
����������
�������

Citation: Yu, P.; Yin, Y.; Yue, Q.; Wu,

S. Experimental Study of Ship Motion

Effect on Pressurization and Holding

Time of Tank Containers during

Marine Transportation. Sustainability

2022, 14, 3595. https://doi.org/

10.3390/su14063595

Academic Editors: Just Tomàs

Bayle-Sempere and Sohbet Karbuz

Received: 25 January 2022

Accepted: 17 March 2022

Published: 18 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Experimental Study of Ship Motion Effect on Pressurization
and Holding Time of Tank Containers during
Marine Transportation
Peng Yu 1 , Yuanchao Yin 1 , Qianjin Yue 2,* and Shanghua Wu 2,*

1 Faculty of Vehicle Engineering and Mechanics, Dalian University of Technology, Dalian 116024, China;
yupeng5264@163.com (P.Y.); yinyc@mail.dlut.edu.cn (Y.Y.)

2 School of Ocean Science & Technology, Dalian University of Technology, Panjin 124221, China
* Correspondence: yueqj@dlut.edu.cn (Q.Y.); shanghuawu@dlut.edu.cn (S.W.)

Abstract: Liquefied natural gas (LNG) is the cleanest fossil fuel available, producing less carbon
emissions and fewer pollutants than other fossil fuels. Marine transportation is a key process in the
LNG supply chain. The use of tank containers, which are portable equipment, can effectively facilitate
multi-mode transportation. LNG evaporation causes pressurization, which is a safety concern
during transportation. Ship motion and environmental temperature are the main factors affecting
pressure variations. In this study, the effect of ship motion on pressurization and holding time was
investigated through three types of experiments, namely, prototype, field, and self-pressurization
experiments. The results showed that while increased boil-off gas was generated due to ship motion,
this evaporation remained stable in dynamic cases. Higher evaporation rates were obtained under
more severe dynamic conditions, and the holding time was shortened. The two different effects of
ship motion on pressure development discussed here are the facilitation of pressurization due to
the enhancement of heat transfer and the prevention of pressurization due to gas condensation at
the vapor–liquid interface. These two effects show varied levels of predominance over the pressure
variations depending on different stages of transportation. The holding time in the experiments was
able to reach 87 days under the most severe condition, which is long enough for long-term shipping;
the safety of transporting LNG in tank containers is further discussed based on the experimental
results herein.

Keywords: LNG; pressurization; holding time; marine transportation; dynamic evaporation;
prototype experiment; self-pressurization experiment; field experiment

1. Introduction

Fossil energy represented by coal, oil, and natural gas is the world’s main primary
energy source. The large extent of energy consumption underlies the threat of a serious
global climate crisis. According to estimates of the World Resources Institute (WRI), the
total global greenhouse gas emissions were 47.5 billion tons in 2018, of which 76% were
carbon emissions generated in the process of energy use [1]. As a traditional fossil fuel
natural gas has the characteristics of being a clean energy, with a high calorific value per
unit, no residue after combustion, and fewer greenhouse gas emissions than coal and oil.
It is considered to be a “bridge” in transitioning from fossil energy to new energy. The
demand for natural gas has grown rapidly recent years [2].

The global distribution of natural gas resources is uneven. Natural gas transportation
is one of the most important processes in the industrial chain. Liquefied natural gas
(LNG) is the main form of natural gas moved via marine transportation. LNG is usually
transported by LNG ships, tank trucks, or pipelines. Several different facilities are needed
for this process, and LNG is typically loaded and unloaded several times in the supply
chain (see Figure 1). This may both increase the costs of LNG storage and transportation
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and cause resource waste. A tank container is a kind of portable equipment that can be used
as both storage and transportation equipment, making it easier to combine different modes
of transportation without rearranging the contents within tank containers [3]. This mode of
transport is cost-effective and highly efficient; moreover, tank container transportation is
more applicable for transporting LNG to remote areas or those with seasonal natural gas
demand. This form of transportation is of great significance for the extensive application of
clean energy.
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Figure 1. Comparison of different means for LNG transportation.

One of the key issues that should be carefully considered during the processes of
LNG storage and transportation is evaporation. Boil-off gas (BOG) is generated when
low-temperature LNG evaporates, which pressurizes tank containers. When the tank
pressure reaches the maximum allowable pressure, the BOG should be appropriately and
safely handled. For certain LNG ships, the over-pressure BOG can be either reliquefied and
returned to the LNG carriers or used as fuel for dual-fuel ships [4]. Additional facilities
need to be installed on the ships for these processes. The only way to handle BOG in a tank
container is through discharging directly to the environment. BOG is mainly composed
of methane, a flammable substance, resulting in safety concerns associated with BOG
discharge. Therefore, it is forbidden to discharge BOG during marine transportation. The
main method of ensuring the safety of LNG transport in tank containers is to predict the
duration that LNG can be safely kept within tank containers; this duration is called the
holding time. The key issues in studying holding times are to determine the pressurization
and dynamic evaporation of LNG in tank containers.

