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Abstract

The ballast sediments deposit not only provide the breeding ground for the survival
organisms, but also affect the weight balance of the ship and even accelerate the
corrosion of the ballast tank. In this work the performance of a ballast water flushing
system for the 138,000 m*> LNGC (Liquefied Natural Gas Carrier) double bottom
cargo ship is studied. A simulation model of the ballast tank was made to conduct the
numerical analysis. Besides, a scaled experimental setup was established on basis of
the similarity principle. With different injecting velocities at the flushing inlet, the
sediments distribution in the ballast tank is investigated and the energy consumption
of the circulating pump is studied. The results show that by flushing the ballast water
on the bottom, the sediments first accumulate at the far end, with the sediments
volume fraction climbs up to 10-30%, before gradually getting removed over time.

Further, higher inlet velocity leads to a more rapid decrease of average sediments
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proportion in the ballast tank over time, but the energy consumption in circulating
pump significantly increases as well. The required power for this proposed ballast
water flushing system is within the common range and thus applicable in the cargo

ship.

Keywords: Ballast water; sediments; flushing; CFD.

1. Introduction

Negative environmental impacts made by the uptake and discharge of ballast water
are great challenge for international shipping. The non-indigenous species (NIS)

transported in the ballast tank may cause harm to native ecosystems and these

invasive species can even contribute to animal extinctions in local area [3-5]. In

response to this challenge, the International Maritime Organization (IMO) instituted a

performance standard of “Regulation D-2” for ballast water treatment management

6-8]. In this regulation, limitations on both the size and the quantity of the remained

organisms in the treated ballast water are made to exclude microbes and viable
microorganisms from discharged ballast water ﬂ To meet the requirement of the
IMO convention, different sorts of ballast water management technologies including
oxidation by chlorine/ozone and the ultraviolet radiation (UV) method are proposed

by researchers.

Although dozens of shipboard treatment systems have been certified as meeting

ballast water discharge standards till now, their application in eliminating invasive

species is not that satisfactory . It should be noted that only the maximum

amount of living organisms is restricted according to Regulation D-2, nevertheless,
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the remaining sediments in the ballast water is still not concerned. Studies in
references pointed out that the soil sediments mainly consist of the clay, silt
and sand, with the particle diameter from less than 2um to 2mm. Moreover, these soil
sediments are admitted with ballast water during the ballasting. Although most of the
large-size organisms (>10pm) gets inactivated according to Regulation D-2, a tiny
fraction of organisms cannot be totally removed from the loaded ballast water, and

these soil sediments turn to be the perfect breeding ground for the survival organisms

14-16].

In fact, providing the habitat for organisms is only part of negative impacts that the
ballast water sediments could induce. On one hand, it is found that The sediments at
the bottom of the ballast tanks in a double hull cargo vessel can accumulate up to 30
cm depth within only two years operation . According to current Rules and
Regulations of respective Classification Societies, sediments in ballast water tank can
only be systematically removed during the mandatory dry docking, and the interval is
usually made in every five years . With such a long period of time the sediments
tend to be compacted and the sediments removing work becomes a great challenge.
On the other hand, the ballast sediments also affect the weight balance of the ship.
Due to non-uniform distribution in the ballast tanks, the loading and unloading of

ballast have to be cautious, because the excessive stresses can potentially lead to a

ship breaking during incorrectly unloading .

Furthermore, the corrosion of the ballast tank is another negative impact induced by
the ballast sediments. The sulphate reducing bacteria (SRB) and acid producing
bacteria (APB) that living in the sediments can bring significant microbiologically

influenced corrosion (MIC) . Compared with the electrochemical oxidation

process, the corrosion speed of MIC is greatly accelerated and thus unpredictable.
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This paper proposed a solution for this problem. With the flushing system, the

unfiltered sediments along with the regrown organisms can be removed when needed

In this paper, a ballast water flushing system is proposed. By circulating the ballast
water in the tank, the deposits of sediments can be suspended and removed before
getting compacted on the tank bottom. A simulation model of the ballast tank was
made; an experimental setup was established on basis of the similarity principle.
Further, with four different ejecting velocities, both numerical and experimental

studies were conducted to evaluate the performance of this flushing system.

