectiveness of anti-sloshing.
As the length of free surface in the middle part of tank
increases, the elevation difference of free surface
between the two ring baffles will rise (Figs. 23a and
23c¢) (p.772) and the free surface will break up after
the fluid flows back (Fig. 23b).

Fig. 20 Flow of fluid near a vertical ring baffle
(a) Volume of fraction in front view; (b) Elevation of free surface in top view; (c) Velocity vector of fluid in top view
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Fig. 21 Flow of fluid near ring baffle with negative inclined angle
(a) Volume of fraction in front view; (b) Elevation of free surface in top view; (c) Velocity vector of fluid in top view
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Fig. 22 Flow of fluid near ring baffle with positive inclined angle
(a) Volume of fraction in front view; (b) Elevation of free surface in top view; (c) Velocity vector of fluid in top view

6 Conclusions

In this study, the characteristics of a ring baffle in
suppressing sloshing are investigated by a numerical
method, which is validated through physical experi-
ments. The pressure time history of monitoring points
in a physical experiment and the shape of the free
surface are selected as the criterion for quantitative
validation. In addition, the phenomenon of physical
experiments under different experimental conditions
is discussed. An orthogonal test design is used to
analyze the sensitivity of four definition parameters
of a ring baftle, and the cases in an orthogonal table

are computed by a validated numerical method. Also,
the factors of ring baffle with the greatest influence in
reducing sloshing are determined by analysis of var-
iance and those most significant factors and the
mechanisms of anti-sloshing with a ring baffle are
discussed.

It can be concluded that:

1. The height, the installed position, and the in-
stalled angle can have great influence on suppressing
sloshing. The thickness of the baffle has little effect.

2. The height of the ring baffle is proportional to
its efficiency in anti-sloshing through analysis of
orthogonal simulation experiments. However, the
room for improvement in suppressing sloshing
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Fig. 23 Deformation of free surface during: (a) 0.745T; (b)
0.932T; (c) 1.148T

decreases after the height of the baffle exceeds
0.20D;.

3. A vertical ring baffle is more effective than an
inclined baffle in restraining the velocity of the fluid
as it provides a greater blockage effect. There is also a
difference for different directions of the incline of the
baffle. When the ring baffle is inclined, it is more
effective in reducing sloshing when the top of ring
baffle rotates away from the head of the tank. How-
ever, this difference of sloshing reduction decreases
as the inclined angle is increased.

4. The efficiency of anti-sloshing declines when
the ring baffle is set close to the ends of tank, as there

is an increased length of free surface and elevation
difference of the free surface in the middle of tank.

5. According to the analysis results obtained for
an independent type C LNG tank with a longitudinal
excitation, a ring baffle performs well in suppressing
sloshing when suitably designed in height, position,
and inclined angle.
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