Tank pressurization due to LNG evaporation is a natural process. It is the main safety
concern during tank container transportation, and is caused by the accumulation of BOG
that is generated by evaporation. In a static state, the heat sources for evaporation are
mainly solar radiation and temperature differences between the inside of the tank container
and the environment (see Figure 2). Static evaporation characteristics in cryogenic vessels
have been studied using theoretical, CFD, and experimental methods. In theoretical studies,
predictions of LNG composition and BOG rate were studied based on equilibrium [5–8]
and non-equilibrium [9–11] thermodynamics. In CFD studies, temperature distributions,
heat transfer, and evaporation mechanics have been investigated [12–14]. It has previously
been found that heat transfer at the interface of the vapor and liquid phase is quite small.
Instead, heat for evaporation mainly derives from the heat transfer from liquid [9,15,16].
In experimental studies, Niu et al. [17] investigated the evaporation in type B containers
using a 1:1000 scaled model. Lin et al. [15] proposed a practical approach to predict BOG
rate in a type C container based on a scaled model experimental study. Their experimental
results provide an important reference for engineering practice and CFD studies. All of the
mentioned studies were conducted under static conditions. The main factor that influences
evaporation is environmental temperature. For marine transportation, ship motion is one
of the main factors able to affect LNG evaporation; thus, the dynamic characteristics of
evaporation and pressurization should be further studied.
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During transportation, ship motion causes liquid sloshing, which can be investi-
gated either based on experimental investigations or with the help of numerical simula-
tions [18–21]. Liquid sloshing may facilitate heat transfer and impact pressure variation
in the tank container [22–24]. The thermodynamic responses of low-temperature fluids
to different excitations are usually studied in the aerospace field. Pressurization, BOG
generation, and thermal stratification subjected to periodical excitation in the fuel tank
were investigated in [25–27]. With the development of marine engineering, liquid slosh-
ing and the thermodynamic responses to it have been studied in marine equipment. For
example, Ghafri et al. [28,29] investigated liquid sloshing and thermodynamic responses
induced by sloshing. However, the working fluids in the experiments were all water,
the thermodynamic properties of which are different from LNG. Dimopoulos et al. [30]
and Miana et al. [5,6] studied BOG generation during shipping. In their studies, they
considered transport duration, environmental temperature, and heat ingress as variables;
however, ship motion was not taken into consideration. Qu et al. [31] proposed a new
condensation model considering ship motion. In this model, liquid sloshing induced by
ship motion was considered when calculating the condensation flow rate. Sun et al. [32]
and Gu et al. [33,34] studied the effect of ship motion on heat transfer of low-temperature
fluid in marine equipment. It was found that external excitation had a significant impact
on heat transfer in cryogenic vessels. The above-mentioned studies demonstrate that it
is necessary to study the effect of external excitations on pressurization and evaporation.
However, few studies have been conducted on LNG behavior within tank containers; heat
transfer and evaporation of LNG in tank containers needs to be investigated.

Pressurization and dynamic evaporation result from heat transfer subjected to exci-
tation conditions during transportation. Thermodynamic response in tank containers is
related to liquid sloshing and heat transfer. Experimental study is a reliable means of inves-
tigating these problems. While most of the previous experimental studies were conducted
using scaled models, it has been demonstrated by Saleem et al. [35] that the determined
thermodynamic response of a low-temperature fluid is sensitive to the model size used for
the study. This means that the determined thermodynamic responses will vary with respect
to different model sizes. Moreover, LNG composition is another factor that may affect
evaporation [30,36]. However, most previous experimental studies used liquid nitrogen as
a substitute for LNG due to experimental safety concerns. The involved phenomena and
thermodynamic response may be different due to the different thermodynamic properties
of these two fluids. Therefore, a prototype experiment using multi-component LNG is
necessary in order to systematically study the dynamic characteristics of evaporation and
pressurization in tank containers. At present, there are few studies that employ prototype
experiments for LNG equipment. Moreover, the characteristics of evaporation and pres-
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surization in tank containers during marine transportation have not been systematically
studied. The safety of transporting LNG in tank containers needs to be further discussed.

As mentioned above, environmental temperature and ship motion are two key factors
that affect LNG evaporation in tank containers. However, few studies have been carried out
to investigate the effect of ship motion on evaporation and pressurization in tank containers.
Experimental study is a reliable strategy to resolve these problems. Therefore, in this study,
three types of experiments on LNG evaporation were carried out: a laboratory prototype
experiment, a field experiment, and a self-pressurization experiment. All the experiments
were conducted with prototype 40 ft LNG tank containers used in marine transportation.
Multi-component LNG was used in all the experiments to allow more realistic results
to be obtained. Through this approach, the effects of ship motion on evaporation and
pressurization were studied. The experimental setups are elaborately described in Section 2.
In Section 3, the experimental results are discussed. In the laboratory prototype experiment
(Section 3.1), ship motion was simulated, allowing the characteristics of LNG evaporation
and pressure variation under two dynamic conditions to be studied. In the field experiment
(Section 3.2), a real shipping experiment was conducted in order to study pressurization
characteristics. A self-pressurization experiment was conducted, and the results of the
pressurization process were considered as a reference when analyzing the effect of ship
motion on pressurization. Furthermore, the holding time, which is a key factor for a tank
container when creating shipping schedules under dynamic conditions, was analyzed as
well. In Section 4, the safety of transporting LNG in tank containers is discussed based on
the experimental results.

2. Experimental Setup

Three types of experiments were conducted in this study, namely, laboratory prototype,
field, and self-pressurization experiments. The experimental setups are described below.

