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ABSTRACT

This study aimed to investigate the spatiotemporal variation of hydrodynamic variables around a sphere rigidly
fixed to the bottom of a sloshing tank. The experimental measurement of the variations of dynamic variables around
a body in a sloshing tank requires non-intrusive measurements that are usually expensive and sometimes inappli-
cable. Therefore, the numerical model could serve as a cost-effective tool for such problems. A two-stage analysis
was conducted. In the first stage, an experimental study was carried out in a testing system comprising a water tank
with uniaxial freedom of movement constructed on a monorail operated by a computer-controlled step motor. The
primary objective of the experiments was to generate reliable data for calibrating the numerical model. During the
experiments, the tank’s movements were recorded using an accelerometer and ultrasonic sensors with a sampling
frequency of 200 Hz for each. The accelerometer and ultrasonic sensor data were used to impose the motion of the
sloshing tank into a Reynolds-Averaged Navier-Stokes (RANS)-based numerical model. The video recordings, which
comprised temporal fluctuations of the water surface, were used to calibrate the Model 1. Once the first numerical
model was calibrated based on water surface level records using image processing methods, the second numerical
model was constructed to accommodate a rigid spherical body with a 17 mm diameter connected to the bottom of
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the sloshing tank. The initial and boundary conditions used in the second numerical model were identical to those

used in the first model to measure the spatiotemporal fluctuations of the surrounding spherical body’s kinematic

and dynamic variables, respectively. The findings revealed that sloshing motion exerts a significant impact on the

boundary layer separation process around the sphere. It was also witnessed that the stage of the sloshing motion

controls the temporal lag between the pressure, velocity and water surface level.

Keywords: Boundary Layer Separation; Drag Force; Particle Hydrodynamics; Sediment Transport; Sloshing Tank;

Oscillatory Flow; Wake Region

1. Introduction

1.1. Significance of Sloshing Problem for In-
dustry

Sloshing, in its broadest sense, refers to the motion
of a fluid with a free surface within a liquid container.
Several fields, including maritime, ship transportation,
aviation, space technology, building, equipment, and
fuel storage, have investigated the phenomenon of slosh-
ing within a confined volume '3l Under certain condi-
tions, some structures can contain rigid bodies at the bot-
tom while experiencing sloshing. Significant sloshing-
induced forces can be observed in both technological ap-
plications, e.g., offshore structures and marine vessels.
Another example is baffled tank containers, which have
baffles to reduce the impact of surges within the tank.
Likewise, service reservoirs in a conventional water sup-
ply system may incorporate baffles for the same purpose.
Another relevant local example is the residential com-
plex known as One Rincon Hill in San Francisco. This
skyscraper features a spacious water tank specifically
intended to enhance its ability to withstand powerful
winds and earthquakes. Other instances of these phe-
nomena can be observed in nature and industry, such as
waves and seiches occurring on the seabed or in lakes, as
well as clarifiers, settling basins, and grit removal cham-
bers.

1.2. Scope of the Study

In the implementations mentioned above, the fo-
cus was mostly on studying the interaction between fluid
motion and complex objects, such as baffles in a slosh-
ing tank. These studies were conducted as distinct case-
specific problems. However, this study focused on a rel-

atively simpler scenario, specifically the interaction be-
tween a sloshing tank and a spherical body. The main
rationale for specifically targeting this case was to bet-
ter understand the interaction between fluid motion in
a sloshing tank and a sphere, i.e., acting as a basic ob-
stacle. This investigation can contribute foundational
knowledge to various fields, such as marine, coastal,
and structural engineering. Moreover, the outcomes of
this study may provide a useful perspective in interpret-
ing more complex cases in the industry. Although the
flow-sphere interaction under steady flow conditions
has been widely examined in the pertinent literature, the
flow around the sphere under sloshing still needs to be
better understood due to the complex spatiotemporal
flow field fluctuations around the body.

The drag force acting on a body undergoing un-
steady flow differs from that in a steady flow, with the
primary difference being the fluctuation of the force * 3!,
Vortex shedding is a prominent feature of unstable flow
around a sphere. As the flow fluctuates, the sphere’s
surface sheds alternating vortices. Vortices are created
in the area behind the sphere, called the wake region.
These vortices can cause flow instability and pressure
fluctuations. During each oscillation cycle, the wake
changes between different patterns. The interaction of
the vortices with the oscillating flow field plays a dra-
matic role in the overall flow dynamics. Considering this
vision, our objective has been to gain a deeper under-
standing of the occurrence of the wake region and the
forces that form depending on the stage of the sloshing
motion.

1.3. Earlier Studies

When the direction and magnitude of fluid acceler-
ation change considerably, as they typically do in slosh-
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ing tanks, the resulting delay in boundary layer devel-
opment cannot be ignored. Odar and Hamilton!®! ex-
perimented with oscillating flow across a sphere to im-
prove Bassett’s solution. Anderson and Uhlherr!” ex-
perimentally investigated the influence of turbulence in-
tensity on the drag coefficient of freely entrained spher-
ical particles in fully developed pipe turbulence when
the Reynolds number was between 200 and 2000. Ac-
cording to their findings, the mean particle drag coef-
ficient increases by 20% relative to the empirical drag
law at turbulence intensities of 0.1-0.2 but does not
change noticeably at turbulence intensities of 0.25-0.35.
Later, Mei® provided a generic dynamic equation that
included quasi-steady drag, history force, and added-
mass force in the time domain for particle movements
with a finite Reynolds number (order of several hun-
dred). Using a numerical computation approach, Chang
and Maxey!°! studied the oscillating flow over a sphere
at frequencies up to 10 Hz and Reynolds numbers up to
16.7. They employed numerical modelling to examine a
fluctuating flow past a sphere at a low Reynolds number
(Rep < 20). Their research showed that separation oc-
curred during the deceleration phase but not during the
acceleration period, which held even at extremely low
Reynolds numbers. At this Reynolds number, flow sep-
aration has been reported for a fluctuating flow over a
sphere, which was not detected for a steady flow. How-
ever, it is important to note that this particle’s Reynolds
number value is lower than those examined in prior stud-
ies. The outcome of a numerical analysis done by Alassar
and Badr['% on the flow field and forces of a spherical
particle in a fluctuating freestream flow revealed a tem-
poral lag between the unsteady drag and the freestream
flow.