2. System description

In this work the ballast water system of the 138,000 m* LNGC (Liquefied Natural Gas
Carrier) double bottom cargo ship is investigated. The volume of cargo ballast
water system takes up to 56,090 m® in total. Figure 1 shows the structure of a single
block of ballast tank in the cargo ship. As is shown, lines of longitudinal are arranged
on the inner side of the ballast tank and drain holes are provided on the bottom
longitudinal. Besides, the ballast water pipes (inlet-pipe and outlet-pipe) are arranged
in the corner, on which a row of jet holes (inlets) are placed along the inflow-pipe
while a row of exit holes (outlets) are placed along the outflow-pipe. Besides, a
hydrocyclone is introduced between the outflow-pipe and the circulating pump to

separate the sediments from the ballast water. The size of a single block of ballast

tank is 6700x3000x2000(mm), and the size of inlets/outlets on the ballast water

pipes is 100x10(mm).



95  With the assistance of the circulating pump, the ballast water is first pumped into the
96 inflow-pipe and then ejected through the inlets, and in this way the deposits of
97 sediments are stirred up. Further, the suspended sediments, along with the ballast
98  water, get sucked into the outflow-pipe through the outlets. Then the mixture of water
99 and sediments is separated in the hydrocyclone before pumped back into the ballast
100 tank. As ballast water flows into the hydrocyclone, a cyclonic flow is produced and
101  the centrifugal force drives the sediments toward the outer wall, so the clean water
102 can flow through the centre of the hydrocyclone into the circulating pump. Thus the
103  ballast water circulates around the ballast tank and the bottom sediments deposits are

104  suspended and then removed from the ballast water.
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107 Figure 1 Schematic of ballast water flushing system
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3. Simulation setup

The numerical model for the ballast tank consists of a row of inlets along the inflow-
pipe, a row of outlets along the outflow-pipe and longitudinal with drain holes on the

inner side of the tank, as shown in Figure 2.

Figure 2 Ballast tank model for simulation

3.1. Modelling equations

The mixture model, a kind of Eular-Eular multiphase model, is used in this simulation.
The two phases of water and sediment are treated as interpenetrating continua in the
mixture model. Besides, the momentum and continuity equations of the mixture and

the volume fraction equations of the secondary phase are solved. Compared with a
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full Eulerian multiphase model, the mixture model is simpler, and more suitable for
the cases that the interphase laws are unknow. Simultaneously, the RNG & —& model
is selected as the turbulence model for the simulation. The RNG (Renormalization
Group) k—& model is a refined Standard k —& model, which is also derived from the
instantaneous Navier-Stoke equations and follows the k& —& (turbulent kinetic energy
and dissipation rate) two equations turbulence modelling framework. But compared
with the Standard k#—& model, the RNG k—¢ model introduces more terms of
dissipation in transport equation, which make it more accurate for rapidly strained
flows and swirling flows. Besides, this model accounts for low-Reynolds-number
effects and provides not constant values but an analytical formula for turbulent
Prandtl numbers. All of these refinements make the RNG k—& model more

appropriate for current simulation.

Governing equations:

The continuity equation is given as follow:

0 0 r

° < =0 1
Py (p,)+ ox (Pythy,) (1)

The momentum equation for the mixture is given as follow:

0o, 0 rr op O 0r or r 0 =
— +— =——+—[u (—u, +—u, )]+ -—— 7y 2

J ’ J ! J J

Where u, is the mass-averaged velocity, p, is the mixture density, ¢, and a, are the

volume fraction of water phase and sediment phase, respectively, u, is the viscosity
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of the mixture, u, is the turbulent velocity fluctuation. These terms can be written as

follows:

n
T
a, pu r r
k" k
_ kzz; _ &P Pl

o = Py P ®
P =P+ 0P, “4)
Hyy = O+ 0L (5)
a,+a, =1 (6)

Moreover, the Reynolds-stress tensor —p, ., can be written as:

— 2 or or
—p uu,=——p ko, +u (—u_ +— 7
pm ulu] 3 pm ij yt (ax Z'tm ax. um) ( )

i J

2

Hu=C,p,— (8)
&

Where « is the turbulent kinetic energy, ¢ is the turbulent dissipation rate, &, is the

Kronecker delta. 4, is the eddy viscosity, C, is a constant.

In addition, the momentum equation for the mixture is not closed unless the
Reynolds-stress tensor term is provided. This term can be obtained with assistance of

the turbulence model shown as follow.