2.1. Tank Container

The tank containers used in all the experiments were 40 ft LNG tank containers,
which are horizontal cylindrical containers; the main structure is shown in Figure 3, and
the dimensions are listed in Table 1. The tank containers were manufactured by the
same company in the same batch. All tank containers were well insulated, and the daily
evaporation rate was less than 0.15%/d. The total volume of each tank container was 40 m3.
The maximum allowable pressure of the tank containers was 850 kPa (absolute pressure).
A pressure sensor and two thermal sensors were installed on the tank containers. The
pressure sensor was mounted on the upper position to measure the tank pressure. Two
thermal sensors were installed in the upper and lower positions in the tank containers to
ensure that temperatures of the vapor phase and liquid phase were measured.
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Table 1. Dimensions of LNG tank containers used in the experiments.

Hight Length Width Diameter of the Inner Container Total Volume

2591 mm 12,192 mm 2438 mm 2252 mm 40 m3

2.2. LNG

The working fluids used in all the experiments were multi-component LNG. The LNG
compositions used in the experiment are shown in Table 2. The filling ratio was 90%, which
indicates that the initial volume of LNG was about 36 m3. The temperature of the LNG
used to fill the tank containers was −158.70 ◦C, −158.39 ◦C, and −157.89 ◦C, respectively,
in the prototype, self-pressurization, and field experiment. Temperature was measured by
the thermal sensors installed in the tank containers.

Table 2. Mole fractions of LNG compositions in the experiments (unit: %).

Case CH4 C2H6 C3H8 n-C4H10 i-C4H10 n-C5H12 i-C5H12 N2

Prototype experiment and
self-pressurization

experiment
95.5387 3.1675 0.7552 0.1640 0.1503 0.0054 0.0269 0.1920

Field experiment 92.1911 7.5508 0.1933 0.0208 0.0210 0.0003 0.0012 0.0216

2.3. Prototype Experiment Setup

Evaporation is a continuous process, and BOG is continuously generated in the tank
containers throughout the entire process of LNG storage and transportation. Therefore, in
the prototype experiment the intensity of LNG evaporation is indicated by the BOG flow
rate. Tank container pressure increases due to the accumulation of BOG in the ullage space.
The tank pressure is always higher than the atmospheric pressure due to continuous BOG
generation. In this experiment, BOG was allowed to flow out of the tank container through
gas measurement pipelines and the BOG flow rate was measured by the flow meter. The
schematic of dynamic BOG flow rate measurement is shown in Figure 4. The prototype
experiment was conducted in an indoor laboratory of Dalian University of Technology. The
average room temperature was 25.8 ◦C during the experiment. In the real tank container
transportation experiment, the tank container was fixed on the deck in order to simulate
the motion state of the tank container; the tank container was fixed on the simulator, and
a single degree-of-freedom (DOF) simulator was adopted to simulate the ship motion
during shipping.
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2.3.1. Ship Motion Simulator

In the prototype experiment, ship motion was simulated by a single degree of freedom
(DOF) simulator. Even though the main DOFs of ship motion during a voyage are pitching
and rolling, anti-sloshing baffles are usually adopted to prevent longitudinal liquid sloshing
along the length of tank containers. Therefore, roll motion was simulated in this experiment.
The mass of a tank container with 90% filling ratio may reach 35,000 kg. The ship motion
simulator used in previous studies cannot meet this loading capacity [37]; therefore, a
single DOF was carefully designed. The main parameters of this simulator are shown in
Table 3, which was used to simulate the roll motion of the container ship.

Table 3. Main parameters of single DOF simulator.

Items Values

Motion mode Roll
Drive mode Hydraulic

Loading capacity 500,000 kg
Dynamic loading force 350 kN

Amplitude −30◦–+30◦

Max. velocity 10.5◦/s
Max. acceleration 3.7◦/s2

Accuracy 1.67% of the maximum amplitude

The configuration of the single DOF simulator is shown in Figure 5. The structure
of the simulator consisted of a working platform, upper support, axis, base, and two
hydraulic servo-actuators. The working platform was designed with a square shape in
order to broaden the application of the simulator for other experiments. A tank container
holder was specifically designed to fix the tank container onto the working platform. The
structure was driven by a hydraulic servo system in order to obtain a large and stable
driven force. In the experiment, the tank container was firmly fixed on the tank container
holder. The roll motion of the ship and tank container was simulated.
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2.3.2. Measurement System

The configuration of the measure system is shown in Figure 6. The vapor valve
on the tank container was selected as a connection point on the tank container side (see
Figure 6a). BOG was passed through the vapor valve from the inner tank container
driven by a pressure difference between the inner tank container and the environment.
The measurement pipeline was connected to the vapor valve using a flange with a well-
sealed joint. Another measurement pipeline was connected to the inlet of the flow meter
(see Figure 6c). Due to the difference in the diameter of the two measurement pipelines,
a reducing union was used (see Figure 6b). The BOG generated in the tank container
flowed out through the pipelines and was measured by a flow meter with an accuracy of
±4 × 10−6 kg/s, and the measured BOG was then discharged out of the laboratory.
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2.3.3. Experimental Conditions

Two dynamic conditions were studied in the prototype experiment, as shown in
Table 4. The experimental conditions were supplied by the China Classification Society
(CCS) based on real shipping of a container cargo ship. Case 1 was a small amplitude
condition in which the ship underwent roll motion within a small range. The amplitude in
Case 2 was the limiting criteria of roll motion of merchant ships [38]. The frequencies were
the average value under the corresponding amplitude. The experimental conditions were
supplied by the single DOF simulator, and the excitations were in sinusoidal curve. Cases
1 and 2 were conducted over the course of 48 h. As a comparison, a self-pressurization
experiment was conducted prior to the dynamic case study.

Table 4. Experimental conditions in prototype experiment.