As previously indicated by Song and Graf!'!, hys-
teresis effects between physical variables are inevitable
when there is a temporal lag between the occurrence
moment of water’s surface and the dynamic quantities
acting on the obstruction. The experimental findings
of Gargari et al.[¥ and Erdog et al.[® showed that the
role of hysterical effects around a solid structure under
unsteady flow should be addressed at the design stage.
Brucato et al.[!?] experimentally determined a particle’s

mean drag coefficient in a turbulent flow. According to

their findings, the influence of turbulence fluctuation on
particle drag depends on particle size and intensity. Tur-
bulence fluctuation may dramatically increase dragif the
particle size is large, whereas it has minimal influence
on drag if it is small. Luo et al.[*] investigated the re-
sponse of force behaviours of a fixed spherical particle
undergoing a fluctuating freestream flow using the im-
mersed boundary approach. Data from their research
showed that the mean drag is at its highest when the flow
frequency equals the natural vortex shedding frequency.

14,15] examined and modelled 6]

Later, Valyrakis et al.!
the effects of turbulent fluctuations around small spher-
ical bodies in rough boundary sheared flows and how
they affect particle dynamics.

The hydrodynamic quantities observed in the slosh-
ing tank are a consequence of the container qualities
(i.e., width, length, initial water depth, shape, surface
roughness), external force characteristics (e.g., wave, se-
iche, earthquake, inertial forces), and fluid properties
(dynamic viscosity, density, surface tension). Depending
on the type of agitation and container form, the free lig-
uid surface can undergo a variety of motions. These can
vary from simple planar to non-planar, spinning, irreg-
ular beating, symmetric, asymmetric, quasiperiodic, or
chaotic motions. While some variables may become the
primary determinants, others may only play a minor role
in the motion. Which variable will become prominent is
greatly determined by the ratios between the motion fre-
quency and the structure’s natural frequency.

A two-dimensional examination of liquid motion in
rectangular tanks reveals that the liquid depth-to-width
ratio is a significant driver of the natural frequency. De-
pending on the depth of the liquid within, rectangular
tanks may exhibit one of two unique forms of sloshing
behaviour. High liquid fill depth is defined as a ratio
of liquid depth to the tank’s cross-sectional width along
the direction of motion greater than 0.2[17]. There have
been reports of hydraulic jumps and travelling waves in
shallow sloshing during excitation periods around reso-
nance %31,

When a sphere resting on top of a solid boundary
experiences a periodic flow domain like a sloshing tank,
the resulting coherent flow structures advected past the

spherical body have distinct features. The interplay be-
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tween the flow and sphere is profoundly influenced by
the characteristic nondimensional parameters, such as
the particle Reynolds number, defined by flow (such as
the approach flow velocity), object (specifically the diam-
eter of the sphere), and fluid (i.e., density, viscosity) fea-
tures. The flow pattern created in the wake zone signifi-
cantly impacts the forces acting on the sphere (i.e., form
drag and skin friction). Therefore, resolving the flow pat-
tern around the spherical body yields practical insights.

1.4. Governing Forces

In a sloshing tank, the sphere, which is firmly at-
tached to the bottom for this experiment, is primarily
subjected to in-line forces. In this case, the gravitational,
lifting, buoyancy, and Magnus forces can be disregarded
as the sphere is rigidly attached to the bottom. In this
case, the total force acting on the sphere is only in the in-
line direction and is given by Equation (1). The first term
on the right-hand side of Equation (1) represents the
“drag force” (commonly denoted by Fp), which is the in-
line force acting upon the sphere. Drag force directly re-
sults from the pressure and shear distribution acting on
its surface['®l. The resulting drag is directly influenced
by the boundary layer flow characteristics ], which are

20,21

largely controlled by the Reynolds number 2% 21 turbu-

lence?2 23] the form of the object[?% 24251 the degree

of flow/wave unsteadiness*°],

and the arrangement
of the obstacle if the body consists of multiple obsta-
cles[?6:271 The multiplication of U|U] in the drag force
expression ensures that drag is always in the direction
of velocity. The second term is the hydrodynamic mass
(also known as added mass), which is defined as the
mass of the fluid immediately surrounding the sphere
that is accelerated because of the sphere’s presence dur-
ing the fluid motion and is influenced by the pressure on
it (Sumer and Fredsge 2%, p. 130). Finally, the last term
is known as the Froude-Krylov force, which originated
from the accelerated motion of the fluids in the outer
flow region 2], This acceleration in flow in the outer re-
gion would generate a pressure gradient (or vice versa)
as defined in Equation (3). It should be noted that if the
otherwise stationary sphere moves with the fluid mo-
tions, no pressure gradient will be caused by the accel-

eration of the surrounding flow. As a result, the Froude-

Krylov force will not be present in this scenario.

(1)

in which F = total in-line force, p = fluid density,

1 . .

