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The purpose of the study is the high-precision, numerical calculation of the Boil-off-Gas (BOG) and Boil-off-Rate
(BOR) of cryogenic liquid for the design of containment cargo system (CCS) by using high-fidelity multi-physics
CFD simulation of heat transfer of insulation system and phase change of multiphase-thermal flow in the
cryogenic liquid tank. The results are compared with those predicted by the conventional low-fidelity methods
which are based only on the total heat transfer and does not consider detailed physics related to the phase change
of the cryogenic liquid in the storage tank. The unsteady Reynolds-averaged Navier-Stokes (URaNS) equations
with the realizable k-¢ turbulence model and the Rohsenow boiling model for phase change calculation are
solved by commercial software of STAR-CCM-+. First, for the validation of the phase change model, the cryogenic
liquid stored in an independent tank of type C is calculated to study thermal fluid behaviors inside the tank and
the corresponding values of BOG and BOR are compared with the experiments as well as the results from nu-
merical simulations by other researchers. The estimated BOR value showed an excellent agreement with
discrepancy less than 1%, resolving precisely the thermal convection caused by the vaporization of the cryogenic
liquid. Subsequently, the multiphase-thermal flow in a membrane-type LNG (liquefied natural gas) storage tank
was calculated for the BOR estimation, coupled with thermal conduction through the insulation system. It is
concluded from those simulations that the high-fidelity CFD calculation with the phase change model was able to
precisely predict the vaporization of the cryogenic liquid and to calculate the correct BOR values based on the
actual BOG amount.

1. Introduction at room temperature. As it is a cryogenic fluid with its boiling point

lower than 120 K, it is critical to insulate the storage tank with a high-

A variety of environmental regulations are currently introduced by
International Maritime Organization (IMO) in pace with the global
movement of environmental protection. During the 70th Maritime
Environment Protection Committee (MEPC) meeting, the International
Maritime Organization (IMO) Low Sulphur Regulation was imple-
mented and requires since Jan 2020 that all shipping companies should
not emit Sulphur oxides more than 0.5% (previously 3.5%). Although
the use of low Sulphur fuels or the installation of scrubbers to remove
Sulphur oxide residue from the emission gas was proposed as a miti-
gation method, it is not the most economical solution viable in a long
term. Alternatively, a clean energy fuel such as LNG or hydrogen can be
effective in economy and environment.

The liquefied gas is best to be transported in liquid state through the
liquefaction as it has large specific volume and remains in gaseous state
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performing insulation system to minimize heat transfer from outside,
while there are no materials with 100% insulation capacity, and the
BOG due to the phase change of the cryogenic liquid and natural
vaporization are inevitable. In Fig. 1, external heat is transferred into the
insulation panel and the heat convection begins from the fluid on the
contact surface of the insulation panel. Vaporization occurs on the
contact surfaces of vapor-liquid and solid-liquid interfaces, and the
BOG is defined as the total amount of the vaporized gas [13]. Factors
contributing to the BOG besides the external heat transfers include
changes in local pressure due to sloshing, cargo changes from loading
and unloading, heat transfer from the entrance/exit areas, and envi-
ronmental changes in pressure and temperature outside the storage
tank. The biggest contribution is the change in thermal energy by the
external heat transfer, and the amount of BOG over a single day is
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Fig. 1. Schematic representation of boil-off gas and thermal flow in cryogenic
tank with insulation system from heat ingress.

defined as the BOR [46]. The BOR is one of the key parameters to
represent the design performance of the CCS.

The emission of the BOG from the cryogenic storage tank due to
external heat from the environment leads to potential loss in economy,
and the re-liquefaction or the natural process has been proposed as a
mitigation approach. However, the capacity of re-liquefaction facility
and the details of the natural process are determined by the total amount
of the BOG generated by the vaporization [17,26]. The design of CCS for
the cryogenic liquid is greatly affected by the BOR which is proportional
to the BOG. Therefore, for the design of efficient CCS and to determine
the capacity of the re-liquefaction facility and the details of the process,
it is most important to predict the exact values of BOG and BOR in the
cryogenic liquid storage tank.