The transport equations for the RNG & —& model can be described as follows:

0 0 r 0 0
—(pk)+—(pku)=— (a, 1., —k)+ G, +G, — 9
Py (ok) 8)?- (pku) ox, (awue[f ox, )+G, +G, —pe )

J
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%(pg)+£j(p&rt) = aix[(ag,ueﬁw 6%[8) +C, %(G]; +G,,G,) _ngP%Z_Rg (10)
Where

P (11
G, = 1,S* (12)

s =25,S, (13)

1 01 0r
i = S o 14
y 2( axi um axj um) ( )

In the k—¢& equations, G, is the generation of turbulence kinetic energy due to the
mean velocity gradients, G, is the generation of turbulence kinetic energy due to
buoyancy, which is neglected in this simulation, o, and «, are the inverse effective
Prandtl numbers for £ and &, u, is the effective viscosity, C,, C,, and C,, are

turbulence model constants.

R 1s the effects of rapid strain and streamline curvature, which reflects the main

difference between the RNG and standard k& — & model. It can be written as:

2 _Ca'(-n/n) &

& 1+ﬂ773 k (15)

n="s (16)

In the simulation, the values of above constants are taken as: o,=a,=1.39, 5 =0.012,

n,=4.38, C,=1.42, C, =1.68, C,,=0, C,=0.0845.
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3.2. Simulation method validation

The sedimentation of sediments in the tank is a classic problem, which has been

extensively studied [|24-28]. Therefore in this section, the reliability of above

mathematic model for sedimentation simulation is validated by selecting the
sedimentation tank in Ref. as the research object. The geometry of the
sedimentation tank for the simulation is based on the experiment. The tank is a
rectangular one, with the length of 200 cm, width of 50cm and height of 31cm. The
inlet height is 10cm and the weir height is 30cm. The flow field and sediment
concentration of the sedimentation tank is simulated by utilizing the RNG k¢ -
mixture model in this paper. The boundary condition and initial condition in this
simulation is assigned the same as that in the experimental research in Ref. . The
simulation results are compared with the experimental results, shown in Figure 3. It is
found that the numerical simulation results show a good match with the experimental
results. Both the flow field and the sediment concentration distribution of the
sedimentation tank are well predicted, which indicates that the turbulence model and

multiphase model utilized in this study is adaptable for the sedimentation simulation.
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Figure 3 Comparison of simulation and experimental results: (a) dimensionless x-
velocity of suspended sediments; (b) vertical distribution concentration of suspended

sediments at different locations

3.3. Initial conditions and boundary conditions

It is known that the thickness of accumulated sediment in the ballast tank varies from
a few millimetres to several centimetres, but in most tanks is less than 50mm .
Meanwhile, according to A. Tamburini , the initial sediments volume fraction
on the bottom is experimentally measured at approximately 60%, so in this simulation,
the thickness of accumulated sediments on the vessel bottom is assumed to be 20mm
and the initial sediments volume fraction is made at 60%. Moreover, based on the
experimental data, the measured bulk density of sediments is made at 1500 kg/m? and
the median particle diameter is 11.64um. The density of seawater is 1025 kg/m’.

Besides, the magnitude of the gravitational acceleration is 9.8 m/s?. Further, in the
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simulation, the velocity-inlet boundary condition is assigned for the inlets on the
inflow-pipe. The magnitude of the inlet velocities are assigned at 4 constant values (at
Sm/s, 10m/s, 15m/s, 20m/s, respectively) and the velocity direction is normal to the
inlet face. Besides, the pressure-outlet boundary condition is applied for the outlets on
the outflow-pipe.

3.4. Monitoring plane and lines for simulation model

A monitoring plane is used to obtain the sediments distribution of the ballast water.
Since the sediments are flushed and suspended by the ejected water along the ballast
tank bottom from left corner to right corner, the right corner sediments would be the
latest removed. Thus, 5 monitoring lines locate in the bottom right corner are used to
evaluate the suspending condition of the ballast tank. The location of these 5
monitoring lines are assigned at z=Omm, 10mm, 20mm, 30mm and 40mm, among
which lines of z=0mm, 10mm and 20mm are located in the initial sediments layer and
lines of z=30mm and 40mm are located above the initial sediments layer. These

monitoring plane and lines are shown in Figure 4.
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Figure 4 Monitoring plane and lines for simulation results analysis
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4. Experimental setup

4.1. Test bench description

A 1:10 scaled model of an acrylic ballast tank unit along with the test system was
constructed, shown in Figure 5. The bottom sediment in the ballast tank is
continuously flushed by the seawater that pumped from the seawater tank. The
outflow ballast water is then collected in the sediments tanks. In the experiments, the
injecting velocity of seawater at the inlet is controlled by the volume flow rate that
monitored with a flow meter. Further, a camera is used to monitor the sediments

distribution in the ballast tank.