Cp =drag coefficient, A = projected area of the sphere
which is equal to A = 7D?/4 (D is the diameter of
the sphere), U=fluid velocity, m; = the mass of the fluid
that is influenced by the presence of the sphere and
experiences acceleration during fluid motion (equal to
pf¥¢, where V is the volume of the fluid displaced due
to sphere) C,, = hydrodynamic mass coefficient (added
mass coefficient) which is equal to 0.5 for sphere 2], {7
is the acceleration of the flow in the outer region. It
emerges as the result of the spatial pressure gradient.

. dU

U= g (2)
oP oU
X~ "o (3)

in which P = pressure value at the far field, X=in-line dis-
tance between consecutive points where pressure val-
ues are recorded/considered. It should also be noted
that for a spherical body, the multiplication of "me”,
which is a common term in the expressions of hydrody-
namic mass and Froude-Krylov force, can be re-written

. D3\ .
mep(”) U

as below:

: 0

Based on the definitions of the above influential
variables, the total in-line force acting on a cylinder in a
water environment with acceleration, where the sphere

remains stationary, may be expressed below.

(5)

The summation term of (C,,, + 1) can be expressed

1 .
F = 5pCDAU Ul +msU(Cp, + 1)

under a new coefficient C,s. The term m ;U(C,, + 1) is

called inertia force.

1 .
F = 2pCpAU|U| +m;CyU (6)

1.5. Objective of the Study

Considering the arguments presented above, the
primary aim of this study was to analyse the flow field
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around a sphere attached at the bottom of a tank sub-
jected to a unidirectional and periodic excitation. An
experiment was conducted in a prismatic sloshing tank.
The experimental data was employed to calibrate and
validate a three-dimensional numerical model. The ob-
jective was to utilise the numerical model to gain insight
into the flow structure around the spherical body. In ad-
dition, the following research questions, which may be
of relevance to the implementation of the project in prac-
tice, were also investigated:

e Can we effectively utilize a RANS model to un-
derstand the sensitivity of vortices generated by
flow conditions as the flow oscillates in a sloshing
tank?

e How do hydrodynamic variables vary around a
spherical body fixed rigidly to the bottom of a
sloshing tank?

e During sloshing, how does the shear stress in the
neighbourhood of the sphere change?

e How do the dynamic and total pressures around
the spherical object during the sloshing change?

2. Method, and Limitations

The interaction between oscillatory flow and
sphere is a complex hydrodynamic phenomenon. A se-
ries of laboratory experiments were conducted to inves-
tigate this problem. In the experiments, the bidirectional
flow was generated inside a rectangular sloshing tank in
case no sphere was present. The results from the labo-
ratory experiments were used to calibrate the numeri-
cal model. Once the numerical model was calibrated, a
rigid/spherical object was incorporated into it.

As discussed in Section 5.1, three modes of sloshing
motion were described in this study to facilitate the flow
analysis. For the numerical study, which accommodates
a sphere rigidly fixed to the solid boundary of the tank,
certain assumptions and idealisations were adopted for
simplicity and to match the physical model best. These
are as follows:

(1) The bed of the tank was rigid, horizontal, and hy-

draulically smooth (i.e., clean glass, as done in the physi-
cal experiment),

(2) The sphere was kept at a fixed position (located
at the centreline of the tank),

(3) The object was perfectly spherical.

3. Experimental Setup and Mea-
surement Techniques

3.1. Flume and Measurement Devices

Experimental studies were carried out in the hy-
draulics laboratory of the Civil Engineering Department
of Alanya University. The sloshing tank is 28 cm in
length, 10 cm in width, and 5 cm deep. A small tank size
was intentionally chosen to minimise the errors occur-
ring during the digitisation of the video recordings that
would later be used to calibrate the numerical model.
The sphere diameter was 17 mm, and the water depth
in still condition was 50 mm. The ratio of the sphere’s
diameter to the depth of the still water was maintained
at a constant value of 0.34 throughout the experiments.
To facilitate the visualisation of flow movement, red food
dye colouring was added to the water before each ex-
periment. The testing system consists of a water tank
with uniaxial freedom of movement, built on a monorail
driven by a computer-controlled step motor. Care was
taken to ensure the experiments were conducted under
identical controlled conditions. Specifically, room tem-
perature and humidity were kept constant throughout
the tests at 22 °C and 55%, respectively. An accelerom-
eter and ultrasonic sensor were applied concurrently to
record the motion of the shaking table. The accelerom-
eter, capable of recording data at 100 Hz, was mounted
on a shaking table. During the tank’s motion, the ultra-
sonic sensor measured the distance between the sensor
and the tank’s left sidewall. Additionally, a video cam-
era, which was attached to the shaking table, was used
to capture the temporal variation of the water surface in
the tank (Figure 1).

46



Sustainable Marine Structures | Volume 06 | Issue 02 | September 2024

(1) Indoor thermometer

P

(4) Sleshing tank

/ (§) Control unit and power supply

{3) Lineer actuator

{2) Computer
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\ (9) Ultrasonic Sensor \.\
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(7) Computer contro|led step monitor

Figure 1. Schematic of the experimental Setup, (1) indoor thermometer, (2) computer, (3) linear actuator, (4) tank, (5) video
camera, (6) Control unit and power supply, (7) step type computer-controlled motor, (8) accelerometer. Green and red lines
show control cables 1 and 2 (CCI), (CC2), and magenta and light blue coloured lines present monitoring cables (MC 1), (MC2),

respectively.

3.2. Quantification of Tank and Fluid Mo-
tions

During the experiments, the tank’s motion was con-
trolled by signals produced in the computer domain with
T = 2.81-second periods. Once the tank’s motion com-
menced, data collection by the video camera, ultrasonic
sensor, and accelerometer was synchronously initiated.
The video camera collected data with a 60-fps frame rate
and 1080-pixel resolution. Video records obtained dur-
ing the sloshing were processed using MATLAB image
processing tools.

