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Abstract

This work presents a numerical investigation of the thermal—fluid—structure coupling behavior of the liquid natural
gas (LNG) transported in the flexible corrugated cryogenic hose. A three-dimensional model of the corrugated hose
structure composed of multiple layers of different materials is established and coupled with turbulent LNG flow and
heat transfer models in the commercial software ANSYS Workbench. The flow transport behavior, heat transfer
across the hose layers, and structural response caused by the flow are analyzed. Parametric studies are performed to
evaluate the impacts of inlet flow rate and thermal conductivity of insulation material on the temperature and structural
stress of the corrugated hose. The study found that, compared with a regular operating condition, higher inlet flow
velocities not only suppress the heat gain of the LNG but also lower the flow-induced structural stress. The insulation
layer exhibits excellent performance in maintaining the temperature at the fluid—structure interface, showing little
temperature change with respect to material thermal conductivity and ambient temperature. The simulation results
may contribute to the research and design of the flexible corrugated cryogenic hoses and provide guidance for safer
and more efficient field operations.
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1 Introduction

The South China Sea has more than 100 billion tons of
oil equivalent resources, among which 83% is comprised of
natural gas, and 70% of the natural gas resources come from
deep-water areas 500 km away from the Chinese mainland.
How to economically and effectively develop natural gas
resources in the deep South China Sea has become one of
the primary focuses of the country’s energy development
(Yang et al., 2019). For deep-sea operations, the natural gas
is first transported to a close-by floating LNG (FLNG),
which is a floating unit responsible for storing and liquifying
the natural gas before the liquid natural gas (LNG) is picked
up by LNG carriers (Won et al., 2014). The traditional LNG
transportation between FLNG and LNG carriers is realized
by discharge arms, which requires them to align side by side

with minimal relative motions (Eide et al., 2011; Zhao et al.,
2014). However, the current mooring techniques can hardly
achieve that requirement under harsh environmental condi-
tions. The introduction of flexible cryogenic corrugated
hoses as a replacement for the rigid discharge arms effectively
alleviates this problem. The advanced flexible corrugated
hoses allow a relatively safe distance between the FLNG
and LNG carrier, enhancing safety under severe sea condi-
tions. It has found increasing applications in offshore LNG
production and transportation in recent years. Currently, two
main types of cryogenic LNG hoses exist: metallic corrugated
cryogenic hoses and polymer material composite cryogenic
hoses. The corrugated cryogenic hose is typically comprised
of a metallic corrugated inner layer wrapped by insulation
and tensile armor layers. It can be further divided into sus-
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pended and floating types. This work focuses on the floating
corrugated cryogenic hoses, which are widely used in LNG
ship-to-ship and ship-to-shore transmission for up to several
hundred meters (Bardi et al., 2011).

Owing to its long-span nature, experimental and numeri-
cal investigations have been performed on the structural per-
formance of the flexible corrugated cryogenic hoses. Srivas-
tava et al. (2011) assessed the strain hardening effect of the
inner corrugated hose layer under the cryogenic environment
by experiment and Finite Element analysis. Their results
suggest that the spatial variation of strain hardening and
biaxial local stresses significantly affect the fatigue response
of the corrugated layer. A static strength experiment con-
ducted by Buitrago et al. (2010) revealed that a cryogenic
environment stiffens the displacement response of the struc-
ture and thus increases the fatigue life compared with the
room temperature. Yang et al. (2016, 2017) proposed a
multi-objective optimization approach to minimize the stiff-
ness and stress of the flexible corrugated hose under large
structural deformation.