Cases Amplitude (◦) Frequency (Hz)

Case 1 ±2 0.1136
Case 2 ±5 0.1031

2.4. Field Experiment Setup

In the field experiment, a 40 ft tank container filling with LNG was transported by
a 4250 twenty-foot equivalent unit (TEU) container ship. The tank container was firmly
fixed on the deck of the ship. The LNG composition is shown in Table 2. An international
shipping route was selected, with a shipping time of 47 days. The shipping time refers to the
time between departure and arrival, which means that the cargo ship is always in motion
during this period. The average environmental temperature during shipping was 27.23 ◦C.
The pressure of the tank container was 160 kPa at the beginning of transportation, which
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was set as the initial pressure. The tank pressure and the vapor and liquid temperatures
were measured at 1 min intervals.

2.5. Self-Pressurization Experiment

A self-pressurization experiment was conducted in which the tank container was filled
with 90% LNG that remained stationary in the laboratory. The tank container remained
sealed during the whole period of the experiment. This means that the pressure in the tank
container increased while BOG accumulated in the ullage space. The experiment stopped
when the safety valve automatically opened and the BOG was discharged. The holding
time was then recorded.

2.6. Data Calculation
2.6.1. Tank Pressure

The tank pressure was measured by the pressure sensor installed on the tank container.
However, the measurement accuracy was within 10 kPa, which means that pressure varia-
tions less than 10 kPa could not be measured. The liquid temperatures during experiments
were measured and recorded. The instantaneous pressure variation was measured based
on the Antoine equation [39]

log(P) = 1.33× A− B
T − C

, (1)

where P is saturated vapor pressure, T is liquid temperature, and A, B, and C are coefficients.
The working fluid was considered as pure methane when calculating tank pressure; thus,
the values of A, B, and C were 6.69561, 405.420 and 267.777, respectively.

2.6.2. Daily Evaporation Rate

Daily evaporation rate can be calculated by

α =

.
mloss
mtotal

× 100% , (2)

where α is the daily evaporation rate,
.

mloss is the daily LNG mass loss due to evaporation,
and mtotal is the total LNG mass.

2.6.3. Holding Time

Holding time is a key factor for a tank container. It is defined as the duration from
initial pressure to a determined final pressure or maximum allowable pressure (850 kPa in
this study) of the tank container and can be calculated based on the thermal equilibrium.
Holding time was calculated here based on the following assumptions: (1) the vapor
phase and liquid phase are in a saturated state and have the same temperature; (2) the
temperature throughout the vapor and liquid phases is homogeneous; (3) the entire heat
that is transferred is used for evaporation; and (4) the working fluid is pure methane. The
properties were obtained using REFPROP 9.1 software developed by the National Institute
of Standards and Technology (NIST).

The total heat transfer to the tank container can be expressed as

q = ρl f Vl f hl f + ρv f Vv f hv f − ρliVlihli − ρviVvihvi , (3)

where q is total heat flux, ρ is the density, V is volume, and h is enthalpy. The subscripts
l and v indicate liquid phase and vapor phase, while i and f indicate initial state and
final state.

The daily heat transfer can be expressed as

.
q =

.
mloss·γ , (4)
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where
.
q is daily heat flux and γ is the latent heat of vaporization.

The holding time is then calculated by

tHT =
q
.
q

, (5)

where tHT is the holding time.
In order to obtain more accurate estimations of the holding time, the results were

modified as follows [40]:

t′HT =
tHT
t′

, (6)

t′ =
(

2.2125− 1.66p′2
)
·
(
−4.38δ3 + 8.861δ2 − 5.539δ + 1.959

)
·
(
−204ϕ2 + 201.48ϕ + 0.8

)
, (7)

P′ =
Pf − Pi

Pc − Pi
, (8)

ϕ =
α·γ

c0·Ti
, (9)

where t′HT is the revised holding time, t′ is the dimensionless time, P′ is the dimensionless
pressure, δ is the filling ratio, ϕ is the dimensionless heat flux, Pi and Pf are the initial
and final pressure of the tank container, Pc is the critical pressure, c0 is the specific heat,
and Ti is the initial temperature of the liquid phase. Equations (6)–(9) were proposed by
certain Russian experts based on results from studying the influence of the initial filling
rate, pressure and heat leakage on pressurization. The modified results were closer to the
actual conditions.

3. Experimental Results

The experimental results are discussed in this section. In Section 3.1, the evaporation
rate and tank pressure are analyzed and the holding time is predicted based on the mea-
surements in the prototype experiment. In Section 3.2, tank pressure variations during a
real shipping voyage are analyzed. The holding time is again predicted, and the results are
compared with those from the self-pressurization experiment.

3.1. Prototype Experiment Results
3.1.1. Evaporation Rate

The instantaneous BOG flow rates are shown in Figure 7a. It was found that the
BOG flow rates fluctuated within a small range, 0.250 × 10−3–0.290 × 10−3 kg/s in Case 1
and 0.285 × 10−3–0.307 × 10−3 kg/s in Case 2. The BOG flow rate in Case 2 was higher
than that in Case 1. This is mainly because Case 2 involved more severe ship motion
where liquid sloshing was more violent and heat transfer was further enhanced. However,
from a long-term perspective the variations in dynamic states were small. This is mainly
because the thermal equilibrium that was built in the static state, although disturbed by the
ship motion, was quickly reestablished due to the large amount of low-temperature LNG
contained in the tank container; this can be further explained by the variations in liquid
temperature shown in Figure 7b.
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In Figure 7b, the variations in liquid temperature were quite small, −158.69 to
−158.51 ◦C in Case 1 and −158.9 to 158.38 ◦C in Case 2. It has been demonstrated that
the heat source is mainly the heat transfer between the liquid and environment [9,15,16].
The temperature variations in Cases 1 and 2 were quite stable, and the heat ingress can be
considered as a constant value, which is the main reason the BOG flow rates fluctuated
within small ranges. However, the average liquid temperature was lower than in Case 1,
which may have caused more heat ingress. Therefore, the BOG flow rate was higher in
Case 2.