The objective of utilising this image processing
technique was to quantify the surface variation of the wa-
ter during sloshing. Based on these records, temporal
variations of water surface level at certain characteristic
points spanning the dimension of the physical model in
the flow-wise direction were obtained. As detailed be-
low, the acquired water surface elevations were utilised
to calibrate the numerical model. The ultrasonic sensor
measured the instantaneous distance between the probe
and the left wall of the sloshing tank. The accelerometer
quantified the instantaneous acceleration of the slosh-
ing tank as well. The objective of measuring the move-
ment of the sloshing tank using both an accelerometer
and an ultrasonic sensor was to validate the results ob-

tained and to ensure the use of a credible dataset for
the numerical model. This serves to increase the reliabil-
ity and quality of the model-generated data. During the
records sampling frequency, the ultrasonic sensor and
the accelerometer were 200 Hz.

3.3. Data Processing

During experiments, once the sloshing tank was set
in motion, the video camera, accelerometer, and ultra-
sonic sensor collected data synchronously, i.e., their ini-
tial moments in the time domain were identical. This
method enabled processing datasets that shared a com-
mon temporal beginning in a more streamlined fashion.
The video recorded with a 60-fps frame rate was decom-
posed into individual frames. Afterwards, a masking pro-
cess was applied to each frame (Figure 2) following their
pixel content (i.e., Red-Green-Blue, RGB values). The un-
masked pixel numbers were quantified for the tank’s left
side to estimate the sloshing wave height. Recorded ac-
celerometer data was processed utilising the code Seis-
mosignal, an efficient and widely used software by earth-
quake engineers in baseline correction/conversion. The
despiking of the displacement data, which were acquired
by both accelerometer and ultrasonic sensor, were pro-
cessed in Matlab as shown in Figure 3.
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Figure 2. Demonstration of the applied masking process and image processing procedure for the identification of the free water
surface within the sloshing tank: a) importing raw image, b) converted into black and white.

Unfiltered
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Figure 3. Recorded time series of the tank displacement using ultrasonic distance sensor (black dashed line) and recording
from the accelerometer mounted on the shake-table (blue dashed line), a) is unfiltered data and b) is filtered data using robust
quadratic regression filter in MATLAB. Mean period of the tank motion and root mean square error of the accelerometer results
to ultrasonic sensor results are presented at the left downside of each graph on the right column.
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4. Numerical Model and Valida-
tion

4.1. Methodology for the Numerical Stud-
ies

Measuring certain physical variables, such as veloc-
ity, turbulence, and bed shear stress, around a spherical
body in a sloshing tank may be costly and sometimes
even technically inapplicable. Hence, numerical mod-
els enable us to investigate the problem in-depth and
emerge as a cost-effective tool. Therefore, a two-staged
analysis was conducted during the numerical modelling
study.

e Firstly, a model was developed that particularly
aimed to simulate the variation of water surface in
the sloshing tank with acceptable accuracy. The
primary concept behind this model, which does
not account for the presence of the spherical body
in the sloshing tank, was to prepare a flow do-
main as a background for the examined problem
(i.e., flow around the spherical body in the slosh-
ing tank). Once the background numerical model
was calibrated based on video (used for verify-
ing water surface variation in the tank) and dis-
placement records (used for representing the wa-
ter surface motion in the numerical domain), this
is followed in the second stage of the numerical
model.

e In the second phase of the model, the spherical
body in the sloshing tank was placed into the
centre of the bottom of the calibrated numerical
model. Based on this numerical model, the tem-
poral variation of certain fundamental dynamic
variables around the spherical body was obtained.
The flow chart summarising the above processes
is depicted in Figure 4.

4.2. Model Specifications

Computational Fluid Dynamics (CFD) based slosh-
ing analysis was performed using Reynolds Averaged
Navier-Stokes (RANS) equations with the help of Flow-
3D software, which is commonly used in various disci-
plines [28-35]_ In addition, this solver is also used in slosh-

ing analyses with confirmation by experimental studies
and calculates results compatible with the experimental
results 136371,

The continuity equation expresses the conserva-
tion of mass. For a given flow domain, it can be given
as Equation (7).

Ip

5 TV (u) =0 7)

In here, p is the fluid density, u is the velocity vector
and t indicate time. In incompressible flow, the density
p is constant, and the continuity equation simplifies to
the condition that the divergence of the velocity field is
Zero.

The momentum equation is derived from Newton's
second law and is used to describe the motion of fluids.
It can be expressed as Equation (8).

9 (pu)
ot

+V.(puu) = —Vp+V.r+pg+Fert (8)

In Equation (8), p is the pressure, 7 is the viscous
stress tensor, g is the gravitational acceleration and F;
represents external forces. The viscous stress tensor, T

is given in Equation (9).

T=p ((Vu + (VH)T) - % (V.u) I) )

In here, p is the dynamic viscosity and [ is the iden-

tity matrix.

4.3. Validation and Calibration

As stated above, the experimental data, which aims
to simulate the temporal variation of the water surface
during sloshing, underpinned background data for the
validation and calibration of the first numerical model.
The video records showing the water surface variation
during sloshing were used to calibrate the first model.
Figure 5 shows the water surface elevations observed
based on the experiments, and the numerical model was
given for a direct comparison. In addition to this visual-
based assessment, a similar comparison was also made
in a quantified manner (Figure 6). As can be inferred
from Figures 5 and 6, Model 1, which serves as Model
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2’s benchmark, simulates the change in water surface
elevation in the sloshing tank with acceptable accuracy.
As shown in Figure 4, once the first numerical model
was calibrated, the same model was equipped with a
sphere. To ensure that the obtained numerical outcomes

are independent of the mesh resolution, mesh sensitiv-
ity/independence analysis was undertaken after the cal-
ibration of the model. The tests revealed that the pro-
duced numerical outputs were independent of the im-
posed mesh conditions.

