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Abstract: Tank heel minimization is a significant issue in the design of LNG fuel tanks because
it is associated with stable suction pump operation and thermal shock requirements during LNG
bunkering. This study examined how the LNG tank heel is minimized, maintaining a suction pump
fully submerged in LNG during dynamic vessel motion. The study assumed two LNG fuel tanks
mounted on the forward deck of a 50,000 deadweight class oil product carrier. Information on the
dimensions and shape of the LNG fuel tank was determined from Wartsila’s brochure, and the
specifications of Vanzetti’s suction pump were referred to. The LNG fuel tank and LNG heel were
modeled as rigid elements and hydrodynamically smoothed-particles, respectively. The number of
particles could be determined by performing even keel analyzes by adding or subtracting particles
until the target head was satisfied under the gravity load. To simulate the motion of the LNG
fuel tank, the pitch and roll periods and amplitudes of the ship were calculated using the DNV
classification rules. Visual observations of the dynamic flow during the pitch and roll motions
with respect to the ship’s center of mass showed that the roll motion was more critical from the
viewpoint of the LNG heel than the pitch motion. After performing the simulations for three cycles
of roll and pitch motions, the suction pump submergence was reviewed in the last cycle. Under the
conditions assumed in this study, a filling ratio of 15% was determined as the minimum LNG tank
heel. Although the LNG heel has customarily been determined, the LNG heel needs to be determined
through hydrodynamic analyses of each vessel because it depends on the shape of the fuel tank and
the vessel motion characteristics.

Keywords: LNG fuel tank; tank heel; suction pump submergence; smoothed-particle hydrodynamic;
filling ratio; ship motion

1. Introduction

Tank heel, or the liquefied natural gas (LNG) volume remaining in the tank before
bunkering, is a significant issue in LNG fuel tank design and sump tank optimization.
Unlike offshore LNG fuel tanks where the operation has no filling limitation, seagoing
LNG units are designed to keep the liquid above a specific filling level. The filling ratio
should satisfy the desired filling head to keep the suction pipe submerged in the LNG
under operation conditions (DNV RU ship) [1]. The tank geometry needs to be optimized
to increase the usage efficiency of the LNG fuel tank.

Recently, studies on sloshing have increased for the application of LNG fuel tanks [2–4].
The most popular methods of sloshing studies are model tests and numerical simulations.
Nasar et al. [5] conducted experiments on the sloshing of a fuel tank to study the phenomena
of liquid sloshing in tanks attributed to normal beam waves. Model testing is visual and
reliable, but there are some uncontrollable factors in the model tests, such as the capability
and accuracy of the equipment.

With advances in computer technology, the numerical method for sloshing analysis
has become popular and reliable. Numerical and experimental studies were conducted
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to dictate the behavior of the free surface motion of the liquid inside the tank under
the excitation of a natural frequency [6]. In numerical analysis, the smoothed particle
hydrodynamics (SPH) method was applied to analyze sloshing flow. The results were in
good agreement with the experimental method.

Previous studies focused on the effects of sloshing on the tank by adapting the loads
and wave conditions [7–13]. Some references considered the sloshing impact on the
structure to strengthen the tank. Studies on the effects of parameters on LNG bunkering
addressed many factors, such as the temperature difference between tanks, pressure control,
transfer rate, pipe thermal insulation, pipe diameter, and LNG composition [14–17]. The
optimization work for the LNG fuel tank was towards the unloading operations and
regasification [18–21]. Nevertheless, the tank structure is the primary factor affecting the
use and operation of the fueling system on cargo ships under practical working conditions.
Therefore, optimization of the LNG fuel tank structure in the process of tank design needs
to be studied to supply the baseline for use and increase the usage efficiency in cargo ships.

In this study, a numerical study was performed for tank heel minimization to support
the LNG fuel tank design. The SPH method was applied to simulate the motion of liquid
in the LNG fuel tank and measure the instantaneous filling heads under the roll and pitch
conditions. The LNG fuel tank was filled with the particle elements representing the LNG
fuel up to the target filling head corresponding to the target filling ratio of the LNG fuel
tank. The SPH model with a specific filling ratio was verified if the filling head under the
gravity load was kept the same as the target filling head. The SPH analyses were conducted
at various filling ratios to determine the minimum filling ratio.

