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ABSTRACT

Operating principle and flow field characteristics of a diving ballast tank for application in submerged vehicles
were investigated in the present study. As understanding the complex changes in the interior air-water two-phase
flow field of the ballast tank during the diving process is difficult, this study specifically performed a ballast tank
diving experiment. Experimental and numerical simulations to analyse the diving motions of the ballast tank were
conducted. Authors comprehensively evaluated the flow field changes in the ballast tank and its surroundings. The
experimental and numerical results were compared in terms of the observed displacements and velocities during
diving. Both the results indicated similar motion trajectories and velocities. Authors effectively observed the air-
water two-phase flow field change inside the ballast tank using this numerical method. Therefore, the numerical
model constructed in this study can be useful for analysing the diving motions of ballast tanks and can effectively
predict the interior flow field characteristics of a ballast tank.

Keywords: Ballast tank; Submerged vehicle; Computational fluid dynamics; Dynamic mesh model

1. INTRODUCTION

Exploring oceans is mysterious and challenging.
Throughout human history, numerous records exist on the
construction of submerged vehicles to carry personnel to
perform underwater tests, for application in fields such as
scientific research, resource exploration, or military purposes.
However, regardless of the type of submerged vehicles, in
addition to the overall design of submerged vehicles and a
complete personnel maintenance system, navigation stability
and motion attitude control of submerged vehicles must be
understood. This understanding is critical for operators to work
in uncertain and high-risk waters; to this end, the configuration
and operation of the ballast tank are undoubtedly key aspects
in the design of a submerged vehicle.

The diving and floating process constitutes an extremely
important part of a moving submerged vehicle. When a vehicle
floats on water, the buoyancy of water is equal to its weight.
Therefore, water must be introduced into the ballast tank to
increase the weight of the vehicle to enable diving operations'.
During the diving process, the centre of gravity and centre of
buoyancy, which are special for moving submerged vehicles,
will change as water enters the tank®. Controlling the diving and
floating mechanisms by adjusting the water level in the ballast
tank appears easy; however, in practice, many parameters are
yet to be determined through professional designing, wherein
experiments are required to verify the effectiveness. Typically,
a vehicle to be submerged must have fast diving abilities, and
more importantly, it should submerge in a stable and silent
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manner>*, Therefore, the water level in the ballast tank must be
precisely controlled to balance buoyancy and weight®.

In this study, experimental observations and numerical
simulation results were used to analyse the flow field in a
diving ballast tank. As the movement of submerged vehicles
is closely related to the operation of the ballast tank, relevant
prior literature was first surveyed®. Font and Garcia-Pelaez’
analysed the influence of water levels in the ballast tank on the
movement of submarines. They suggested that under different
submerged depths, high accuracy and quick responses could be
achieved through water level adjustments. Woods?, et al. found
that submerged depths could be controlled by adjusting the
level of the ballast tank, where propeller operations could be
reduced at low speeds. Liu® employed a mathematical model for
submarine motion to develop a submarine handling simulation
system. A mathematical model of the ballast tank operation was
introduced to investigate the influence of ballast tank operations
on the mathematical model of submarine motion. Tiwari
and Sharma'® used a simulation model for studying flexible
buoyancy systems (FBSs) in underwater vehicles (UVs).
Their results proved the applicability of FBSs for UVs from
low to high ranges of operating depths. Sinaga'' experimented
with a mini submarine to analyse the pitching motion when
transitioning from snorkelling to diving. The change in the
position of the vertical centre of gravity significantly affected
the angle of attack of the mini submarine.