Experiment

Measurements
- water surface profile (camera)

(rectangular sloshing tank without
particlel

v

- tank displacement (ultrasonic sensor
and accelerometer)

- geometry

- boundaries

- initial conditions

- nhvsiral nronerties nf

Time series data of the
tank displacement

Water surface profile
[calculating via image
process)

;

CFD Model (1)

Maodel calibration and
validation

v

[rectangular sloshing tank without
particle)

- water surface profile
- water surface variation

Spherical rigid particle
with 17.5 mm
diometer was
attached ot the renfer

Calibrated and
validated model
conditions, and

mnarameters

CFD Model (2)

Y

Post processing
- pressure variation around the particle

(rectangular sloshing tank with particle)

Legend of flowchart elements

=<

- bed shear stress around and the surface of the
body

Figure 4. A flow chart showing how the experimental data are implemented for setting up the CFD model and calibrating it.
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EXPERIMENT CFD

- MODE 1

t=t,

p

t,+0.5*T

t

P

t,+ 1*T

t

0.5 x/d 1

Figure 5. Demonstration of the visual verification of the computational model outputs for the typically observed modes. al-a3)
the pictures captured from the video and b1-b3) CFD model results for the water phase The dimension of the ruler adjacent
to sub-figures “a” is in cm. The squares located at the bottom of each sub-figures “a” are 1 cm x 1cm. The period of the cyclic
motion of sloshing tank was 0.905 seconds. The complete video record can be accessed via supplementary material links given

at the end of this study.
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Figure 6. Recorded and modelled time series of the water surface elevation at the left-hand side of the tank during the test 1
was calculated via image process and CFD. Image process and CFD results were presented with black and blue lines, respectively.
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5. Analysis of the Results

Based on numerical model 2, the spatiotemporal
variations of physical variables were analysed for the
cyclic motions of the sloshing tank. While some of the
results were presented here for one whole cycle period
of the sloshing tank, which is equal to 0.905 seconds,
some of the results were analysed for the half-cycle pe-
riod of the sloshing tank. The period of motion is de-
scribed as the duration required for the cyclic motion of
the tank from right to left and left to right. In this section,
the modes of the sloshing motions were described. Sec-
ondly, the velocity and vorticity domains with/without

sphere cases were given comparatively for the different

MODE 1

L

AR/AX>>0

—

MODE 2

MODE 3
AR/AX<<0
— B
Sloshing
a3) b3)

modes. Lastly, the spatio-temporal variations of hydro-
dynamics variables around the spherical body within the

tank were investigated.

5.1. Definitions of Three Basic Modes of
Sloshing

The sloshing motion was conceptually discretised
into three major modes (Figure 7(al-a3)). The classifi-
cation was devised with the intention of facilitating the
analysis and interpretation of the results. This classifica-
tion was based on the conception that during the slosh-
ing motion, the influential forces change from one to an-
other at specific characteristic moments. A description
of these three major modes is provided below.
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Figure 7. Three modes of the sloshing during half cycle period (al-a3), conceptual figures which show the shifting of bound-
ary layer separation point towards upstream due to decreasing hydrostatic pressure gradient (b1-b3), corresponding non-
dimensional vorticity fields calculated by the numerical model (c1-c3 extracted from Figure 7).
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Mode 1: In this mode, the instantaneous net hy-
drostatic pressure gradient due to far-field pressure gra-
dient, i.e., Froude-Krylov Force is maximum (dP/0X in
Equation (3)). This force and drag force (FD) are in the
same direction at the beginning of the half-sloshing cycle.

Mode 2: The moment the sloshing wave passes over
the spherical object. In this mode, the far field hydro-
static pressure gradient is minimal due to the mild slope

of the water surface, i.e.,, dP/9X, and drag force (Fp) is
maximum due to enhanced velocity near the sphere. The
directions of these two force components are still the
same.

Mode 3: As in Mode 1, the net far field hydrostatic
pressure gradient, dP/0dX, i.e., the Froude-Krylov force, is
maximum. This force and drag force (Fp) are in opposite

directions.

MODE 1:

MODE 2:
Wave crest passes over the spherical body

MODE 3:

The direction of the net hydrostatic pressure gradient is in the same with flow induced drag force
Low velocity field around the sphere (see Figure 8(b1,b2) for the relevant velocity profiles)
The net hydrostatic pressure gradient pushes the separation point of “S” towards downstream is high

RESULT: Retardance in separation and weaker vorticity rear the sphere

Highest velocity field around the sphere (see Figure 8(c1,c2) for the velocity profiles)
Drop in net hydrostatic pressure gradient which pushes separation point of “S” towards downstream.
RESULT: Earlier boundary layer separation and enhanced vorticity in the wake region of sphere

The direction of the net hydrostatic pressure gradient is opposite to the flow induced drag force direction.
High velocity field around the sphere (see Figure 8(d1,d2) for the velocity profiles)
Opposite direction in pronounced net hydrostatic force pushes the separation point towards upstream

RESULT: Earliest boundary layer separation and the occurrence of most distinct vorticity

It should be noted that, although not shown here,
the same conceptual figure could be produced for the op-
posite direction of the sloshing motion (i.e., for the mass
transport direction from right to left). To better describe
the modes, the contour plots showing the variation of the
dimensionless vorticity within the tank during the half-
sloshing periods were also included in Figure 7. Here,
the vorticity term has been described as given in Equa-
tion (10). Where u, v, and w are the time-averaged veloc-
ity values in the x, y, and z directions, and w, is the vor-
ticity in the plane perpendicular to the axis of “y”. The
vorticity term was normalised by the sphere diameter
(Dp) and the undisturbed velocity (Us). It is worth not-
ing that the undisturbed velocity is the depth-averaged
velocity calculated for the passage of the wave crest from

the centre of the tank without a sphere.