2. Study Background
2.1. Determination of LNG Heel

An LNG fuel tank should be designed based on the standard IGF code [22], and
specifications of the fuel pump follow the designed fuel pump. As depicted in Figure 1,
the LNG heel determination process should feed back to the LNG fuel tank design because
it directly impacts the usable capacity of a tank. The required tank heel is determined
by several factors, including the volume and shape of the tank, the ship’s operating
conditions, engine gas consumption, heat transfer from external sources, and bunkering
and voyage schedule.
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An LNG heel is the minimum LNG volume to fuel. The minimum filling ratio can
range from 2% to 33%, depending on the cases [23–25]. With regard to the initial design
considerations, the minimum filling ratio of 10% can be assumed as a rule of thumb. The
amount of LNG remaining in the tank directly affects the tank’s pressure and temperature
and the bunkering process [26]. When the amount of LNG is insufficient to maintain the
tank at a critical temperature, bunkering thermal shock can occur in the LNG fuel tank
because of the significant temperature difference between the tank atmosphere and charged
LNG [27]. In LNG fuel tank design, the tank heel needs to be minimized so that it provides
an extended voyage distance, guaranteeing a tolerable thermal shock.

One of the most important specifications of the LNG pump is to keep the pump fully
submerged in the LNG fuel to avoid gasification during suction in the tank. Most LNG
fuel tanks adopt a sump which improves fuel pump submergence under reduced LNG
heel volume.

The fuel pump setting with the relative distance to the sump tank can be referenced
in the handbook of pump intake design ANSI/HI 9.8-1998 [28]. The depth for fuel pump
submergence, which is the level of liquid required above the suction inlet to avoid the
vortex flow around the inlet and prevent the air inflow, is calculated using Equation (1).

S = Dpump + 0.574
Q

D1.5
pump

, (1)

where S (m) denotes the fuel pump submergence, Dpump (m) is the pump diameter, and
Q (m3/s) is the flow rate.

Simulation models can be developed with the reference filling height. There are two
steps of simulations for the determination of the optimal LNG heel. As a first step, dynamic
sloshing simulations under ship motions are needed to ensure pump submergence, which
should be monitored at every moment of ship motion. This step can be simulated based on
conventional computational fluid dynamics (CFD) or SPH. The next step is to check if the
filling head satisfying the pump submergence can be acceptable in terms of LNG thermal
differences. CFD and finite element analysis (FEA) are alternatively used for the second
step. For more rigorous evaluation, LNG boil-off, which leads to a decrease in the volume
of liquid, can be considered.

2.2. SPH Method

A number of publications related to the SPH method have been reported. In general,
the SPH method is more reasonable than Lagrangian finite element analyses and even than
coupled Eulerian–Lagrangian analyses when the deformation is remarkably developed.
As long as a relatively reasonable number of nodes associated with smoothed particle
hydrodynamics is involved in the analysis model, the SPH method is known to be cost
effective.

The SPH method is applied for dynamic sloshing simulations. For this method, nodes
and elements are not generated as in conventional finite element analysis; instead, only a
set of points and a uniform radius of the points are required to represent a fluid body. These
spheres are known as particles or pseudo-particles in smoothed particle hydrodynamics.

The SPH method is based on interpolation theory to approximate a field variable at
any point in a domain. The variable value at a particle of interest can be approximated by
summing the contributions from a set of neighboring particles. The property A of a particle
was interpolated using a kernel function (W), which is a function of the smoothing length,
h, and the distance with the neighboring ith particle, as described in Equation (2) [8]. A 2D
example of the SPH model illustrates that a particle of interest is surrounded by N particles,
as shown in Figure 2.

A(r) =
N

∑
i

mi
Ai
ρi

W(|r− ri|, h) (2)
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where Ai, ri, mi, and ρi denote the physical property, position, mass, and density of the ith
particle, respectively; h is the smoothing length; r is the position of the particle of interest;
and N is the total number of particles within the smoothing length h.
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3. LNG Heel Analyses
3.1. SPH Analysis Model

This paper refers to an LNG fuel tank mounted on a Wartsila WSD41 50K model,
which is a 50,000 deadweight oil product tanker [29], as a research object. The cargo ship
has two LNG fuel tanks on board; both are identical in size. The sketches of the LNG fuel
tank are shown in Figure 3. The LNG fuel tank is supported by a fixed-support ring and
sliding-support ring. The transverse vacuum rings are welded inside the tank to elevate
the buckling strengths and to mitigate the LNG dynamic flows.