The previous studies on the flow inside the corrugated
cryogenic hoses have primarily focused on the pressure
drop and friction factor, which determine the amount of
energy used to transport the fluid. Pisarenco et al. (2010)
numerically studied critical pressure loss inside the corrugated
hoses using RANS k—w and k— € two-equation models to
estimate the friction factor for the turbulent flow. Calomino
et al. (2015) alternatively employed Large Eddy Simulation
techniques to obtain the friction factor for large Reynolds
number flows and found good agreement with the experi-
ment. Nyarko (2012) investigated the effect of heat load on
the friction factor of the laminar flow with a 2D axisymmetric
corrugated hose setup and found that the friction factor
monotonically decreases with stronger heat load. Jaiman et
al. (2010) employed RANS and DES turbulence models to
study the pressure drop and change of flow resistance during
the unsteady flowing process in the corrugated hose and
concluded that the depth of corrugation has a significant
influence on the pressure drop. Li et al. (2018) experimentally
compared the pressure drop and friction factor between
slush nitrogen and subcooled liquid nitrogen and found no
significant difference as long as the structure fraction in
slush nitrogen is below 20%. Wang et al. (2019) assessed
flow characteristics inside a flexible corrugated hose and
found that backflow may occur at the fluid inlet, and cavitation
may be generated near the outlet with a high Reynolds num-
ber. In terms of heat transfer performance of the corrugated
hoses, studies have shown that the total heat transfer coeffi-
cient of the corrugated wall is significantly higher than that
of the smooth wall due to the larger surface area (Fabbri,
2000; Naphon, 2007). Compared with a smooth wall, the
corrugated structure may increase the strength of turbulence
in the flow, accelerating heat exchange between the fluid
and hose wall. Rising in temperature above the boiling point
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may vaporize the LNG, significantly increasing the pressure
on the hose wall and reducing the LNG transportation effi-
ciency. Moreover, the heat conduction of the fluid flow in
the tube may cause the hose to deform due to the structural
thermal expansion. As a result, transporting LNG in a corru-
gated cryogenic hose involves complex thermal—fluid—struc-
ture coupling mechanisms. Despite the previous assessments
on the flow, structural, and heat transfer behavior of the
flexible cryogenic hoses, a systematic thermal—fluid—struc-
ture coupled analysis is absent. The highlight of this work is
to fill this knowledge gap with a focus on the mechanical
and thermal interaction between the LNG and the flexible
corrugated hose structure. The findings of this work may
help to optimize the LNG transport efficiency and enhance
operational safety.

The rest of this paper is organized as follows. Section 2
begins with the description of the numerical models for the
thermal—fluid—structure coupling analysis. In Section 3,
flow transportation velocity and pressure behaviors, temper-
ature field, and structural response are analyzed under a reg-
ular hose operating condition. More parametric studies on
the effect of inlet flow velocity and insulation material thermal
conductivity on the thermal and structural response of the
coupled system are carried out in Section 4, and conclusions
are summarized in Section 5.

2 Numerical methods

This section introduces the numerical models for the
fluid, structure, heat transfer, and their coupling. Commercial
software ANSYS Workbench is employed for meshing and
discretizing the numerical models. The governing equations
for each model are briefly described following (ANSYS,
2020a, 2020b, 2020c). Assuming a small displacement of
the corrugated wall, one-way coupling method is adopted
for the coupling of mechanical field and thermal field
between fluid and structure. The steady-state solutions of
the flow field (e.g., velocity and pressure) and temperature
field of the fluid and structure are firstly solved in the FLU-
ENT module with a static fluid—structure interface. Then,
the corresponding fluid pressure load and structure body
temperature are imported into the Static Structural module
to obtain the structural response (e.g., displacement and
stress).

2.1 Cryogenic corrugated hose model

The modeled corrugated hose has a total length of 6 m,
with its components configuration based on the design
parameters extracted from the previous publications (Eide et
al., 2011; Yang et al., 2018). A section of the hose model is
shown in Fig. 1. The corrugation curvature features continu-
ous alternating half circles with a radius of 8.25 mm. The
pipe has a minimum inside diameter of p = 203 mm. With
the gravitational force along the x axis being neglected, only
half of the hose is simulated to save the computational
efforts. From the inside to the outside, the layers are the cor-
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Fig. 1. A section of the modeled cryogenic corrugated hose.

rugation layer in contact with the fluid, the filling layer, the
armor layer, the insulation layer, and the outer protective
layer. Table 1 lists the dimensions and material properties of
each hose layer used for the structural and heat transfer
models.