Further, in the flow field simulation of the ballast tank, this
study used the dynamic mesh model (DMM) to simulate the
diving motion of the ballast tank. Previously, Lei'> employed the
DMM to simulate the flow field in underwater body motions to
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explore the changes in the surrounding flow field and pressure
distribution due to different submerged body movements. Guo'
used the DMM to analyse the spectral characteristics of water
surface disturbance caused by a snorkelling submarine and
further investigate the influence of submarine motion on the
wave spectrum under different submarine depths and speeds.
Lin'* employed the laying mesh technique, which is capable
of handling dynamic meshes, to simulate a floating submarine
and calculate its motion resistance. Furthermore, Yang!
used the computational fluid dynamics to simulate changes
in the surrounding flow field of a submarine under oblique
cruising conditions and investigate the pressure distribution
of the submarine under different underwater motion attitudes.
Ahmadzadeh'e, et al. investigated the relationship between the
changes in the underwater velocity of spheres and underwater
resistance against spheres, where the spheres had different
densities and were vertically dropped into water at the same
velocity. Pan'” employed the DMM to simulate a torpedo moving
into water, where the influence of gravity and buoyancy on the
acceleration changes in the submerged torpedo was calculated.
Dubbioso!® simulated a submarine sailing both at infinite depth
and near the free surface (snorkelling operation) to analysed
the impact of the cross rudder and X rudder on the operating
performance of the submarine. The diving motion, affected by
gravity and buoyancy, is closely related to the design of the
ballast tank of the submerged vehicle.

The ballast tank is the main component of a submerged
vehicle. The movements of submerged vehicles rely on the
stable and efficient operation of the ballast tank. Even during
vehicle navigation, posture adjustments must be performed
by adjusting the intake and drainage of the ballast tank. Thus,
efficient operation of the ballast tank is very important for
navigating submerged vehicles; therefore, when initially
exploring the movement of the ballast tank, this study first
analysed the diving motion of the ballast tank. It helped
observe and analyse the complex two-phase flow field inside
the ballast tank.

In summary, this study first conducted a diving motion
experiment with a ballast tank to investigate the flow field
characteristics in ballast tank operations, based on which
simulations of three-dimensional flow fields around the diving
ballast tank were performed. Finally, the numerical results were
compared with their experimental counterparts to verify that
the numerical model constructed in this study could effectively
analyse flow fields during ballast tank motion. The numerical
model developed in this study can be used as a reference when
designing ballast tanks for underwater vehicles.

2. EXPERIMENT FOR ANALYSING DIVING

MOTION OF THE BALLAST TANK

For performing the experiment to study the diving motion
ofaballast tank, transparent acrylic plates were used to construct
a cubic ballast tank model to easily observe its motions. The
model had a side length of 20 cm and wall thickness of 1 cm,
with its interior being able to accommodate the inflow of water.
Two holes having identical areas of 4 cm? were drilled to form
a passage; one hole was at the top of the ballast tank, and the
other one was at the bottom. However, owing to limitations

in terms of the existing experimental equipment and funding,
constructing a large ballast tank was beyond our capacity.
Therefore, a small tank measuring 180 cm x 90 cm x 90 cm
was constructed for the experiment, as shown in Fig. 1. In
addition, for investigating the flow fields in the diving motion
of the ballast tank, the six-degree-of-freedom movement was
temporarily neglected. Therefore, experiments considering
diving motions along a single direction were performed. To
this end, the ballast tank model was supported using buckles
and cables to enable its movement in the vertical direction, as
shown in Fig. 2.

In addition, owing to the experimental environment and
funding constraints, we could not use very precise experimental
equipment; therefore, the experiment simply explored the
displacement and velocity of the diving ballast tank. The
experiment observed the process of diving ballast tank with
a camera and measured the displacement based on the scale
outside the ballast tank and water level scale inside the water
tank. In this study, the camera took a screenshot every 0.03 s.
The diving process of the ballast tank was 1.63s, the confidence
limits were 1.63£0.015 s, and the relative uncertainty is
0.92%. Besides, the total displacement of the diving motion
of the ballast tank was 0.3 m, the least count of the scale was
0.001 m, and the relative uncertainty is 0.17 %. Therefore, the
relative uncertainty of the results is 0.94% on the 95 percent
confidence level by analysing the propagation of uncertainty
in calculations.

Figure 1. Experimental setup for studying diving motion of the
ballast tank.