w, (10)

(o _ow

- 2\0z  Ox

5.2. Influence of Sloshing Modes on Bound-
ary Layer Separation

Depending on the form of the obstacle, the pressure
distribution caused by the velocity field controls the pro-
cess of boundary layer separation when a solid body is in

381 However, for unsteady flows, bound-

a steady flow!
ary layer separation is also influenced by the net force
due to the hydrostatic pressure distribution in the outer
region far from the body, which is a function of the slope
of the water surface. The flow conditions and geometry
of the object are the determinants of these two factors.

The influences of these hydrodynamic factors on bound-
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ary layer separation for the three modes described are
discussed below.

According to Figure 7,in Mode 1, which is observed
at the beginning of the sloshing half-cycle, the direction
of the net force due to inertia (hydrostatic pressure gra-
dient, i.e., Froude-Krylov Force) and the drag force are
the same. The separation point (labelled “S” in Figure 7)
is pushed downstream by the combined effects of iner-
tia and drag. As a result, weaker lee-wake vortices are
generated behind the spherical body. The appearance of
the separation point of S is delayed, as shown schemat-
ically in Figure 7(b1). Consequently, relatively weaker
vortices are observed compared to Mode 2 and 3 in Fig-
ure 7.

In Figure 7, in Mode 2, the influence of net force
due to hydrostatic pressure gradient (i.e., Froude-Krylov
Force) on the sphere diminishes due to decreased water
surface slope. The velocity around the sphere is higher
compared to Mode 1. Despite this, the flow direction
and net hydrostatic pressure force remain the same. It
is a well-known phenomenon that under steady flow
conditions, as velocity increases and turbulence develop,
the separation point over the obstacle is shifted down-
stream due to momentum transfer, resulting in a reduc-
tion in vorticity. The numerical outputs showed that
unexpectedly, the vortices become more pronounced in
Mode 2, although the velocity around the body increases
(Figure 7). This implies that for the pertinent hydraulic
conditions examined in this study, the decreasing net hy-
drostatic pressure gradient is a more influential physical
variable over the sphere compared to the velocity field
in terms of generating vortices. In other words, enhanc-
ing velocity values around the sphere in Mode 2 cannot
offset the influence of decreasing the water surface pro-
file. However, it is worth highlighting that this finding is
valid for the existing test conditions in this study. Differ-
ent outcomes can be obtained for the different sloshing
tank configurations and fluids.

During Mode 3, the flow direction remained un-
changed and the same was observed with the examined
half-sloshing duration. However, the direction of the
Froude-Krylov force around the sphere and the inertial

drag force are opposite. Additionally, the flow velocity

around the spherical body declined significantly in Mode
3,as seen from the velocity profiles presented in Figures
9 and 10. Consequently, the downstream pushing im-
pact of the flow on the separation point (i.e., S in Figure
8) diminishes. Furthermore, the pushing direction of net
hydrostatic pressure on the separation point in the up-
stream direction. Hence, separation onset earlier, the
wake region expands, and the strength of lee-wake vor-
tices increases rear the sphere in Mode 3 (Figure 8(a3-
c3)).

5.3. Comparison of Streamwise Velocity
Fields Belonging to with and without
Sphere Cases

Figures 8 and 9 show the variation of water surface
level (WSL) and time-averaged streamwise velocity pro-
files obtained at different vertical sections during slosh-
ing. These characteristic sections are half the diameter
distance from the spherical body edges. The reason for
choosing the half distance as a specific location is that
these are the locations where the dimensionless vortices
around the sphere are quite pronounced (Figure 10).
As can be seen in Figures 8 and 9, the sloshing wave
accelerates as it passes over the sphere. This accelera-
tion, which was not observed in the no-sphere case, is
due to the contraction effect in the vertical and horizon-
tal planes around the body. Figure 8(b1,b2) show that
as the sloshing wave approaches the spherical body, the
computed velocity values on both sides of the sphere are
greater than in the no-sphere scenario. Compared to the
no-sphere case in Figure 8(c2), although deceleration is
observed in the wake zone of the sphere, acceleration is
observed near the water surface above the sphere due
to the contraction effect. The retardation of flow in the
wake zone can be hypothesised to be induced by bound-
ary layer separation and the development of recircula-
tion around/behind the spherical body. This retardation
of the flow observed at the rear of the body maintains its
coherence during sloshing at a different strength. How-
ever, once the sloshing wave passes over the body during
sloshing, the difference in WSLs for the no-sphere and

sphere cases decreases, which is plausible.
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Figure 8. The variation of water surface level and instantaneous streamwise velocity profiles observed at characteristic vertical
sections during half sloshing period. The motion is from left-to-right. The (a-e) shows the variation of WSL during half sloshing,
(al-el) and (a2-e2) shows the variation of instantaneous velocity profile at green and red sections in (a-e).
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Figure 10. The variation of vorticity within the tank during half sloshing period in the form of contour-plots. The red color
indicates counter-clockwise vorticity, the blue color indicates clockwise vorticity.

5.4. Comparison of Vorticity Fields Belong-
ing to with and without Sphere Cases

Figure 10 shows the contour plots of the dimen-
sionless vorticity inside the tank during a half-sloshing
time. The friction-induced high vorticity fields are dis-
tinct near the bottom, sidewalls, and water surfaces for
both cases (i.e., with and without spherical tanks). The

common side of these regions is that they are in contact
with the surrounding domain, i.e., bed or air.