2.2 Structural governing equations

The static structural response is solved in the Lagrangian
framework with the assumption of elastic deformation (linear
static structural analysis) by the differential equation:

V-6 +F=0, (1
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where F is the external load on the fluid—structure interface
(gravitational force is neglected given the floating nature of
the hose), and the stress vector, ¢, can be expressed by the
elastic strain, €, and elastic stiffness matrix, D, as ¢ = De®.
The elastic strain with consideration of the thermal expansion
effect can be written as:

eel — G—Gth,

2
where the total strain, e, and thermal expansion induced

. T
strain vector, e, can be expressed as [Ex € € €xy €7 exz]
T . .
and (T — Trer) [ax ayo;00 O] , in which 7 and T, are the

structural temperature and the reference temperature,
respectively, and ay, ay, and a; are the secant coefficient of
thermal expansion in each direction. Here, the materials are
assumed to be isotropic, therefore a; = a, = a;. The structural
domain is spatially discretized by hexahedral-dominant
mesh with linear elements. The LNG inlet end is set as a
fixed boundary, and the outlet end is designated as a free
boundary. For the symmetric plane, a frictionless boundary
condition is prescribed. A schematic diagram of the boundary
conditions can be found in Fig. 2.

Table 1 Material properties of each layer of the cryogenic corrugated hose.

Corrugated layer

Filling layer

Armor layer  Insulation layer Outer protective layer

Material ASTM 316L stainless steel Polyurethane foam Polyester fiber Polyethylene foam Rubber
Thickness (mm) 4.5 1 2 50 10
Density (kg/m?) 8000 1050 1380 220 976
Young’s modulus (MPa) 193000 200 84000 90 950
Poisson’s ratio 0.3 0.43 0.36 0.3 0.38
Specific heat capacity [J-(kg-°C)™1] 460 1400 1700 1500 1700
Thermal conductivity [W/(m-K)] 25 0.085 0.2 0.025 0.15
Thermal expansion coefficient (um/m-°C) 10 40 120 180 80

+— Free bounda
Flow outlet

Symmetric plane

Frictionless support
Flow inlet

Fixed support

Fig. 2. Schematic diagram of boundary conditions.

2.3 Fluid governing equations

The LNG flow (material properties listed in Table 2)
inside the flexible hose is considered to be incompressible
and turbulent given the low flow velocity but high Reynolds
number (~1x10°). The LNG is assumed to stay in its liquid

Table 2 LNG material properties

form, relieving the computational overhead for multiphase
simulation. Reynolds-averaged Navier—Stokes (RANS)
k — € formulation is employed to model the turbulence effect
due to its robust performance for high Reynolds number
flow. Steady-state continuity and momentum equations are
used to describe the flow motion:

V-u=0; 3)

pu-Vyu = —V(P+ %pk)+V-(,u+,uT)[Vu+(Vu)T], 4)

where u is the flow velocity vector, p is the fluid density, P
is the flow pressure, and y is the dynamic viscosity. k is the
turbulence kinetic energy and uy is the eddy viscosity, both
created by the Boussinesq approximation to capture the
effect of turbulence fluctuation. uy is calculated by k and its
dissipation rate € in the k — € formulation as:

Density (kg/m?) Specific heat capacity [J-(kg-°C)™']

Thermal conductivity [W/(m-K)]

Viscosity (kg'm™!'-s71) Boiling point (°C)

414 3478 0.195

0.00010988 -162
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k2
pir = pCy P ®)

where C,, is a constant coefficient. Two additional transport
equations of k and e for closing the fluid governing equation
are omitted for brevity. The velocity—pressure coupling is
realized by the SIMPLE algorithm. The enhanced wall treat-
ment is applied to capture the viscous effect near the wall.
The fluid domain is spatially discretized by hexahedral-
dominant mesh with linear elements as well. The corrugation
wall is set as a non-slip boundary and inflated with 5 prims
layers with a expansion ratio of 1.2. The height of the first
layer is configured to make y+~1. For the simulations per-
formed in Sections 3 and 4, a velocity boundary condition is
set at the hose inlet and a zero-pressure boundary condition
is prescribed at the outlet (see Fig. 2).

2.3.1 Fluid solver validation

Owing to the absence of experimental data, the fluid
solver is validated by an experiment performed by
Calomino et al. (2015) on a 0.812 m long corrugated pipe
with a sinusoidal corrugation structure. Half of the fluid
domain with a symmetric plane is built, as shown in Fig. 3.
A periodic boundary condition is imposed at both ends of
the pipe to represent a fully-developed flow condition. By
imposing a volumetric flow rate of Q = 10.2 L/s, the friction
factor is calculated by the pressure head loss Hy and bulk
flow velocity U using the Darcy—Weisbach function:

LU?
Hy=f D2
where [, is the pipe length and D is the minimum pipe diam-
eter, which is 0.171 m in this case.