Experimental studies have been previously carried out for the ac-
curate prediction of the BOG and BOR [7,24,25,23,6,33,8,29]. In ex-
periments, most of the liquefied gas are inert gas such as nitrogen and
helium due to avoiding the danger of explosion. However, the liquefied
gas used as the fuel in industry and life are active gas like LNG and
hydrogen and they are hard to handle and control in experiment.
Additionally, experimental investigations are based on lab-scale pro-
totypes, and they cannot mimic the actual state of large static pressure of
a full-scale tank, which means boiling temperature is difference due to
the discrepancy in the static pressure. In addition, it has a problem to
change the ratio of surface area to volume, for example when the
experimental tank is scaled down by 100:1, the surface area to volume
ratio will be larger by 100 times. The difference of surface area to vol-
ume ratio have an influence on the heat transfer characteristics and
internal flow dynamics in the tank. It seems to be impractical for
investigating experimentally BOG and BOR in the full-scale tank. In
addition, most of the types of liquefied gas used in experiments are ni-
trogen or helium, which is a strong constraint to represent liquid in
reality. Therefore, the CFD simulation is more realistic alternative for
estimating BOR and BOG enabling graphical visualization of physics as
well as quantitative assessment of flow variables to provide invaluable
insights in physics [39].

A conventional numerical analysis method to estimate the BOR ne-
glects the fluid inside the storage tank and employs a simple thermal
equilibrium state on the insulation system to calculate the total heat
leakage [31,14,34,20,33]. There are recent studies on thermal analysis
based on the total heat transfer made to the insulation system considers
the phase change of the liquefied gas [19] and the corresponding heat
convection phenomena, which makes the method difficult for simula-
tion involving the sloshing during ship operation [36]. However, this
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method cannot be applied the condition, which involves the difficult
problems for true physics simulation especially cargo-filling changes
during loading/unloading.

The CFD methods have been used to solve multi-phase problems that
are often encountered in diverse areas of chemical process, nuclear
power, automotive industry, and aerospace engineering. Krepper et al.
[27,28] developed a two-phase CFD model to simulate the formation of
micro-scale bubbles in a nuclear reactor, and numerical results were in
reasonable agreements with experiments. Banerjee [4,5] developed a
phase change model using the Volume-of-Fluid (VOF) model and solved
stratified flows in a two-dimensional channel having an oblique edge
and calculated the effects on the phase change by the temperature, ve-
locity, and humidity relative to vapor as well as the temperature of inlet
in liquid state. Hassanvan et al. [16] carried out the CFD simulation of
the gasoline vaporization in the fuel tank of the car during the splash
loading, and compared numerical results to theoretical values with good
agreements. The simulation of the vaporization of the cryogenic liquid
using the phase change model has been studied by Lee et al. [32], Fu
et al. [12]. Lee et al. [32] simulated the leakage of the LNG from the
membrane type tank, and employed a diffusion-based model to identify
the phase change of the liquefied gas through the porous structure. After
Lee et al. [32] developed the phase change model in ANSYS Fluent,
many relative researches were recently conducted and improved the
code [47,11,48,44,43,49]. Fu et al. [12] carried out CFD simulation of
the phase change of the liquid hydrogen in the fuel tank of the spacecraft
caused by the gravity and the surface tension, and verified that the gas
bubbles generated by the vaporization affects the internal pressure of
the tank. Zakaria et al. [46] calculated the BOG of the full-scale cargo
ship tank, but the description of the geometry and details on the nu-
merical analysis was not included. Ahammad et al. [2] carried out a
numerical study on the vaporization frequency of the liquid nitrogen
and LNG at the time of the film boiling inside the cryogenic storage tank,
and visualized the physics for the detailed analysis that cannot be
identified by experiments. Langari et al. [30] carried out the CFD
simulation of the subcooled boiling flows in the horizontal duct. They
concluded that numerical results from the large eddy simulation (LES)
and from the Reynolds-averaged Navier-Stokes (RaNS) with turbulence
models are similar and do not show much differences from the experi-
ments. Saleem et al. [39] used the CFD methods for the simulation of the
BOG in the full-scale onshore LNG storage tank and analyzed the effects
of the numerical parameters of the phase change model on the results. A
recent study by Chen [9] used the phase change model in the multiphase
fluid models of Eulerian Multiphase (EMP) and Volume-of-Fluid (VOF).
Temperature and heat flux distribution were compared for the two
models with no major differences. Majority of the aforementioned
studies conducted the numerical effects of input parameters of the phase
change model and modifications in the boundary conditions, however; a
quantitative comparison with the experiments is few.