‘ T

Seawater tank

Outlet 1

-

Sediments tanks :

[

7 Inlet

Ballast tank

| Sediments
e e = |

Camera > Computer 9 -
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K]
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- /

3 )
Fl()\yﬁmctcr ; I ump !

TR / Y
e 3

\
| ) \ 7
\—/ \_ ./

Figure 5 Experimental system

The real-time measurement of the sediments proportion that remains in the ballast
tank is difficult. A. Tamburini provided a method of quantifying the sediments
proportion in the entire tank. By introducing an impeller and measuring the density

caused pressure variation, the percentage of suspended solids can be calculated.
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However, the impact of stirring process on the pressure of tank bottom is neglected in

this method, which leads to a low precision in the measurement.

In this study, the mean sediments proportion in the ballast tank is calculated based on
the weight of remained sediments in the ballast tank, which is ultimately measured by
the weight of sediments in the sediments tanks. The removed sediments are first
collected in the sediments tanks, and then weighted by oven drying method: after
being dried in the oven for 12 hours, the sediments are cooled to ambient temperature
in the dryer and weighted by an analytical balance. It is noted that a test consists of 3

replicates to arrive at the final result.

Table 1 Parameters of instruments

Analytical balance 0~0.2 kg, +0.05%

Flowmeter 0.10~10 m’/h, +1.5%

4.2. Experimental plan

In order to obtain a similar sediment removing process, the Froude number, which
represents the ratio of the flow inertia to the external field, is selected as the key
dimensionless number in the experiments , and the experimental parameters of
both the injecting velocity at the inlets and the required sediments removing time are

fixed based on the similarity principle. The Froude number is defined as:

et 17)

Where, « is the characteristic velocity of the flow, I is the characteristic length scale

of the flow.
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Based on the similarity principle, the velocity scale and time scale for the

experimental model can be determined as follows:
. (18)
Where, /. is the geometric scale of the experimental model, fixed at 1:10.

In the tests, the thickness of accumulated sediments on the tank bottom is 2mm and
the initial sediments volume fraction is made at 60%. The bulk density of sediments is
made at 1500 kg/m® and the measured median particle diameter is 11.64um.
According to the calculation, the initial weight of the accumulated sediments on the
tank bottom is 328.86g. Before conducting the experiments, these sediments are first
fully suspended in the entire tank and then deposited in the tank, this process is to

make sure they are uniformly distributed after settling down on the bottom.
The experimental plan is listed in Table 2.

Table 2 Experimental plan

Experimental conditions Inlet velocity m/s Flow rate in pump L/s
Test 1 1.58 0.0158
Test 2 3.16 0.0316
Test 3 4.74 0.0474
Test 4 6.32 0.0632

5. Results and discussions

5.1. Sediments distribution on the tank bottom

Considering that the sediments discharged from the outlet of outflow-pipe are

separated in the hydrocyclone (with a relatively high separation efficiency of 98%),
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thus, once the average proportion of the sediments in the ballast tank is less than 2%,
the sediments in the ballast tank can be considered adequately removed. In the
simulation, 4 inlet velocities of 5m/s, 10m/s, 15m/s and 20m/s are assigned. The
isosurfaces of sediments proportion above 2% at 600s are obtained and shown in

Figure 6.

(©) (d)

Figure 6 Isosurface of sediments proportion above 2% at 600s with different
inlet velocity: (a) inlet velocity at 5 m/s; (b) inlet velocity at 10 m/s; (c) inlet

velocity at 15 m/s; (d) inlet velocity at 20 m/s

These results visually show the remaining bottom sediments in the tank and it is found

that the sediments are suspended from the bottom left. With a higher inlet velocity,



289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

more sediment on the bottom is suspended at the same moment. Besides, since the jet
holes are located in the midline of two bottom longitudinal plates, the sediments along
this midline are first suspended. Also, it is found the sediments on the bottom right of
the tank are latest suspended, thus the sediments proportion on the bottom right of the
tank can be monitored, which indicates the suspension conditions of the ballast tank.
Based on this observed results, the monitoring lines on the bottom right of the ballast
tank are introduced in this study to evaluate the suspension conditions, and the results

are discussed in the following section.
5.2. Average sediments proportion in initial sediments layer

The proportion of sediments remaining in the ballast tank over time is investigated in

this study, and the results are obtained and shown in Figure 7 (a).