The current fluid solver yields a friction factor of 0.0880,
which has a 4.76% deviation from the experimental result
(0.0840). The small difference suggests the overall satisfac-
tory performance of the solver.

(6)

Symmetric plane

Periodic bo&ﬁdary condition

Fig. 3. Fluid domain for solver validation.

2.4 Energy governing equations

Since the temperature difference between the environ-
ment and LNG inside the hose, heat conduction is unavoidable
despite the presence of the thermal insulation layer. The
motion of LNG also induces heat convection within the lig-

uid. These heat transfer effects can be modeled by the
energy equation of the fluid and structure. In the fluid
region, the energy governing equation has the following
form:

V-[w(E+p)] =V ket VT = Y hiJj+(Zer-u)|+Sh  (7)
J

where u is the flow velocity, E is the energy, 4; and J; are
the sensible enthalpy and diffusion flux of species j, and Zeg
is the effective viscosity. The term on the left-hand side
(LHS) of Eq. (7) represents energy transfer due to convective
heat transfer caused by fluid motion. The first term on the
right-hand side (RHS) of Eq. (7) denotes energy transfer
due to heat conduction (in the static fluid). Effective con-
ductivity keg is the combination of the fluid conductivity, k,
and turbulent thermal conductivity k. The second and third
terms on the RHS stand for the energy transfer caused by
species diffusion (absent due to single phase) and viscous
dissipation. Sy, represents the volumetric heat source, which
is not considered in the current modeling. On the other hand,
the energy equation of the structure region takes a simpler
form as no turbulence or species diffusion occurs:
V-(vph)=V-(kVT), ()
which regulates the equilibrium between the energy transfer
caused by the heat convection (LHS) and heat conduction
(RHS). v represents structural velocity. Sensible enthalpy A
can be calculated by the integral of specific heat capacity
from the reference temperature to the current temperature. A
constant temperature boundary condition is prescribed on
the external hose surface to consider the surrounding envi-
ronment. The rest of the boundaries is set to be heat flux
free except for the inlet where the initial temperature of the
LNG is applied.

3 Analysis of flow, thermal and structural behavior

This section reports simulation results of the flow trans-
portation behavior, temperature field, and structural
response with the inlet LNG flow velocity, vi, =6 m/s
(Re = 4.59 % 10%), which is a regular working condition for
LNG transportation. The temperature of the inlet LNG flow
and the external hose surface are set to be —165°C and 25°C,
respectively.

3.1 Flow velocity and pressure field

The flow velocity profile on the symmetric plane (Fig. 4)
reveals a change of flow pattern at the flow entrance from
the inlet to the outlet. In the flow entry region, expanding
boundary layer due to the viscous force from the wall
pushes the flow to the center of the hose, where the largest
velocity is present. The velocity magnitude slightly drops
after reaching its maximum value in the first half of the hose,
which is likely caused by the loss of pressure head due to
the enhanced turbulence by the corrugation. This is supported
by the contour of turbulence kinetic energy (Fig. 5), which
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Turbulence kinetic energy contour plot of the fluid symmetric

suggests the degree of turbulence grows in the flow entry
region before reaching its peak and stays at a relatively uni-
form level for the rest of the hose length. It is interesting to
note that both the flow velocity and turbulence level are the
smallest at the trough of the corrugated wall. The bluff body
shaped corrugations also reduce the flow pressure behind it,
which induces negative pressure near the hose outlet where
the pressure head becomes low, as shown in Fig. 6. This
indicates a possibility of flow cavitation and pipe erosion

3.2 Fluid and structure temperature field

At the steady state, the temperature at the fluid—structure
interface is barely changed, with an average of —164.99°C.
It can be seen from the temperature contour plot (Fig. 7) that
most of the heat conduction takes place in the insulation
layer (the second outermost layer), which effectively main-
tains the LNG inside the hose at a constant temperature
below the boiling point. The flow temperature also changes
little along the hose length, with an almost indiscernible
increase in temperature downstream due to the heat generated
by wall friction (Fig. 8).
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Fig. 6. Pressure contour plot of the fluid symmetric plane.
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Fig. 7. Temperature contour plot of a transverse cross-section at the middle
of the hose.
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Fig. 8. Temperature contour plot of the fluid symmetric plane.