Despite the highest velocity occurring during the
passage of the wave peak over the sphere in Mode 2,
the maximum vorticity in the wake of the sphere was
not seen at that moment. Instead, the maximum vortic-
ity was observed during the transition between Mode
2 and Mode 3, as shown in Figure 10h. At this mo-
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ment (Figure 10h), while the net water mass transport
is still from left to right, the direction of the net hydro-
static pressure-induced force is from right to left. The
opposite directions of the net hydrostatic pressure gra-
dient (Froude-Krylov force) and the current create the
more pronounced boundary layer separation around the
sphere, as conceptually illustrated and explained in Fig-
ure 7c. In other words, the inertial force (induced hy-
drostatic pressure gradient due to the steep water sur-
face slope) amplifies the unfavourable pressure gradient,
causing the separation of the boundary layer around the
sphere. In addition, there is a time lag between the onset
of maximum vorticity during half-sloshing and the occur-

rence of the wave peak over the sphere.

5.5. Hydrodynamic Analysis around the
Sphere during a Half-Sloshing Cycle

The spatiotemporal variations of water surface lev-
els, velocity fields, pressure gradient, and total force
given in Equation 1 during the moment of the 3-major
and 2-transition sloshing modes are shown in Figure 11.
Figure 11(al1-a5) show the flow domain during the con-
sidered half-sloshing cycle, and Figure 11c-g show the
temporal variations of the basic hydrodynamic variables
on both sides (their locations are labelled 1 and 2 in Fig-
ure 11b) of the spherical object. The animated video
from which the instantaneous cases in Figure 11(al-
a5) were extracted was also provided as supplemental
material.

During the half-sloshing cycle period examined, the
water surface elevation (Figure 11d) and pressure val-
ues have one maximum and two minimum values. De-
pending on the direction of the sloshing wave, a time
lag was observed between the maximum and minimum
pressure values at points 1 and 2. When examining
the pressure fluctuations around the sphere during the
sloshing half-cycle (Figure 11(al-a5)), the pressure
values were normalised by the AX values. The AX value
is the distance from half the diameter to the sphere’s
edge (exact locations are shown as 1 and 2 in Figure
11b). The total length of AX is two diameters of the

sphere. Figure 11f shows the temporal variation of
the spatial pressure gradient (AP/dX) around the sphere.
Two extrema were observed for spatial pressure gradi-
ent (AP/dX) during the half-sloshing cycle (Figure 11f).
While the first and the highest positive values of AP/AX
occurred between the moments of “transition a2-to-a3
in Figure 11", the lowest AP/AX emerged between the
moments of “ transition to aa3-to-a4”.

In summary, the two most critical moments, in
terms of generating the highest spatial pressure gradi-
ents, were detected just before and after Mode 2. How-
ever, these two cases share common characteristics. In
a physical sense, just before Mode 2, the Froude-Krylov
force, i.e. the inertial force, is at its highest because the
slope of the water surface is at its steepest (in Figure
11(a1-ab5), the slope of the water surface is represented
by the dashed line and denoted “dx”). In addition, the
acceleration that affects the drag force on the sphere is
greatest at this moment. This leads to the highest spatial
pressure gradient occurring just before Mode 2. More
precisely, just before Mode 2, the superposition of the
high net hydrostatic pressure gradient (i.e. increased in-
ertial forces) and the increased acceleration in the slosh-
ing direction generates the highest spatial pressure gra-
dient for that moment.

Likewise, just after Mode 2, the water surface slope
is the steepest, but the net hydrostatic pressure gradi-
ent direction is opposite to the flow. As a result, the sign
of the pressure gradient changed to negative due to the
change in direction of the net hydrostatic pressure gradi-
ent. Thus, lower AP/AX values were observed just after
Mode 2 compared to just before Mode 2. This changing
sign of dP/dX clearly indicates that the influence of iner-
tia forces prevails over the effect of drag force acting on
the sphere. It is also worth highlighting that the spatial
pressure fluctuation did not exhibit a monotonic pattern
within a half-sloshing cycle, differing from the temporal
variations of water level and the pressure monitored at
points 1 and 2. This was probably due to the uncorre-
lated relationship between inertial and drag forces dur-
ing a half-sloshing cycle.
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Figure 11. The spatiotemporal variations of water surface slopes, velocity vector fields, pressure gradient, and the drag force
during 3-major and 2-transition sloshing modes. While contour-plots in (al-a5) show the spatial distribution of the velocity
field during 3 major and 2-transitional modes, the time series given in (c-g) presents the temporal variation of various physical
variables. Time axis was normalized with the duration requires one sloshing cycle. Water surface elevations at the points of 0,
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The red vertical sections appear in (c-g) corresponds to the moments of contour-plots given in (a-a5). The dashed line seen in
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As explained above and seen in Figure 11f, AP/AX
has the steepest temporal gradient [(dP/dX)/(At/T,)]
between the moments of “transition mode 1-to-2 and
Mode 2”. If it is considered that the sphere and its area
are constant, the steepest temporal pressure gradient
[(dP/dX)/(At/T,)] points out that the force acting on the
sphere is supposed to be the maximum at this moment.
In fact, if we look at Figure 11g, we can see that the to-
tal force acting on the sphere reaches its maximum value
during this period (the “Mode 1-to-2 and Mode 2 transi-

tion moments”).