Generally, the simulation results show that the average sediments proportion in the
ballast tank decreases over time, and higher inlet velocity leads to a more rapid
decrease. To compare the simulation results with the experimental one, the time scale
is taken into account, and these results show good match. Further, the decreasing
speed is quantitatively analysed by introducing the 2% proportion line. Figure 7 (b)
shows the results within a more narrow range in x-axis. To reduce the sediments
proportion to fewer than 2%, less required time is needed with higher inlet velocity.
For the simulation results, the required time with inlet velocity at Sm/s, 10m/s, 15m/s,
20m/s are approximately 7200s (Ti), 2300s (T2), 1250s (T3) and 790s (T4),
respectively. In comparison, the experimental required time, after being processed on
basis of the time scale, is obtained. The results show that the required time

(considering the time scale) are approximately 6670s (I, T1), 2190s (/. T2"), 1180s

(1. T3') and 680s (I, T4), respectively.
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5.3. Sediments distribution on the monitoring plane

Figure 8 shows the simulation results of sediments distribution on the monitoring
plane as time varies. According to the simulation results in section 5.2, Ti, T2, T3, Ts
represent the required time of which the sediment are completely removed with 4
different inlet velocities. Further, a comparison study is made by the experiments,
shown in Figure 9. With the assistance of these studies, the flushing process inside the
ballast tank is observed. Generally, the sediments on the ballast tank bottom are first
stirred up by the water injected from the jet holes, and then be sucked into the exit
holes and get removed, remaining very small part of the sediments suspending in the

ballast tank.
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Figure 8 Simulation results of sediments distribution on the monitoring plane with
different inlet velocity: (a) inlet velocity at 5 m/s; (b) inlet velocity at 10 m/s; (c) inlet

velocity at 15 m/s; (d) inlet velocity at 20 m/s
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Figure 9 Experimental results of sediments distribution with different inlet velocity: (a)
inlet velocity at 1.58 m/s; (b) inlet velocity at 3.16 m/s; (c) inlet velocity at 4.74 m/s;

(d) inlet velocity at 6.32 m/s

According to these results, the inlet velocity greatly affects the suspending of
sediments. With a lower inlet velocity, the sediments are gradually stirred up from
bottom left to right, while this process occurs drastically when the inlet velocity is at a
higher level. The removing process is observed from this figure. The bottom
sediments are suspended with the injected water, and then get discharged from the

exit holes. Also, lower inlet velocity means that much longer time is needed to fully
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suspend the bottom sediments. As is shown in Figure 8 (a), it takes more than 7000s
to fully remove the sediments with the inlet velocity at Sm/s. Compared with this,
Figure 8 (d) shows that only approximately 900s is needed to get a similar result with
the inlet velocity at 20m/s. And similar phenomenon can be observed in the

experimental study.

5.4. Average sediments volume fraction on the monitoring lines

According to the initial conditions made in this simulation, the average sediments
volume fractions on each monitoring line are obtained, shown in Figure 10. Similarly,
the flow time is also selected as the variable parameter. Noting that when t=0s, the
corresponding sediments volume fraction on different monitoring lines are at different
values. As it was assigned in the initial conditions, for monitoring lines of z=0mm,
10mm and 20mm, the sediments volume fraction are all 60%; while for monitoring
lines of z=30mm and 40mm, this value are both at 0. As time varies, it is found that
the sediments volume fraction draw curves differently. On the monitoring lines of
z=0mm, 10mm and 20mm, where these lines are within the initial sediments layer, the
sediments volume fractions decrease rapidly from 60% to less than 20% over time,
and then they draw slightly decrease to 0. On the monitoring lines of z=30mm and
40mm, it is noted that the sediments volume fractions first climb up to 10-30% before
decrease gradually to 0. This is attributed to the following reason: as the sediments
near the jet holes are stirred up, they are entrained by the injected water and
accumulated on the right bottom of the ballast tank firstly, and then these sediments
are removed slightly over time. This phenomenon has also been detected in Figure 8

and Figure 9.