Figure 2. Schematic showing diving motion of the ballast
tank.
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3. NUMERICAL SIMULATION METHODS
3.1 Governing Equations

This study aimed to investigate the flow field characteristics
during ballast tank motion. In the diving process of the ballast
tank, changes in the air-water two-phase flow field incurred
in the interior of the tank. Therefore, when simulating the
ballast tank motion, the Reynolds-Averaged Navier-Stokes
(RANS) equations, considering the fluid viscosity effect, were
used as the governing equations. The RANS equations include
continuity and momentum equations, and can be expressed as
follows in the Cartesian tensor form'?:
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In these equations, u, is the average velocity, p is the
pressure, 3, represents the Kronecker delta and uj; represents

Reynolds Stress. It is the derivative of the time-averaged
Navier-Stokes equations, causing simultaneous Eqns. (1)
and (2) to become unclosed. Therefore, this study used the
k-o turbulence model to replace Eqns. (1) and (2). Thus, the
number of unknowns in the RANS equations became equal to
the number of equations, indicating that the equations could be
solved easily. In the numerical simulations, we used ANSY S®
Fluent® version 18.0, a software package based on the finite
volume method (FVM) to solve the flow field. The FVM,
currently a mature discrete numerical model, is capable of
improving the accuracy of flow field calculations as well as the
efficiency of equation solving (Parameter settings are given in
Table 1).

Table 1. Parameter settings of turbulence model

Formulation Absolute
Solver
Model Time Transient
Viscous Model SST k~w
Pressure—Velocity Coupling Coupled
Pressure PRESTO!
Momentum Se(;(J)nd O gder
Solution ) o pwin
Discretisation Turbulence Second Order
Kinetic Energy Upwind
Turbulence First Order
Dissipation Rate Upwind

3.2 Volume of Fluid

Because the diving of the ballast tank involves flow field
motions in the air and water phases, the resulting free surface
distribution has a significant influence on the form resistance
and friction resistance against the ballast tank. Therefore, the
free surface effect and two-phase flow field had to be considered
numerically. To address this issue, we employed the volume of
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fluid (VOF) scheme which was originally developed by Hirt
and Nichols? to solve the free surface motion problem. In the
VOF scheme, the flow field calculation domain was divided
into many small mesh blocks; a two-phase flow function was
defined for each mesh block, with the function value between
0 and 1. The equation for determining the position of the free
surface can be expressed as follows?!:

oa
— 44 -Va =0 3)

i

ot K

where o, represents the volume of the water; a,=0 indicates
that the fluid medium is air; a, = 1 indicates that the fluid
medium is water. When 0 < o < 1, the media of the fluid is
considered a coexistence of air and water, and a,= 0.5 reflects
the position of the free surface. In this study, when applying
VOF scheme to solve the free surface problem, the free surface
condition of the flow field in the calculation domain was first
defined as a,=0.5. By linking each small block of the two-
phase flow function, the VOF scheme captured the states of
free surface changes in the flow field.

3.3 Dynamic Mesh Model

During the diving motion simulations of the ballast
tank, the flow field meshes around the ballast tank usually
required adjustments based on the displacement of the ballast
tank. Otherwise, the quality of the surrounding mesh would
deteriorate owing to the movement of the ballast tank; negative
volume meshes could be generated, causing the calculation to
terminate. Therefore, this study employed the DMM to address
the calculation problems regarding flow field meshes associated
with the ballast tank motion. The DMM can effectively address
the grid configuration problem created after the movement
of objects, wherein an independent block of meshes encircle
the simulation object to be moved. As this independent mesh
block moved in the computational domain, the grid points
around its surface changed as the object moved; the meshes
around the moving path compressed or stretched, causing the
meshes to regenerate, thus avoiding mesh overlap. In general,
the DMM is suitable for dynamic simulation of objects with
arbitrary motion trajectories and offers high flexibility in mesh
configurations.