The evaporation rate was calculated according to the total amount of BOG, referred to
as the LNG mass loss. The accumulative mass loss in the prototype experiment is shown in
Figure 8. It was found that the curves of accumulative mass loss in different cases were
nearly linear; thus, linear fitting was used for regression. The coefficients of determination
(R2) were 0.99987, 0.99988, and 0.99995 for the static case, Case 1, and Case 2, respectively.
This indicates that the values for accumulative mass loss are consistent with the linear
fitting results. The linear trend indicates that LNG evaporation is stable in both static and
dynamic states.
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When comparing the results between static and dynamic states, the slope of the fitting
line was found to be smaller in the static than dynamic state. The total mass loss was
higher in the static than in the dynamic state as well. The total mass loss was 44.089 kg
in the static case, while the total mass loss was 49.084 and 54.367 kg in Cases 1 and 2,
respectively. The mass loss increased by 5.75% and 23.31% in Cases 1 and 2, respectively,
when comparing with the static case. This indicates that even though the evaporation
rate was stable in dynamic states, ship motion significantly facilitated LNG evaporation,
and therefore additional BOG was generated. Moreover, the mass loss in Case 2 was
10.76% higher than that in Case 1. This further indicates that more severe conditions cause
increased BOG generation.

The evaporation rates were calculated using Equation (2), resulting in 0.128, 0.134, and
0.145%/d in the static case, Case 1, and Case 2, respectively; these values were then used to
calculate the holding time.

3.1.2. Tank Pressure

Tank pressure variations are shown in Figure 9. At the beginning of the experiments,
tank pressure was 113.96 and 115.34 kPa in Cases 1 and 2, respectively; the pressure then
dropped within a very short time. The detailed pressure variations in initial pressure are
shown in Figure 10. The dynamic case starts at t = 0, and the tank container remained
stable before this point. The pressure dropped from 113.96 to 113.14 kPa and from 115.34
to 111.78 kPa within 10 min after the dynamic cases started in Cases 1 and 2, respectively.
More severe conditions led to larger pressure drops. This is mainly because when the
tank container started to move, the heat transfer at the interface between the vapor and
liquid phase was enhanced. The vapor was partially cooled down and condensed, which
caused the tank pressure to decrease. However, the pressure reached its minimum value
in a very short time and then tended to be stable. It can be seen in Figure 9 that the
pressure fluctuated in a small range after 10 min in the experiments. The pressure variation
ranges were 112.50~113.96 and 110.61~111.87 kPa in Cases 1 and 2, respectively. From the
perspective of long-term observation, the variations in tank pressure were small, and it
was therefore considered stable, and the evaporation in the tank container was quite stable
as well.
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In Figures 7b and 9, liquid temperature and tank pressure varied in a similar fashion,
and the variations were regular. This is mainly because the prototype experiment was
conducted in an indoor laboratory. The main heat source for LNG evaporation was the en-
vironmental temperature. The environmental temperature variation during the experiment
is shown in Figure 7b, represented by the square and triangle symbols. It was found that
the liquid temperature and tank pressure varied with environmental temperature. With
the increase in the environmental temperature, more heat went into the tank container, and
therefore, the evaporation rate increased. In this case, more BOG was generated, which
caused an increase in liquid temperature and tank pressure.

The pressure differences between the inner tank container and the environment are
shown in Figure 11. The pressure difference is defined as

∆P = Ptank − Penvironment , (10)

where ∆P is the pressure difference and Ptank and Penvironment are the tank pressure and
the environmental pressure. The tank pressure was always higher than the environmental
pressure because the values of pressure difference were positive. The variations in pressure
difference were similar to the tank pressure variations shown in Figure 9. This is mainly
because the environmental pressure fluctuated within a very small range in a single day.
During the experiment, the environmental pressure ranged from 100.54 to 102.13 kPa,
which is within a small range compared with the variations in tank pressure. The pressure
differences ranged from 9.77 to 11.05 kPa and from 10.95 to 12.65 kPa in Cases 1 and 2,
respectively, representing small variation ranges. As the pressure difference is the main
factor that drives BOG flow out of the inner tank container, this further demonstrates that
LNG evaporation in the tank container is stable under the dynamic conditions of transport.
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Based on the above analysis, it can be concluded that the pressure variations in the
dynamic states are stable except at the beginning of the experiments. This means that
the ship motion has an instantaneous impact on pressure development. When the tank
container moves under regular excitations, the pressure does not fluctuate irregularly.
Moreover, the pressure values in dynamic states are relatively lower than those before
the experiments (see Figures 9 and 10). Ship motion has two contradictory influences
on pressure development. Ship motion facilitates LNG evaporation due to heat transfer
enhancement under dynamic states, which shortens the holding time; on the other hand,
ship motion also causes a short-term pressure drop, which extends the holding time to a
certain extent. The pressure development in the tank container is simultaneously affected
by these two effects, which makes the pressurization process complex.