6. Discussion and Recommenda-
tion

The purpose of this study was to evaluate the kine-
matic and dynamic factors around a rigidly attached
sphere located in the centre of the bottom of a sloshing
tank. The numerical model was calibrated based on the
conducted experiment with a constant sloshing period
and unchanged still water depth. The main purpose of
the actual test and simulation at constant duration and
water depth was to verify the capabilities of the applied
numerical model in a preliminary stage. Another study
objective was to determine if the RANS model, known
for its cost-effectiveness and fast computation time, pro-
vides physically plausible and consistent results. The
model results demonstrated the applicability of a RANS
model to model the flow field in the sloshing tank prop-
erly. However, it should be mentioned that depending
on the period of sloshing, the influence of unsteadiness
and hysteresis factors [* > 11l modifies the values of pres-
sure and forces acting on the sphere. To gain a deeper
understanding of the kinematic and dynamic aspects as-
sociated with a spherical object in a sloshing tank, it is
recommended that future studies focus on investigating
the influence of the initial conditions in the tank, includ-
ing water depth and size, as well as the amplitude of the
excitation.

Furthermore, in addition to monitoring tank dy-
namics, it is proposed to study the effects of the gen-
erated flow motion on the bed surface particles using
inertial sensors in a manner similar to that described

in[39-411, For the sake of simplicity, in this investigation,

we have fixed the sphere in the centre of the bottom of
the sloshing tank. As a result, the sphere’s mobility was
constrained throughout the simulations. The influence
of the specific weight of the sphere on the observed data
was thus completely ignored, and the sphere/particle
motion was not investigated.

In addition, in this study, fluid properties (spe-
cific weight, temperature/viscosity) were kept constant
throughout the experimental and numerical studies.
However, fluid features greatly affect flow behaviour un-
der the effect of external forces. For example, the fluid
properties largely control the development of the bound-
ary layer and the separation process around solid obsta-
cles. Furthermore, several different fluids are used in
sloshing tanks for different purposes in the industrial
sector. Therefore, when adapting the results presented
here, this consideration should be considered when at-
tempting to generalise the results presented to such ap-
plications.

It should also be noted that this study explicitly ex-
cludes using a scaled hydraulic model. In accordance
with the philosophy of Gravesen 2], the primary objec-
tive of the experiment was to gain a comprehensive un-
derstanding of the flow around a fixed sphere under the
sloshing effect using non-intrusive, low-cost methods,
namely a numerical model. The objective was to deter-
mine the nondimensional hydrodynamic variables gov-
erning the flow field around a sphere. Specifically, the ef-
fect of sloshing on boundary layer separation, the forces
acting on a sphere, and the pressure gradient around the
sphere were investigated.

The phenomenon of fluid flow around an object is
a complex issue that is critical in many engineering con-
texts, as discussed above. The wake flow is expected to
exhibit an increasing lack of stability and increased com-
plexity for the high Reynolds number under the steady
flow regime. Even under a steady flow condition, the
flow around a bottom-mounted sphere can be even more
complicated than the flow around a circular cylinder or
sphere because of the no-slip effects caused by the wall
and the lack of up-down symmetry. The high degree of
unsteadiness of the bidirectional flow of the slosh mo-
tion further complicates the problem investigated in this

study. Despite this extreme complexity, the examined
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problem in this study was investigated at a very basic
level to constitute a suitable knowledge background for
future studies. Hence, we only presented the results
about the time-averaged variables, and we ignored the
coherent flow structures. For future studies, we recom-
mend investigating the generated coherent structures

depending on the sloshing characteristics.

7. Conclusions

This study used a three-dimensional RANS-based
numerical code to investigate the kinematic and dy-
namic variables in the vicinity of a single sphere rigidly
attached to the bottom of a tank, which is exposed to
sloshing motion. Experimental results were used to fine-
tune the k-omega turbulence closure in the numerical
model for a constant sloshing time. The following con-
clusions were drawn from the implemented model.

Three principal forms of motion (i.e., modes) were
identified for a half-sloshing cycle around the sphere.
The main motivation behind this category was to sim-
plify hydrodynamic analysis. This categorisation was
developed based on the magnitude and direction of the
net inertial force due to the hydrostatic pressure gradi-
ent (AP/AX), where the conclusions pointed out that it
is a highly influential variable on the hydrodynamic pro-
cess around the sphere. Therefore, the modes were uti-
lized in the spatiotemporal study of the kinematic and
dynamic features surrounding the sphere. It is evident
that the defined modes facilitate a more complete under-
standing of the separation process of the boundary layer
surrounding the sphere and, consequently, of the drag
force.

It was also seen that for the examined “sphere
diameter-to-still water depth” ratio (17mm/50mm), the
presence of the sphere at the bottom alters the propaga-
tion of sloshing motion in the tank. As a result, the wave
passes over the sphere temporally earlier, and the max-
imum velocity deficit emerges during Mode 2 (i.e., the
moment the sloshing wave passes over the sphere).

It was seen that maximum vorticity in the wake re-
gion of the sphere forms during Mode 3 (i.e., the net hy-
drostatic pressure gradient direction is opposite to flow
for a given elevation in water). This situation revealed

the significance of net hydrostatic pressure force around
the sphere in separating the boundary layer. In other
words, the net hydrostatic pressure force prevails over
inertia’s influence, dictating the separation process.

The findings showed that water surface level ele-
vation and total pressure take one peak and two min-
ima during a half-sloshing cycle. During the passage of
the sloshing wave, time lags were observed in the pres-
sure values observed at the half-diameter distance to
the sphere edge. These temporal lags were significantly
more apparent during the passage of sloshing waves
over the spherical body than on the wave crest.

It was observed that the maximum spatial pressure
gradient (AP/AX) occurred just before mode 2. At this
moment, the slope of the water surface is the steepest,
and the acceleration, which affects the total force acting
on the sphere, is the highest. As a result, the calculated
total force acting on the sphere also reaches its maxi-

mum value during this time interval.
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