4. MESH CONSTRUCTION AND BOUNDARY
CONDITION SETTINGS FOR THE
COMPUTATIONAL DOMAIN OF FLOW
FIELDS
For simulating the diving motion of a ballast tank,

Rhinoceros CAD software was used to design a 20-cm-long

cubic ballast tank with 1-cm-thick walls. The tank interior was

allowed to accommodate the inflow of water; the opening area
at the bottom of the ballast tank was set to 4n cm?, identical to
that used in the previous experiment. The flow field domain
was 90 cm long, 90 cm wide, and 110 cm high, as shown
in Fig. 3. In computational domain grid layout used for the
simulation, an independent block of meshes was employed
to encircle the tank; structured meshes were generated inside
the ballast tank and in the vicinity of the exterior surface to
ensure grid quality and calculation accuracy of the flow field.
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Pressure
outlet BC

Wall BC

Figure 3. Schematic showing the boundary condition used
simulating for the diving motion of the ballast
tank.

The mesh numbers contained in the computational domain are
683,562. Further, in the region outside the independent block,
the DMM was applied with unstructured meshes. The non-
slip boundary condition (BC) was imposed on the internal and
external surfaces of the tank, and bottom of the computational
domain and its surrounding surfaces, and the pressure outlet
BC was imposed on the top of the computational domain.

Furthermore, a user-defined function was used to enable
vertical motion of the tank, wherein the weight of the ballast
tank was set to balance the buoyancy force. Initially, the top of
the ballast tank was assumed to overlap with part of the free
surface. At this instance, the tank was completely submerged
in water. In case of an empty tank, the movement position of
the ballast tank in the next time step was calculated considering
the relationship between the gravity and buoyancy in the flow
fields.

5. RESULTS AND DISCUSSION

To explore the influence of the numerical result by using
different mesh numbers, this paper had employed simulation
examples that include different mesh numbers. The mesh
numbers contained in mesh type A and B are 683,562 and
962,361, respectively. As shown in Fig. 4, with increasing of
the mesh numbers, the numerical results are getting more and
more close to the experimental data. The result shows that mesh
numbers deeply affected the numerical results. However, more
sophisticated computers are required to perform more accurate
numerical simulations, and it is also based on the computers
used in this study cannot smoothly and fully execute such a
large number of mesh calculations. The authors conducted
detailed numerical simulations with mesh type A, and the
numerical calculation results will be used for subsequent
exploration and analysis.

Figure 5 shows the flow field changes observed during
the diving motion simulation of the ballast tank, where blue
represents air, red represents water, and the remaining portion
represents the coexistence of air and water. The tank moved
downward after being releasing from the free surface, causing
the water flowing into the tank to be injected upward like
a water column, with a tendency of gradually spreading.
Moreover, Fig. 5 clearly shows the flow field changes in the
two-phase air-water flow. It also shows the changes in the flow
field occurring when air was compressed from the inside of
the tank to the free surface. All of the above phenomena are
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Figure 4. Grid dependency study for diving motion of the
ballast tank.

(a)t=0.40s (b)t=0.80s

(c)t=1.20s (d) t=1.50 s (stop diving)

(e)t=3.00s
(a) (b)

() t=5.00s

Figure 5. Variations in the flow fields at different simulation
times during diving motions of the ballast tank. (a)
t=0.40s,(b)t=0.80s, (c)t=120s,(d)t=1.50s
(stop diving), (e) t = 3.00 s, and (f) t = 5.00 s.

indispensable and constitute important flow field information
used in the design of ballast tanks for submerged vehicles.
Although the variations in the flow fields during diving
motions of the ballast tank were similar and coherent with the
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physical characteristics of motion flow fields expected for the
ballast tank, numerical analysis was conducted because this
study exclusively focused on developing practical numerical
calculation models for analysing the diving motions of ballast
tanks.

Figure 6 compares the flow field variations observed
experimentally and in the numerical simulations for evaluating
the diving motions of the ballast tank. High similarity is
observed in the free surface changes of the tank interior
between the two results. First, during the experiment, a violent

t=1.60 s (stop diving)

t=1.80s t=1.80s
() (b)

Figure 6. Diving motions of the ballast tank at different times.
(a) experimental and (b) numerical simulation.
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water jet was generated inside the ballast tank, and an air-water
two-phase flow field was formed. Furthermore, changes in the
simulated flow field indicate water column injection inside the
water tank. Here, the part in green around the water column
indicates the coexistence of water and air, which is similar
to the experimentally observed flow field inside the tank. In
addition, Fig. 6 clearly shows that the ballast tank stopped after
reaching the set depth. At this instance, the height of the water
column inside the ballast tank also decreased along with the
sudden decrease in speed; this height then increased because
of the influence of water pressure, which was confirmed by
observing the water-air two-phase flow field changes inside the
ballast tank.