3.3 Hose structural response

Besides the external load from the marine environment,
internal loads induced by the flow inside the corrugated
hose also significantly affect the structural response. Since
the external load depends on the specific operating environ-
ment, this work mainly focuses on the structural response
caused by the internal LNG flow. With the inlet fixed and
outlet free boundary condition, the largest structural dis-
placement along the hose longitudinal direction (y direction)
is found at the outlet (Fig. 9). The positive displacement
near the inlet is caused by the pressure load of the flow,
while the negative displacement in the second half of the
hose, where the pressure load becomes much smaller, can
be attributed to the larger structural contraction caused by
the low-temperature fluid. Along the transverse direction (z
direction), the structural displacement is mostly induced by
the structural contraction (i.e., negative thermal expansion)
with a magnitude much smaller than that along the longitu-
dinal direction (Fig. 10). Overall, the small structural dis-
placement justifies the one-way fluid—structure interaction
approach used in this work.

Total mesh displacement y
6.21e—-002

—3.52e-002
‘ vc p —7.04e—002
I e
z = 14066*008m)
Fig. 9. Structural displacement contour plot along the longitudinal direc-
tion.
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4 Parametric studies and discussion

In this section, parametric studies are performed by the
coupled thermal—fluid—structure model proposed in Section
2. Specifically, the effects of inlet LNG flow velocity on the
fluid—structure interface temperature and structural response
and the thermal conductivity of the insulation layer on the
structure temperature distribution are assessed.

4.1 Effects of flow velocity on temperature distribution

As mentioned in Section 1, the state of LNG inside the
hose is sensitive to temperature change. It is therefore critical
to understand the effects of hose operating conditions on the
thermal behavior of the fluid. Fig. 11 shows the relationship
with the inlet flow velocity, vi,, (sampled at 2, 4, 6, 8, 10
m/s), which is most likely to be adjusted during field opera-
tions, and the average temperature at fluid—structure inter-
face. In spite of a small variation, a smaller v, does permit
more heat gain of the liquid compared with a larger velocity.
This could be explained by the prolonged time for heat con-
duction at the fluid—structure interface when the flow is
slow. Nevertheless, it is safe to conclude that the temperature
of LNG is not sensitive to the flow velocity at the order of
magnitude of the regular working condition (i.e., v;,=6 m/s).

~164.970
164.975

—164.980

—164.985

—164.990

Average temperature (°C)

—164.995
2 6
Velocity (m/s)

Fig. 11.
inlet flow velocities.

Average temperature at fluid—structure interface with different

4.2 Effects of flow velocity on structural stress response
For a smoothed wall, the flow load on the structure is
mainly caused by the frictional shear stress, which is pro-
portional to the gradient of velocity in the direction perpen-
dicular to the flow. Given the non-slip boundary (i.e., zero
velocity at wall surface) and flow parallel to the wall, a
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larger load can be expected with a larger flow velocity.
However, this may not hold true for the corrugated walls as
the flow is no longer parallel to the wall surface. By plotting
the inlet velocities sampled in Section 4.1 against the average
von Mises stress of the hose (Fig. 12), it can be found that
structural stress does not monotonically increase with the
inlet flow velocity. The structural stress peaks at vi, = 6 m/s
then decreases as the inlet velocity becomes larger. This
might be explained by the fact that less flow enters the
trough region of the corrugation with larger flow velocities,
therefore exerting less frictional load on the wall. On the
other hand, smaller flow velocities fail to generate comparable
shear stress due to smaller parallel velocity component to
the wall. In general, the results suggest that operating the
flow at the velocity larger than the regular inlet velocity
(vin = 6 m/s) can reduce structural load and improve trans-
portation efficiency (i.e., less stress from the wall as well).
With the better thermal performance observed in Section 4.1,
an inlet flow velocity larger than the regular value is recom-
mended in field operations.

7
6.4190 <10

6.4188
6.4186
6.4184
6.4182
3

6.4180

6.4178

Average von Mises stress (Pa)

2 4 6 8 10
Velocity (m/s)

6.4176

Fig. 12.
velocities.