For tank heel minimization, the LNG fuel tank usually adopts a sump tank, which
is located 0.322L away from the rear end of the tank (see Figure 3b). A suction pump is
located to pump the LNG out. The design parameters of the sump tank such as the wall
clearance (W) and floor clearance (c) are referenced in the handbook [28].

The position of an LNG fuel tank relative to the ship’s center of mass (COM) is
presented in Figure 4. In this study, only an analysis of the LNG fuel tank was performed.
The motion of the tank in terms of pitch and roll refers to the COG of a ship. The analysis
was performed for an LNG fuel tank on the port side.

A commercial finite element analysis (FEA) code, Abaqus/Explicit [30], was used for
all of the SPH analyses performed in this study. The SPH model of the LNG fuel tank
included the tank structure and LNG. The tank was meshed as the rigid shell elements
(R3D3 and R3D4), and the LNG was composed of the smoothed-particles, as shown in
Figure 5. The rigid shell element size was determined so that the shape of the round tank
and internal reinforcement could be expressed reasonably.

The LNG fuel was modeled as smoothed-particle elements (PC3D). The size of the
particle element needed to be small enough to represent the natural flow of the LNG.
The size of the particle element was determined relative to the sump tank, which has
the smallest tank dimension. Expecting that most localized flow can occur by way of
the sump tank, the LNG particle size was determined so that enough particles could be
contained in the sump tank. All particles were initially positioned offset by the distance of
the particle size to prevent penetration of the particles through the tank wall. A probing
beam element (B31) was inserted to measure if the suction pump was fully submerged in
the fluid particles.
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Figure 5. A typical example for the tank heel analysis model.

The LNG properties with density ρ = 4.26 × 10−10 (ton/mm3) and viscosity µ = 1.46
× 10−10 MPa.s were assigned to the particle elements. To support the solution for the
SPH model, the LNG was defined using the Hugoniot type linear equation of state with
the parameters of the sound speed of 1.42 × 106 mm/s, the slope coefficient of 0, and
the Grüneisen ratio equal to 0. The interaction between the LNG particles and the tank
structure is defined through contact inclusions considering the particle radius.

3.2. Even Keel Condition

The SPH analyses for the even keel condition are necessary to check if the modeled
particles maintain the intended filling head under the gravity load of 9810 mm/s2. We
assumed the Vanzetti pump [31] as an LNG suction pump, which is located at the center
of the sump tank. The net positive suction head available (NPSHa) was 940 mm, which
corresponded to the filling ratio of 7.76%, as shown in Figure 3c. Hereafter it is denoted as
the reference filling ratio.

Based on the reference filling ratio, the SPH models with the increased filling ratios
were generated to check the suction pump submergence even under the dynamic ship
motion conditions. The SPH models are summarized in Table 1, where the filling ratios
ranged from 7.76% to 17%. A probing bar was cantilevered at the center of the sump tank
bottom. Its free end of Model 1 was aligned with the filling head height, as delineated in
Figure 5.

Table 1. Information of the SPH models for even keel condition.

Model Filling Ratio (%) Number of Particles

Model 1 7.76 67,648
Model 2 10.00 93,826
Model 3 12.00 107,917
Model 4 15.00 138,099
Model 5 17.00 153,622

A simulation time of 3 s was applied to each model to see the stabilized filling head
under the even keel condition. There were some repeated attempts to add or subtract more
particles until the filling head was aligned to the target head. Figure 6 shows the converged
results where the stabilized filling head of each LNG fuel tank model coincided with the
top end of the probing bar. In addition, the number of particles corresponding to Figure 6
was expressed in Table 1. These SPH models are to be used for the roll and pitch dynamic
conditions.
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3.3. Dynamic Rolling and Pitching Conditions

After the even keel analysis was finished, the analyses were performed under the roll
and pitch conditions. Some equations to determine the roll and pitch motions were taken
from DNV ship rules [1], as shown in Equations (3)–(6), where the values of LBP and B
were assumed to be approximately 175 m and 32 m, respectively. The determined roll and
pitch angles and periods were suggested in Table 2. Because roll or pitch motion in the first
cycle should start in a stand-still state, three cycles of motion were repeated to confirm the
more natural flow of LNG (refer to Figure 7).

Table 2. The determined roll and pitch angles and periods.