A reliable study has been reported to date which calculate the BOG
and BOR using the phase change model in the cryogenic storage tank
with the insulation system, and includes the validation study with the
existing experiment [29]. Krikkis [29] compared their simulation results
by the thermodynamic and heat transfer model with measurement data
of temperature in the insulation, and pressure and boil-off rate in
membrane tank.

In the present study, a high-precision CFD simulation is carried out to
calculate multi-phase thermal flow solutions as well as heat transfer on
the insulation system in the CCS of the cryogenic liquid. The BOR is
estimated based on the BOG values calculated by the multi-phase CFD
analysis, and compared with results from the traditional methods which
are based on the amount of total heat transfer only. First, for the vali-
dation of the phase change model in the CFD analysis, the liquid nitro-
gen in the independent tank of type C is solved for the BOG and BOR
with detailed analysis on the characteristics of internal thermal fluids,
and the results are compared with experimental and other numerical
results [33]. Subsequently, LNG in the membrane-type KC-1 tank is
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Fig. 2. Geometry of C-type independent tank.
Table 1
Dimension of LN, tank.
Item Unit (mm)
Thickness of insulation 400
Thickness of steel 10
Thickness of saddle 50
Minor axis semidiameter 300
Maximum axis semidiameter 500
Length 1500
Table 2
Thermal properties of LNy,
Enthalpy of vaporization (kJ/kg) Density (kg/m>)
LN, 198.6 808.3
Table 3
Thermal properties of nitrogen.
Conductivity (W/(m-K)) Specific heat (J/kg-K) Density (kg/m>)
Nitrogen 0.009 1038 1.25
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Fig. 3. Initial conditions.

Table 4
Initial temperature of fluid.
Liquid nitrogen Nitrogen
Temperature (K) 77.15 113.15
Table 5
Thermal properties of tank.
Conductivity (W/(m-K)) Specific heat (J/kg-K) Density (kg/m®)
Insulation  0.023 28 45
Steel 8.72 499 7850
Saddle 0.4 1720 1100

solved for the BOG using the CFD analysis with the phase change model.
The results are compared with those of other numerical simulations
[34,45,20].

2. Mathematical model

2.1. Governing equation

A multi-physics CFD simulation is carried out which takes into ac-
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Fig. 4. Grid system.

count both the heat conduction on the insulation and the multi-phase
characteristics of the cryogenic liquid in the storage tank. The cryo-
genic multi-phase thermal flows are assumed governed by three-
dimensional unsteady viscous flows with compressible effects, and
only the phase change is calculated with internal chemical reaction
neglected. The phase change model in the VOF method is employed to
analyze vaporization on the contact surfaces of liquid and gas. The VOF
method uses the same equations in conservation form for gas in both
liquid and gaseous states, and more efficient in computation than EMP
(Eulerian Multi-Phase) model [9]. The present study uses equations of
mass, momentum, and energy in conservation form which are shown in
Egs. (1), (5), and (6), respectively.

g/pdVJr?{pvda = /SdV (€8]
o)y v
A

i ap; =p 2
i=1

z":a,- =1 3)
i=1
S=3 Sup; 4

where ¢; is the volume fraction of phase i, p; the density of phase i, a the
surface area vector, v the mixture (mass-averaged) velocity and S the
mass source term.