Figure 7 shows the displacement changes with time in the
experimental and numerical results for the diving motion of
the ballast tank. During the experiment, the ballast tank was
nearly stagnant before t = 0.4 s; conversely, in the numerical
simulation, although the ballast tank moved downward before
t = 0.4 s, there was only a slight displacement. However, the
displacement of the ballast tank gradually increased rapidly
after t = 0.4 s during the numerical simulation, whereas it
increased slowly at after = 0.4 s during the experiment. This can
be attributed to the fact that the buckles and cables around the
ballast tank exterior generated friction during motion, which
affected the diving motion of the ballast tank in the experiment;
however, the displacement of the physical ballast tank also
gradually increased. Finally, although there are differences
between the experimental and numerical calculation results,
their trajectories show the same development trend.
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Figure 7. Variations in displacement at different simulation
times during diving motion of the ballast tank.

Figure 8 exhibits the velocity variations at different time
intervals observed in the experiment and numerical simulation.
In the initial stage during the numerical simulation, the diving
velocity of the ballast tank slowly increased and then gradually
decreased. This suggests that micro oscillations were generated
inside the tank during its motion. At t= 0.4s, the diving velocity
ofthe ballast tank began continuously increasing. This situation
can be compared to the diving motions of the ballast tank in
Fig. 6, during the initial stage of the experiment and numerical
simulation, water was injected into the tank in the form of a jet.
During this period, when water entered the tank and had not
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Figure 8. Variations in velocity at different simulation times
during diving motion of the ballast tank.

reached the tank bottom, the weight of the jet had not exerted
its influence. Therefore, the tank diving velocity had not
increased. However, after the water column spread to the tank
bottom, the diving velocity began to continuously increase.
Figure 8 also shows that at the initial stage of the experiment,
the tank did not dive at a high velocity, which was possibly
because of the friction generated by the cables. Moreover, after
t = 0.4 s, the diving velocity of the tank suddenly increased,
conforming to the results shown in Fig. 7. Finally, Fig. 8 shows
that the velocity of the diving ballast tank is still increasing, so
it reveals that the motion of the ballast tank has not approached
the terminal velocity. With regard to the results, the influence of
gravity and buoyancy on the acceleration changes in the diving
ballast tank will be an important topic for future research.

In summary, although the experimental and numerical
results presented in Figs. 7 and 8 are slightly different, their
overall displacement and velocity variations show a high degree
of similarity. Furthermore, the numerical model established in
this study can be to investigate and analyse ballast tank diving
motions. It can provide researchers with an effective numerical
calculation method in the future.

6. CONCLUSION

This study aimed to investigate the flow field
characteristics of a diving ballast tank through experiments
and numerical simulations. According to the research results,
the numerical calculation model developed for analysing
the diving motion of the ballast tank can effectively observe
the air-water two-phase flow field change inside the ballast
tank. In addition, the numerical simulation and experimental
results help understand the operation characteristics of the
ballast tank. Besides, comparisons between numerical and
experimental results indicated similar motion trajectories and
velocities; moreover, we observed similarities in the flow
field variations inside the ballast tank. These findings suggest
that the numerical method used in this study could be used
to effectively analyse the motion flow fields of ballast tanks.
These results provide important flow field information useful
to explore the operations of ballast tanks and can be used as a
reference for designing ballast tanks.

The numerical calculation model established in this study
provided preliminary results regarding the diving motion
simulation of a ballast tank. Furthermore, it can be used as
an effective analysis method for different diving motions of
ballast tanks. In future, if it can be combined with numerical
calculation models for evaluating the floating motions of
ballast tanks, it can comprehensively analyse the flow field
characteristics during diving and floating motions of ballast
tanks, and expecting to be practically applied in designing
ballast tanks for submerged vehicles.
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