Average structural von Mises stress with different inlet flow

4.3 Effects of thermal conductivity of insulation layer on

temperature distribution

Since the heat exchange between the LNG and the envi-
ronment mainly occurs in the insulation layer, the thermal
conductivity of its material is an essential factor in the insu-
lation performance of the cryogenic hose. In addition to the
thermal conductivity of 0.025 W/(m - K) assessed in the pre-
vious simulations, five conductivity values of 0.015, 0.035,
0.045, 0.055, and 0.065 W/(m-K) are evaluated, covering
the range of common insulation materials. The resultant
average temperature of the fluid—structure interface plotted
in Fig. 13 suggests an almost linear relationship between the
thermal conductivity and interface temperature. The small
variation indicates an excellent thermal performance of the
insulation layer. Fig. 14 presents the temperature distribution
along the transverse direction on the symmetric plane (sam-
pled at the middle of the hose as shown in Fig. 15) for each
thermal conductivity, with the location of the fluid—structure
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interface and insulation layer inner surface marked by dotted
lines. The temperature distribution exhibits a sharp gradient
across the inner surface of the insulation layer (outer dotted
line) due to a drastically different thermal conductivity
between the insulation layer and the armor layer adjacent to
it. All the assessed insulation materials can effectively lower
the temperature at the inner surface of insulation layer
within [-165°C, —155°C], ensuring a temperature low
enough at the fluid—structure interface (inner dotted line).
However, it is worth mentioning that a small change of tem-
perature could still vaporize the cryogenic liquid inside the
hose if the initial temperature is close to the boiling point.
Therefore, discretion should be practiced in the selection of
insulation materials.

4.4 Effects of ambient temperature on thermal and structural
response
In field application, the cryogenic hose may operate
under drastically different ambient temperatures. To assess
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its thermal and mechanical performance in such different
environment, temperatures from 15°C to 35°C with an inter-
val of 5°C are imposed on the outer surface of the hose, and
the average temperature at the fluid-structure interface and
average von Mises stress of the structure are obtained. The
thermal conductivity and flow velocity are set to be 0.025
W/(m-K) and 6 m/s, respectively.

The results plotted in Fig. 16 suggest that the interface
temperature is insensitive, albeit proportional to the ambient
temperature, with only 0.003°C variation. The structural
stress, by contrast, is inversely proportional to the ambient
temperature due to the fact that higher boundary temperature
mitigates the stress induced by the thermal expansion of the
structural layers. Therefore, the cryogenic corrugated hose
design should take the lowest possible ambient temperature
into consideration.

x107
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S =
& g
g 3
?Q»_ 163.970} - 6.43 i
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15 20 25 30 35
Ambient temperature (°C)

Fig. 16. Relationship between ambient temperature and average fluid—
structure interface temperature and average structural von Mises stress.

5 Conclusions

This paper presented a thorough assessment of the ther-
mal-fluid—structure coupled performance of the flexible
cryogenic corrugated hose. Computational fluid and solid
mechanics, along with heat transfer simulations, were carried
out in ANSYS Workbench to assess the mechanical and
thermal interaction between the LNG flow and the flexible
corrugated hose structure.

It was found that the corrugated structure induces negative
pressure around the hose outlet, potentially causing fluid
cavitation. The insulation material currently used in the hose
design is shown to properly block the heat conduction from
the environment and maintain the temperature of LNG well
below the boiling point. Furthermore, parametric studies on
the inlet flow velocity suggested that the temperature at the
fluid—structure interface could be elevated by a slow-moving
flow due to an increased duration of heat conduction. The
results also revealed a nonlinear relationship between the
flow velocity and the structural stress response. Unlike the
smooth hose, in which case higher stress is experienced
with a larger flow velocity, the corrugated hose structural
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stress drops after the flow velocity rises above a certain
threshold. This is because less flow enters the trough region
of the corrugated profile at a larger flow velocity, thus
reducing the total frictional surface stress. Parametric
assessment of the thermal conductivity of the insulation
layer showed no significant change in the steady-state tem-
perature at the fluid—structure interface in spite of a linear
relationship between the thermal conductivity and the tem-
perature, which suggests excellent performance of the com-
mon insulation materials. This is further demonstrated by
the insensitive interface temperature to the ambient temper-
ature. However, the lower ambient temperature does allow
larger structural stress, which should be cautioned during
the design process.

The findings of this paper may have an important contri-
bution to the R&D and field operations of flexible corrugated
cryogenic hoses. In future investigations, more experiments
should be carried out to validate the current coupling frame-
work. In addition, liquid-vapor two-phase flow could be
incorporated to account for the potential LNG vaporization.
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