Item Roll Pitch

Roll amplitude θ or
Pitch amplitude φ (deg) 27.52 12.36

Roll period Tr
Pitch period Tp (s) 14.74 11.07
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The gravitational force was applied for three seconds, and then the prescribed roll or
pitch motion was applied each model. Since the roll or pitch motion starts just after being
sufficiently stabilized by the gravity for 3 s, the flow response in the last cycle is regarded
as being most realistic.

Tr =
2.3π × 0.39B√

0.12gB
(3)

θ =
9, 000(1.4− 0.035Tθ)

(1.15B + 55)π
(4)

Tr =

√√√√2.0π × 0.6
(

1 + Td
Ts

)
LBP

g
(5)

φ = 920L−0.84
BP

1.0 +

(
2.57√
gLBP

)1.2
 (6)
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During the roll cycles, the submergence of the probing bar was visually inspected
every 0.1 s. Figure 8 shows five photos per cycle in Model 3. They include the captured
snaps at the cycle beginning, peak, zero-crossing, and valley points in each cycle. The
patterns of free surfaces at an observation moment look similar to each other for second
and third cycles, while the free surface pattern for the first cycle is different from those
for the second and third cycles. This means that the fluid flow was stabilized from the
second cycle.

We observed the flow pattern in the third cycle at which the flow was stabilized more
closely and present it in Figure 9. It can be seen from Figure 9a that when the filling
ratio is 12%, the probing bar is exposed to the air at several moments. On the other hand,
when the filling ratio is increased to 15%, the probing bar is almost immersed in the fluid
particles (see Figure 9b). Therefore, under rolling conditions, 15% can be determined as the
minimum filling ratio.

With the filling ratio of 15%, it can be seen in Figure 10 that the probing bar was stably
submerged under the pitching motion. Through a comparison of Figures 9 and 10, it can
be seen that the suction pump was submerged more stably in the pitch condition than
in the rolling condition. It is considered that the vacuum rings inside the LNG fuel tank
suppressed the longitudinal flow.
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4. Conclusions

The process of minimizing the LNG tank heel considering ship motions and thermal
distributions was presented in a flow chart, and this paper considered only the vessel
motion effects. The first condition for determining the minimum tank heel was that the
suction pump was submerged during the flow of LNG due to the motion of the hull.
The second condition was that the determined tank heel did not induce thermal shock
due to LNG reloading. This paper introduced the process of determining the minimum
tank heel that satisfies the first condition. The SPH method was used to implement the
LNG heel numerical analyses, and the theoretical background of the SPH method was
introduced. The LNG fuel tank was dimensioned to be mounted on the fore deck of a
50,000-deadweight product tanker.

The filling head whose suction pump top coincided with the free surface was deter-
mined as the reference LNG heel. The corresponding reference filling ratio was 7.76%.
Four cases (10%, 12%, 15%, and 17%) with an increase over the reference filling ratio were
considered.

To check whether the initially determined fluid particles satisfy the target filling head
corresponding to each case, the fluid particles were repeatedly added or subtracted for
even keel conditions. To confirm the suction pump submergence in the dynamic condition,
the amplitudes and periods of the roll and pitch motions of the hull were calculated based
on the classification rules. Due to the characteristics of the LNG fuel tank arranged in the
longitudinal direction of the hull, the roll motion was more critical than the pitch motion.
The 15% filling ratio was determined as the minimum tank heel due to roll motion, and
stable suction pump submergence was confirmed even in pitch motion.

As a future study, the minimum tank heel determined in this study can be confirmed
only when thermal shock is determined through heat transfer analysis considering the
vaporization of LNG. To minimize the tank heel, it is very important not only to optimize
the shape of the sump tank, but also to select the position of the LNG tank relative to the
COM of the ship. Future study on this is necessary.
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Nomenclature

Latin symbols
Ai Properties of particle ‘i− th’
As Sum of particles properties’ around the particle of interest within the smooth length h
B Molded breadth of a ship in meters
D Depth of LNG fuel tank
Dpump Pump diameter
E Young’s modulus
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g Gravitational constant
h Smooth length
H Filling head
L Length of LNG fuel tank
LBP Length between perpendicular of a ship in meters
mi Mass of particle ‘i’
N Total number of particles within the smoothing length h
Q Flow rate
r Position of the particle of interest
ri Position of particle ‘i’
S Suction pump submergence
Tp Pitch period
Tr Roll period
W Kernel function
Greek symbols
ρ Density of LNG
ρi Density of particle ‘i’
µ Viscosity of LNG
φ Pitch angle in degree
θ Roll angle in degree
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