0
—(/pvdV) + fpv@ v-da= — %pl-da+?{T-da+/png+/ﬂ,dV 5)
o)y A A A v v

where p is the pressure, I the unity tensor, g the gravity, T the stress
tensor and f;, the vector of body forces

g/pEdV-i—f(pHv +p)-da = —f.q"da-l--7{T~vda+/fb~vdV+/SEdV
orfy A A A v v
(6)

where E is the total energy(=internal energy + kinetic energy), H the
total enthalpy, ¢ the heat flux vector and S the energy source term. In
each term of mass source term (S) in continuity equation and energy
source term (Sg) in energy equation, the phase change term is used to
estimate the mass transfer from one phase to another and to compute the
heat transfer during evaporation.

The equation of energy for solid to analyze the heat transfer on the
insulation of the cryogenic storage tank.

% / pC,T.dV = — ]{ q'da+ / S dV %)
\4 A \4

where p; is the solid density, C, the specific heat, T the solid tempera-
ture and S, the volumetric heat source within the solid. Based on the
conservation of energy, total heat flux is conserved across the fluid-solid
interface. At a contact interface, conjugated heat transfer interface is
applied.

The governing equations of (1), (5), (6), and (7) are discretized by
the finite volume method (FVM). For the CFD analysis, commercial CFD
software of STAR-CCM+ [41] is used to solve the heat transfer of the
insulation and the multi-phase thermal fluids. A 2nd order accurate
implicit method is used for the temporal integration with a variable time
step method controlling the Courant-Friedrichs-Lewy (CFL) number.
The average CFL number is set 0.2 to minimize numerical instability that
may occur on the free surface. Also, a 2nd order central differencing
with second order upwind in spatial discretization is applied in the
simulation.

2.2. Phase change model

The phase change model implemented in the STAR-CCM-+ software
is composed of the EMP boiling model and the VOF boiling model in
Eulerian model. The EMP boiling model is known to be the best in
solving the fine bubbles from the vaporization of the cryogenic liquid in
the storage tank. However, the solution of fine bubbles in the full-scale
tank requires a computational mesh of enormously high resolution and
exorbitant computing power. In the present study, the VOF boiling
model [38] is employed for the simulation of phase change of the
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liquefied gas as it can solve bubbles with much larger mesh size and
becomes more efficient.

The phase change model of the VOF boiling method applies different
solution approach to the liquid-solid and the liquid-vapor interfaces.
For the liquid-solid interface, the wall temperature should be higher
than the saturation temperature to activate the phase change model, and
the vapor mass generation rate (m,,) in the liquid-solid interface is
represented as follows.

Cew Gow

T ®

My =

where C,,, is the model constant starting how much of the boiling
heat flux is used for creation of vapor bubbles, hy, the latent heat and gy,
the heat flux at wall due to phase change, which is given by:

glp—p,) (Cm(Tw - Tsal))zm
o

np
ColiaPr

qow = /'{]hlat (C))

where , is the dynamic viscosity of liquid, Cp, the specific heat, Pr; the
Prandtl number of the liquid phase, n, the Prandtl number exponent, ¢
the surface tension coefficient, T,, the wall temperature, Ty, the satu-
ration temperature and Cg, the empirical coefficient varying with the
liquid-surface combination

Next, when the temperature of the vapor on the liquid-vapor inter-
face reaches Tyq, with some discrepancies from the temperature of the
liquid-vapor mixture (T), all the heat flux from the liquid to the inter-
face is used in mass transfer. The mass transfer caused by heat transfer to
the interface between the media is used to compute the rate of phase
change as below.

_ Chem(T - Tsm)

(10)
ot

Mece

where Cpe, is the heat transfer coefficient between the vapor bubbles
and surrounding liquid and is related to the resolution of the fluid flow —
whether the bubbles are accurately captured or if it is assumed that
small bubbles are distributed throughout the fluid. A common expres-
sion for Cheq is:

Chear = gNuv A (11)
6

A; = —oa, 12
dva,a 12)

where k; is the thermal conductivity of the liquid, d, the vapor diameter,
Nuy, the Nusselt number of the vapor, A; the interface area concentration,
a; the volume fraction of liquid and «a, the volume fraction of vapor. To
assume the spherical shape vapor, the Ranz-Marshall correlation [37] is
applied to calculate the Nusselt number. In the present simulation, the
Ranz-Marshall correlation was used for the gas and liquid [18]. The
correlation is given as:

Nu, = 2+0.6Re} Pr? 13)
Vaipd,
Regy = =" a4
1
przzﬂfi (15)
1

where Reg;, is the slip velocity Reynolds number, Vg, the slip velocity
between liquid and vapor, v; the kinematic viscosity of liquid and ¢, the
specific heat.