3.1.3. Holding Time

Holding time was calculated using Equations (5)–(9). Holding times for different final
pressures are shown in Figure 12. It was found that at the initial period when tank pressure
increased from 100 to 200 kPa, the variations were almost linear. The variations in holding
times were similar in both Cases 1 and 2. However, when the tank pressure exceeded
200 kPa, the increase in holding time gradually slowed down, and the holding time in Case
2 became shorter under the same final pressure. This is mainly because the evaporation
rate was higher in Case 2 than in Case 1. This means that increased BOG was generated in
Case 2, and the speed of pressurization was faster.

In order to compare the holding times under different experimental conditions, the
holding times are summarized in Table 5. The initial pressure is 160 kPa, and the final
pressure is 850 kPa. The holding time in the static case was 106 days, which is 22 days less
than that measured in the self-pressurization experiment. There are two possible reasons
for this error: (1) different actual environmental conditions, especially the environmental
temperature; and (2) different insulation properties between different tank containers (even
though they were produced by the same company and in the same batch, the insulation
properties may be different). The results calculated in the static case were conservative.
This is mainly because when calculating the daily heat flux using Equation (4), the daily
evaporation rate was considered as a constant value that was obtained from the static case.
However, the environmental temperature changed every day, which led to different daily
evaporation rate. Moreover, the evaporation rates under different tank pressures were
different as well. These factors might result in deviations in the calculated values.
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Table 5. Holding time in experiments.

Method Initial Pressure (kPa) Final Pressure (kPa) Holding Time (d)

Measurement in the self-pressurization experiment 160 850 128
160 310 47

Calculation in the static case
160 850

106
Calculation in Case 1 93
Calculation in Case 2 87

Measurement in field experiment 160 190 47

Fitting in field experiment 160 190 47
160 850 92

The holding time in Cases 1 and 2 was 93 and 87 days, respectively, which is lower
than in the static case. The holding time was shortened by 13 and 19 days, respectively,
mainly because evaporation in dynamic states was enhanced, and higher daily evaporation
rates were obtained. The calculated results were conservative, as they did not consider
that ship motion may cause pressure drops. However, the holding time in the most
severe conditions (Case 2) reached 87 days, which is sufficient for long-distant shipping
routes. Therefore, these preliminary results suggest that it is safe to transport LNG in tank
containers considering the probability of BOG discharge due to pressurization.

3.2. Field Experiment Results
3.2.1. Tank Pressure

Tank pressure variations are shown in Figure 13. Tank pressure increased in both
experiments, and the pressure increased in a stepwise fashion. This is mainly because
the measurement accuracy of the pressure sensor was within 10 kPa, which means that
pressure variations of less than 10 kPa could not be measured. Tank pressure increased
from 160 to 290 kPa after 47 days. In the self-pressurization experiment, tank pressure
reached 310 kPa in 47 days from the same initial tank pressure (160 kPa). In the first ten
days, the pressurization trends in two experiments were almost the same. After this period,
it took a longer time to reach the same pressure in the field experiment. As a result, the
pressurization was lower for the same experimental time in the field experiment.
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Figure 13. Pressure variations in the field and self-pressurization experiment.

The pressurization rates are shown in Figure 14. While the pressurization rates
in both experiments gradually increased, can clearly be seen that pressurization rates
fluctuated significantly in the field experiment. When the tank pressure was less than
260 kPa, the pressurization rate in the self-pressurization experiment was slightly higher
than that in the field experiment. When the pressure was 270 kPa, the pressurization
rate in the field experiment was 135 kPa/d, while the value was 90 kPa/d in the self-
pressurization experiment. Moreover, the pressurization rate was significantly higher in
the field experiment. It can be seen in Figure 13 that after about 40 days the same pressure
values lasted for a shorter time. Therefore, it is reasonable to predict that if the experiment
had been continued, the tank pressure in the field experiment might have reached the
maximum allowable pressure (850 kPa) earlier.
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As analyzed earlier, ship motion facilitates LNG evaporation. The pressure increase in
the self-pressurization experiment should be less than that in the field experiment under
the same initial pressure and experimental time. However, the results were contrary
to this expectation. This indicates that another effect of ship motion on pressurization
development should be taken into consideration. The effect is that sudden changes in ship
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motion may cause pressure drops. As the accuracy of the pressure sensor was limited, the
instantaneous pressure changes in the field experiment were predicted using Equation (1).
The liquid temperature used to calculate the pressure was measured by the thermal sensor
installed in the tank container. The results are shown in Figure 15.
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Figure 15. Instantaneous pressure prediction in field experiments.

In Figure 15, the measured tank pressure increased stepwise. Even though predicted
tank pressure showed a main trend of increasing, the pressure frequently fluctuated. The
typical pressurization process for the first five days is of linearly increasing tank pressure.
However, after that period the tank pressure fluctuates. By analyzing the variations in
predicted pressure, similar pressure variations can be observed during the whole pressur-
ization process; that is, the tank pressure increased to a peak value and then decreased.
Significant pressure peaks are denoted by blue circles in Figure 15. The peak values are
listed in Table 6. The range of depressurization was from 14.83 to 52.89 kPa and the duration
of depressurization (from peak value to corresponding valley value) ranged from 1 to 12 h.
As analyzed in the prototype experiment, the pressure decrease occurs mainly because heat
transfer is enhanced by ship motion. However, the values of depressurization were higher
than those in the prototype experiment. This phenomenon can be explained by findings
from research conducted by Arndt et al. [22] and Himeno et al. [23]. The initial pressure has
an impact on the depressurization value whereby higher initial pressures and more severe
sloshing conditions lead to a larger range of depressurization. The initial pressures in the
field experiment were peak values that were higher than those in the prototype experiment.
As a result, the depressurization ranges are larger.