364  With different velocity at inflow-pipe inlet, the average sediments volume fractions of
365 ballast water at the same moment are also quite different. When t=1000s, the
366  sediments volume fractions on the tank bottom (z=Omm) are obtained. With inlet
367  velocity at Sm/s, 10m/s, 15m/s and 20m/s, this parameter decreases to approximately
368  22.3%, 8.6%, 2.5% and 1.3%, respectively. This indicates that higher inlet velocity
369 results in a better sediments suspension on the bottom. Besides of the tank bottom
370  monitoring line, other monitoring lines are all found decrease drastically as the inlet
371  velocity increases. Thus it is an effective method of removing the sediments by

372 increasing the inlet velocity of inflow-pipe.
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Figure 10 average sediments volume fraction on the monitoring lines

5.5. Energy consumption of the pump at different inlet velocities as the

sediments proportion in initial sediments layer varies

Since the circulating pump is the only energy consumption component in this system,
its energy consumption is the key parameter to evaluate the performance of this

system. Generally, the energy consumption of the circulating pump is defined as:

VVP = (Ebw + WIDSS )7717 (19)

E, =(B-Ry&/p, (20)
1 1

R)+Epmu0:Pl+§pmul (21)

VV/as_v = APlos'sl&/pm (22)



387  Where, E,, is the total energy of the fluid in the ballast tank, P, and P are the inlet

388  pressure of the inflow-pipe and the outlet pressure of the outflow-pipe, respectively,

389  w,, is the energy losses of the pipe, p, is the density of sediments-seawater mixture,

loss

390 AP,

loss

is the pressure losses along the pipe.
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Figure 11 Energy consumption of circulating pump at different inlet velocities

According to Eq. (19-22), the energy consumption of the circulating pump is
calculated and the results are shown in Figure 11. Generally, in order to get the same
suspension effect, higher inlet velocity means higher energy consumption in
circulating pump. The 2% sediments proportion line is also selected in this section as
the critical line, which represents the fully suspension of the sediments. To reach this
sediments proportion level, it is found that the energy consumption of 460kWh is
required for inlet velocity at 20m/s. And this is followed by 356kWh, 252kWh and
156kWh for inlet velocity at 15m/s, 10m/s and 5m/s. These results are reasonable, for
higher inlet velocity in inflow-pipe leads to higher kinetic energy of inject water and
higher resistance losses in pipes and tank. Therefore, higher inlet velocity can increase
the sediments removing speed; nevertheless, it can also result in higher energy

consumption in circulating pump.
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408 Figure 12 Energy consumption of circulating pump as APD varies
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Further, the effect of particle size on the performance of ballast water flushing system
is investigated. The energy consumption of the circulating pump with 4 different
average particle diameters (APD, at 5, 10, 15, 20um, respectively) is compared. The
inlet velocity of this system is chosen at 5Sm/s. The simulation results are shown in
Figure 12. The result indicates that more energy will be consumed with larger particle
size. To reach the 2% sediments proportion level, it is found the energy consumption
of 125kWh is required for APD at Sum. This is follower by 154kWh, 171kWh,

184kWh for APD at 10, 15 and 20um.

6. Conclusions

This study proposed a ballast water flushing system for ballast sediments removing
purpose. By circulating the ballast water, the deposited sediments on the bottom of the
ballast tank can be stirred up and separated in the hydrocyclone. With the assistance
of this system, no modification is needed for the tank structure. Also, the evacuating
of ballast water is needless during the sediments removing process. With the flushing
system, the unfiltered sediments along with the regrown organisms can be removed
when needed. This proposed flushing system could be considered as an alternative
technique for ballast water management. In this study, the simulation model for this
flushing system is made. Moreover, a 1:10 scaled experimental setup is established
based on the similarity principle. Both simulation and experimental investigation are
conducted to reveal the performance of this flushing system. Based on the analysis

made in this study, conclusions can be drawn as follows:

* The inlet velocity significantly affects the sediments removing efficiency. With

higher magnitude of inlet velocity, the required time for suspending sediments on
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the bottom of the tank can be greatly decreased.

The sediments on the bottom of the ballast tank first accumulate at the far end,
with the sediments volume fraction climbs up to 10-30%. Then these sediments
get removed over time and the sediments volume fraction decreases gradually to
0.

Higher inlet velocity leads to a more rapid decrease of average sediments
proportion in the ballast tank over time. For the simulation results, the required
time for totally removing of sediments is approximately 7200s (with inlet velocity
at Sm/s), 2300s (10m/s), 1250s (15m/s) and 790s (20m/s), respectively. Similar
results are obtained from the experiments.

To get the same suspension effect, higher inlet velocity means much higher
energy consumption in circulating pump. The energy consumption of 460kWh is
required (with inlet velocity at 20m/s), followed by 356kWh, 252kWh and
156kWh with inlet velocity at 15m/s, 10m/s and 5m/s, respectively. Besides,

more energy will be consumed with larger particle size.
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