2.3. Turbulence model

A non-dimensional, Reyleigh number, Ra, is defined as follows to
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Fig. 5. Grid convergence test.

Table 6
Boil off rate and difference with experimental results in grid convergence test.

Case Number of grids BORq (%/day) Difference (%)
Gl 205,596 5.001 0.59
G2 426,785 4.992 0.24
G3 895,183 4.987 0.14
G4 1,586,702 4.984 0.08

determine the intensity of turbulence of thermal fluids due to the heat
transfer from external sources.

m:%m—nw 16)

where f is the thermal expansion coefficient, x the characteristic length,
v the kinetic viscosity, k the thermal diffusivity, T; the fluid temperature
far from the surface of the object, T the surface temperature.

As the size of the full-scale cryogenic storage tank is large in diameter
and height, the Rayleigh number is also high and the flows are assumed
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Fig. 7. Volume fraction of gas in tank.

to be turbulent [23]. However, the present study includes a cryogenics
storage tank in experiment scale, it is necessary to check for turbulence
by the Rayleigh number. Characteristics lengths of the type C and
membrane tanks, which will be discussed in the following section, are
the maximum axis diameter and the distance from the top to bottom of
the tank, respectively. Corresponding Rayleigh numbers are 6.03E+13

and 2.41E+15 for the type C and the membrane tank.

For the turbulence model of the URaNS solver, one of the two-
equation models, realizable k-e¢ model [40] is used based on the study
by Langari et al. [30]. For the analysis of thermal fluids due to the
natural convection on the walls, the model of the Buoyancy-Driven Two-
Layer type [42] is used to solve thermal boundary layer flows.
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Fig. 8. Velocity vector field in tank.

Velocity[k] (m/s)
0.01 0.02 0.03 0.04

-0.01 0.0 0.05

Time : 5500(sec)

(a) 5500s

-0.01 0.0

Velocity[k] (m/s)

0.01 0.02 0.03 0.04

Time : 8000(sec)

(b) 8000s

Fig. 9. Streamline with velocity [k] in tank (ISO view on the symmetric plane).
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Fig. 10. Streamline with velocity [k] in tank (ISO view from outside).
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Table 7
Difference of Qjeax compared to experimental data.

Experiment  Simulation Simulation w/o Simulation w/
[33] phase change phase change
model (Present) model (Present)
Difference - 5.3 4.75 0.47
of Qleak
w)

2.4. Estimation of BOR

2.4.1. Estimation of BORq based on total heat transfer

Due to very low temperature of the cargo, many design factors must
be taken into account when designing a gas vessel. Under ambient
conditions, the heat flux into the cargo tank produces BOG. This makes
pressure inside the tank increase and generate the BOG to maintain the
design pressure. Therefore, it is necessary to evaluate the BOR for the
cargo tank insulation system. BOR can be estimated by assuming that all
heat fluxes from the outside of the cargo tank to the inside produce BOG.
The daily BOR can be estimated by following equation:

~ Oear X 3600 x 24

BOR, = 1 1
OQ /)IXanth <100 (7)

where Qq represents the total heat flux that penetrates into the cryo-
genic tank, p; the liquid density, Vi is the volume of tank and h the
latent for vaporization. The equation to calculate Q. is as follows.

QleaA = Chem,lmn.g/k'rA(ankAT (18)
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where Cheqr_gransfer is Overall heat transfer coefficient, Ak the surface
area of tank and AT difference in temperature between the surroundings
and the fluid.