Table 6. Summaries in significant pressure variations in field experiment.

Point No. Peak Value (kPa) Valley Value (kPa) ∆P (kPa) Duration (h)

P1 204.10 180.76 23.34 4
P2 214.13 190.46 23.67 6
P3 219.36 204.53 14.83 4
P4 245.31 214.57 30.74 5
P5 256.98 238.17 18.81 12
P6 273.66 255.12 18.54 3
P7 279.57 226.68 52.89 1
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3.2.2. Typical Pressure Variations

In order to investigate pressure variations, several typical periods of pressure devel-
opment were carefully analyzed, with the results shown in Figure 16; the pressure was
predicted at 1 h intervals.
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In period 1 (192–312 h), depressurization began at the 197th hour. Tank pressure
gradually decreased, and it reached its first valley value at the 200th hour. Then, the
pressure fluctuated around 181 kPa. At the 234th hour, another depressurization process
began until the pressure dropped to 155.74 kPa at the 237th hour. After two instances
of depressurization, tank pressure gradually increased within 28 h (see Figure 16a). In
period 2 (432–552 h), the pressure decreased within the 37th and 38th hour. Then, it
fluctuated around 210 kPa (see Figure 16b). In period 3 (672–792 h), a longer process
of depressurization was observed, and it took 12 h to drop from 256.98 to 238.17 kPa.
Even though the depressurization was relatively small, the duration was much longer.
The pressure continued to decrease to 226.99 kPa at the 734th hour; then, tank pressure
increased gradually. In period 4 (960–1080 h), a clear increasing trend was observed. During
pressurization, several instances of depressurization occurred. The variation ranges were
quite small, except for the depressurization that took place during the 1049th to 1050th
hour. The pressure dropped from 279.57 to 226.68 kPa.
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From the above analysis, it can be concluded that tank pressure varies constantly
during transportation due to continuous ship motion. Pressure increase is the main trend,
and is accompanied by pressure decrease. Frequent and irregular ship motion causes
pressure fluctuations. The pressure developments in Figure 16 clearly show the suppressive
effect of ship motion on pressurization. The longest duration of depressurization may
exceed 12 h. When pressure reaches a valley value it does not continue to decrease, because
BOG generation is a continuous process. Therefore, increased BOG is generated under
dynamic conditions. Moreover, depressurization results in temperature decrease in the
liquid phase. The temperature difference between the liquid phase and the environment
becomes larger, which causes more heat flux in the tank container. Therefore, the effect of
depressurization caused by ship motion cannot be neglected when calculating or predicting
the holding time.

3.2.3. Holding Time

The field experiment was conducted for 47 days. Based on the experimental data,
polynomial fitting was used for regression. It was found that the results of fourth order
polynomial fitting were consistent with the pressure variations measured in the field
experiment. The fitting results are shown in Table 5 and Figure 17. The polynomial fitting
equation can be expressed as

P = 4.054× 10−2·t4
HT + 1.127× 10−4·t3

HT − 1.006× 10−7·t2
HT + 4.756× 10−11·tHT + 0.064 (11)
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The coefficient of determination is 0.98846, which indicates that the equation accurately
predicts the pressurization.

Equation (11) was used to predict pressurization from 160 to 850 kPa. The results
are shown in Figure 18, and the pressurization in the self-pressurization experiment is
shown in Figure 18 for comparison. It can be clearly seen that the slope of the fitting curves
became larger over time. This means that the speed of pressurization became faster with
the increase in tank pressure. In the initial state, the tank pressure grew slower. With the
increase in tank pressure, pressurization is accelerated. This phenomenon is consistent
with the prototype experimental results (see Figure 12).
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In Figure 18, the pressure in the field experiment was lower than in the self-pressurization
experiment for the first 65 days. This phenomenon was consistent with the results of the
field experiment and self-pressurization experiment. After 65 days, the pressurization
process in the field experiment was predicted using Equation (11). The pressure increased
faster in the field experiment. As a result, it took 92 days to reach the maximum allowable
pressure (850 kPa), whereas it took 128 days in the self-pressurization experiment. As
analyzed above, there are two effects of ship motion on pressurization. In the former period
of pressurization, LNG temperature was low and the heat ingress from the environment
was relatively high. With the increase in pressure, LNG temperature increased and heat
ingress decreased. At this point, even though ship motion may cause depressurization
the effect was weakened due to lower liquid temperature and heat ingress. Moreover,
with the increase in liquid temperature the volume of liquid increases and the ullage
volume decreases, which may weaken the effect of ship motion on depressurization. From
a long-term perspective, ship motion shortens the holding time.

4. Discussion

Holding time is an important factor to assess the safety of transporting LNG in tank
containers, and is considered as a reference indicator when creating shipping schedules.
During transportation, the heat transfer in the tank container is enhanced and increased
BOG is generated due to the ship motion; therefore, the tank pressure increases more
rapidly. However, ship motion has the opposite effect on pressurization, whereby the
liquid in the tank container sloshes due to ship motion and BOG is condensed due to liquid
sloshing and heat transfer. Therefore, the pressure may decrease to an extent. Frequent
ship motion during transportation increases the complexity of pressure development. In
Figures 14 and 18 it can be seen that pressurization rates increase in different experiments,
and were found to increase more rapidly under the influence of ship motion. Therefore,
conclusions can be drawn to the effect that depressurization is the dominant factor in the
earlier stage of transportation, while the effect of evaporation facilitation predominates in
the later stage.