2.4.2. Estimation of BORy based on amount of vaporization

The estimation of the BOR based on the total heat transfer does not
consider natural convection nor the phase change of the internal fluid,
and thus has limitations in explaining the true physics of cryogenic
liquid in the storage tank. In the present study, the estimation of the BOR
is made based on the calculation of the actual BOG generated due to the
phase change of the liquefied gas. The formulation for the BOR esti-
mation is the same as that used in the study by Lin et al., [33].

Py X Viog X 24

BORy = x 100 19)

XV

where p, is the density of gas and Vgoc represents the volume of gas per
hour. The equation to calculate Vpog is as follows.

Vo = Viank(Qgasiy — Agass,) (20)

where Vi is the volume of tank, ags,, the volume fraction of gas at t,
to the beginning time in constant rate of BOG and t; the t;, + 3600sec.

3. Numerical simulation for BOR estimation
3.1. Validation case: C-type LN, tank

3.1.1. Geometry modeling

A test problem for the validation of the phase change model used in
the CFD analysis is the type C tank as shown in Fig. 2. It consists of the
components of the insulation, inner tank, steel and saddle, and was
previously used in the study by Lin et al. [33]. In Fig. 2(b), there is an
internal structure of steel between the insulation and the inner tank, and
the saddle penetrates the insulation through the inner tank. Solid do-
mains are the insulation, inner tank, steel and saddle, whereas the
interior of the inner tank is defined as a fluid domain. Information on the
geometric details is listed in Table 1.

3.1.2. Simulation conditions

Experimental data for the validation of the phase change model in
the CFD analysis were available from the study by Lin et al. [33], and the
BOR values of the type-C tank with 60% filling ratio are compared. The
same thermal properties and test conditions are applied to the CFD
simulation and shown in Tables 2 and 3. Initial temperatures of the
liquid nitrogen and the nitrogen gas are 77.15 K and 113.15 K, respec-
tively, which are the values measured from the experiments. When
applying the initial temperature condition for the CFD calculation, a
temperature distribution up to 5 cm above the free surface was set to be
the same as the initial temperature of the liquid to reduce the effect of
heating source. Material properties of the insulation, steel and saddle are
shown in Table 5 and are needed for the analysis of the heat conduction
in the type-C tank, while the temperature outside the tank is set 293.15
K. Fig. 3 shows the volume fraction of gas and liquid, temperature dis-
tribution of the fluids, and the solid, respectively, when the initial
condition of the simulation is applied (see Table 4).

3.1.3. Grid convergence tests

For the CFD mesh generation, the automatic grid generation module
of the STAR-CCM+ is used with trimmed cells and prism layer, and the
total number of cells varies from 200,000 to 1,580,000 as shown in
Fig. 4. For all meshes, grid refinement is carried out near the contact
surface of the liquid and vapor in the regions about 1 cm above and 7 cm
below the interface, and the domain is treated as a fluid state. Also, the
simulations have been run using a 16-core Intel i9-9960X 3.10 GHz CPU.
The simulation time varied between 6 days to 51 days depending on grid
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(a) Dimensions of LNG tank
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Fig. 13. Dimensions of KC-1 membrane tank and insulation system [20].
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Fig. 14. Definition of boundary for setting initial temperature.

Table 8
Physical properties of insulation materials [14,22,20].
Thickness Density Specific heat ~ Thermal
(m) (kg/m?) (J/kg-°C) conductivity (W/
m-°C)
Mastic 0.01 495 1046.70 0.400
Bottom 0.01 710 1088.57 0.170
plywood
H-PUF 0.2325 120 920.68 0.029
Top plywood 0.012 710 1088.57 0.170
Membrane 0.0135 8137 460.54 39.000
barrier
system.

A grid convergence study is carried out for the value of BORg which
is estimated based on the total heat transfer and BOG compared to
experimental data, and the results are shown in Fig. 5(a) and (b). Table 6
summarizes the values of BORg with respect to a varying number of the

Table 10
Thermal properties of LNG.
Enthalpy of vaporization (kJ/kg) Density (kg/m®)
LNG 510 425

Table 11
Thermal properties of natural gas.

Conductivity (W/ Specific heat (J/kg-K)  Density (kg/
(m-K)) m®)
Natural gas ~ 0.0117 2199.375 1.577
Table 12
Initial temperature of fluid.
LNG Natural gas
Temperature (K) 110 120

grid cells along with the percentile differences in BORq from the ex-
periments. For all cases, a relative error is less than 1%, which is similar
to what has been concluded in the study by Chen [9]. Also, the actual
amount of BOG generated in the tank over time is converged and the
results are described in Fig. 5(b). In the present study, a mesh of G3 is
chosen as the it shows converged value of the BOG on the contact sur-
faces of vapor-liquid and solid-liquid regardless of the higher mesh
resolution.

3.1.4. Simulation results

The multiple physics problem of the vaporization on the contact
surfaces of solid-liquid and vapor-liquid is solved by the phase change
model formulated in Egs. (8) and (10) which include the differences in
saturation temperatures on the interfaces. Numerical solutions are
shown in Fig. 6 of the temperature distributions inside the tank
including the insulation. Fig. 6(a) shows the distribution of the tem-
perature on the insulation of the tank as well as on the cryogenic liquid.
It is shown that the temperature near the contact surface of the saddle

Table 9
Initial temperature distribution on insulation system from Jeong et al. [20].
Location Top Top-side Side Bottom-side Bottom Cofferdam
Air Sea
Temperature (°C) 39.25 39.03 36.53 29.13 28.54 27.64 3.06
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(a) Bird’s eye view

(b) Front view

Fig. 15. Grid system for KC-1 LNG tank.

and the inner tank becomes slightly higher than that near the insulation,
which is because the thermal conductivity of the saddle is higher than
that of the insulation. If the external heat continues being transferred in
over time, the vaporization becomes more active and the amount of
vapor increases correspondingly. Changes in the temperature distribu-
tions due to the external heat transfer are shown in Fig. 6(b) and (c) at
the two different times of 5500 and 8000 s, respectively. It is shown that
that the surface temperature on the saddle becomes about 5degree
higher than the saturation temperature of (—196 °C), which indicates
that nucleate boiling is triggered in the boiling regimes [35]. A region
where the nucleate boiling occurs is defined as a nucleation site, which
becomes larger in the upper part of the saddle as time advances. It is
shown in Fig. 7 that the nucleate boiling triggered by the phase change
phenomenon changes the volume fraction of the gas, and generates
more vapors over time.

Figs. 8-10 shows the velocity vector field of the liquefied gas in a
streamline of instantaneous velocity and streamtube, where a varying
color represents the magnitude and the strength of vertical component
of the velocity. Overall, the trends of the flow in the domains of the
vapor and the liquid region show large discrepancy. In the liquid,
thermal convection with a pair of vortex longitudinally-large in the
horizontal plane is observed mostly due to the external heat transferred
from the environment outside. As time proceeds, uprising motion of the
vapor in the vertical direction becomes more complicated in the upper
part of the saddle, which affects the flow patterns of convective heat
transfer. In the domain of vapor state, the thermal convection, which is
caused by the high-temperature liquids on the saddle, is focused around
the center of the vapor-liquid contact surface, contains vapors moving
upwards, and forms a pair of primary vortices of large size in vertical
plane. In addition, liquids in thermal convection moves upwards to the
upper part of the liquid-vapor interface along the interior surface of the
tank. At the same time, there exists thermal convection with flows
moving downward due to the primary vortex, which then creates the
secondary vortex in vertical plane. As time passes, the thermal convec-
tion in the upper part of the vapor state domain reduces due to high
temperature on the upper surface of the tank outside, however; con-
vection in all other domains develops with increasing magnitude.