As a result of safety concerns, the use of tank containers for LNG transportation is
prohibited. The main concern is the probability of BOG discharge during transportation,
which mainly occurs because the tank pressure exceeds the maximum allowable pressure.
However, the shortest safe period of duration was found to be 87 days in the prototype
experiment, which is a is conservative result given that the effect of depressurization was
not considered. In the field experiment the predicted total holding time was 92 days,
whereas in practice 47 days is considered a long period in marine shipping. Therefore, the
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holding times calculated or predicted in the experiments indicate that transporting LNG in
tank containers is safe if the shipping process is adequately scheduled.

In this study, tank pressure was measured by a pressure sensor installed in the tank
container for the field experiment. The accuracy of the pressure sensor was within 10 kPa,
and the minimum measurement interval was 1 min. Therefore, the pressurization process
was in stepwise fashion (see Figure 13). From the results analysis, it can be inferred that the
pressure may vary within several seconds and the range of pressure drop may be less than
10 kPa when the ship motion suddenly changes. More detailed pressure variations could
be obtained if the accuracy of the pressure sensor were improved. Pressure sensors with an
accuracy within 0.1 kPa and measurement interval within 1 s are recommended in order
to further study the detailed pressure variations responding to the sudden ship motion.
Furthermore, the detailed ship motion during the 47 days of shipping during the field
experiment was not recorded. The ship motion is different and irregular under different sea
conditions, and thus the holding time would be different when the ship encounters different
sea conditions. However, the trend of pressurization and the response of pressure to ship
motion in the tank container have been discussed in the context of the field experiment.
The results of the experiments conducted in this study can provide a good reference to
study the safety of transporting LNG by tank containers.

5. Conclusions

The effect of ship motion on the pressurization and holding time of LNG in tank
containers was characterized in this study through three experiments, namely, prototype,
field and self-pressurization experiments. Prototype 40 ft LNG tank containers and multi-
component LNG were used in the experiments. Several conclusions from this study are
summarized as follows:

• The effect of ship motion on evaporation was studied. It was found that ship motion
facilitates LNG evaporation due to heat transfer being enhanced under dynamic
conditions. More severe ship motion causes increased BOG generation. However, the
evaporation rate is very stable even under the most severe dynamic conditions. Tank
pressure fluctuates with the motion of the ship. However, the pressure varies within
a very small range when the tank container moves according to regular excitations.
This indicates that even though the heat transfer may be enhanced by ship motion,
dynamic thermal equilibrium is established inside the tank container.

• Two different effects of ship motion on pressure development were investigated. Ship
motion causes liquid sloshing, which enhances the heat transfer between the liquid
and environment. Increased BOG is generated, which causes pressure to increase faster
than in the static state. On the other hand, the heat transfer at the vapor–liquid interface
is enhanced, which causes BOG condensation and tank pressure to decrease. These
two effects are present simultaneously during transportation. However, the different
effects predominate at different stages. It was found that the effect of depressurization
predominates at the early stage of transportation and the effect of pressurization at
the later stage. Therefore, the speed of pressure build-up is slower at the early stage,
which was 65 days in this study, while it is faster at the later stage. However, from a
long-term perspective, it takes a shorter time to reach the maximum allowable pressure
when tank containers are subjected to dynamic conditions.

• Holding times in different conditions were analyzed. The initial and final pressure
were 160 and 850 kPa. It was shown that the holding time is shortened under dynamic
conditions. In the prototype experiment, the holding times in dynamic states were
93 and 87 days, respectively, shorter than in the static case (106 days). The calcu-
lated results are conservative because the depressurization effect was not taken into
consideration. In the field experiment, the predicted holding time was 92 days. For
short-term shipping, ship motion may have a beneficial effect on transportation safety
because it may reduce the pressurization rate. For long-term shipping (longer than
60 days, for example) tank pressure may increase more rapidly at a later stage. How-
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ever, the holding time is longer than 87 days in the most severe condition examined in
this study, which is sufficiently long for long-term shipping.

• The safety of transporting LNG in tank containers was assessed based on experimental
studies. The experimental results in this study demonstrate that ship motion facilitates
LNG evaporation in the tank container. During transportation, ship motion may either
facilitate or prevent pressurization. The holding times calculated in this study show
that LNG can be safely kept in the tank containers for both short- and long-term
shipping. The holding times when subjected to dynamic conditions can meet the
demands of shipping schedules.

Based on the above analysis, it was found that transporting LNG in tank containers
is a safe and feasible transportation mode. This approach makes it easier to achieve a
multi-mode transportation combination by using tank containers. With the application of
tank containers, natural gas could be supplied to a greater number of regions, potentially
facilitating the earlier realization of a low-carbon energy future.
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Nomenclature

P pressure
∆P pressure difference
T temperature
A, B, C coefficients in the Antoine equation
α evaporation rate
.

mloss daily LNG mass loss
mtotal total LNG mass
q heat flux
.
q daily heat flux
ρ density
V volume
h enthalpy
γ latent heat of vaporization
tHT holding time
t′HT revised holding time
t′ dimensionless time
p′ dimensionless pressure
δ filling ratio
ϕ dimensionless heat flux
Pc critical pressure
c0 specific heat
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