Next, changes in the mass of vapor due to the phase change is
calculated and compared with the experimental data [33] as shown in
Fig. 11. The present study calculates the time rate of reduction in mass to
be 2.52 kg/hour, while the experiment predicts 2.28 kg/hour

In Fig. 12, comparison of the BOR values based on the BOG estimated
by Egs. (17) and (19) is carried out with the experiments by Lin et al [33]
and those by the thermal analysis of FEM where the fluid domain is
assumed to be rigid. First, the BORg which is calculated by the present
study in consideration of the thermal convection only and without the
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phase change is underestimated by —3.43% when compared to the
experiment, whereas the FEA calculated by Lin et al. [33] does not
consider the thermal convection and leads to the relative error of —3.9%
in the BORq. However, if the phase change model is included in the
present study, the relative error in the BORg values is as small as 0.14%
and closer to the experiments. In order to accurately calculate BOR, the
value of Qjeqx must be correct. This is because, as shown in Eq. (17), in
the coefficient values included in BORg, Qeax is a variable and the
remaining are defined as constant values. Eq. (18) can be used to esti-
mate Qeax. Table 7 shows the difference of Qjeax in reference to the
experiment [33] in two numerical simulations. In the simulations where
the phase change model was not used, the difference value was 5.3 W
and 4.75 W for Lin et al.’s and present models, respectively. These dis-
crepancies from the experiment value are reported to be caused by the
neglecting of the convection details in the calculation [33]. However,
when the phase change model is applied to the present simulation, a
difference value as small as 0.47 W are calculated and the physics of flow
convection flow is adequately modeled.

The improved accuracy is due to the fact that the calculation with the
phase change model can precisely resolve the multiple physics of the
liquefied gas, where the time rate of volume change becomes different
corresponding to the phase changes in the cryogenic tank, and affects
the characteristics of liquids near the interface. The numerical calcula-
tion captures the effects of the heat conduction from the interior of the
tank to gas/fluids in multiple phases, which eventually changes the total
heat flux. On the other hand, the value of BORv calculated based on the
BOG shows the relative error of —0.83%, which is less than the value of
BORg by 0.9%.

Overall, it is obvious that the CFD-based simulation enables thor-
ough understanding on the phase change process of the liquefied gas in
the cryogenic tank due to the heat transfer penetrating the insulation
from the external environment and resultant heat convection inside the
tank. Detailed information on the multiple physics of the liquefied gas
inside the tank is critical to the minimization of the heat loss of the entire
system, development of an efficient insulation system, and the design of
an energy-efficient cryogenic storage system.

3.2. Application case: Membrane-type LNG tank

3.2.1. Simulation model

Based on the validation of the phase change model used in the CFD
simulation of the cryogenic liquefied LN, gas in the type-C storage tank,
the estimation of the BOR values is carried out for the KC-1 LNG
membrane-type tank which was developed by Korea Gas Corporation,
KOGAS. The geometry of the tank and the information on the insulation
system are shown in Fig. 13 and are referred to the study by Jeong et al.



G.-M. Jeon et al.

Applied Thermal Engineering 184 (2021) 116264

Volume Fraction(Liquid)
1.0

0.80

0.60

P 0.40

0.20

0.00

Temperature (K)
120.0

118.0

- 116.0

K 114.0

112.0

110.0

(b) Temperature

Fig. 16. Initial setup of volume fraction and temperature for KC-1 LNG tank.

[20]. However, the insulation system, shown in Fig. 13(b), consists of
complicated substructures of different materials. Material properties for
each of them are shown in Table 8, and assumed in the present study to
be homogeneous and calculated as an equivalent parameter by the
formulation as follows.

feq:ZﬁVI +f2V2+"'+f,,Vn, (21)
i=1

Vi

where f1, fa, -+, fn represents the material property of the component of
the insulation system, and V1, Vs, -, V,, corresponds to the volume of an
individual component, where V; = V; + V5 + - + V.

Using this equivalent parameter in Eq. (21), it is possible to define
the amount of heat transfer from the inner hull of the tank to the surface
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of the LNG by a single parameter to represent heat resistance.

3.2.2. Simulation condition

For the calculation to estimate the BOR values in consideration of the
phase change in the LNG tank, the same conditions are used as in the
FEM-based thermal analysis carried out by Jeong et al. [20]. Sub-
structures of the hulls and compartment are neglected for the simplicity
of the CFD simulation. The temperature distribution on the outer surface
of the insulation shown in Fig. 14 is set by the values obtained in the
study by Jeong et al. [20], and summarized in Table 9. The tank contains
the LNG and the natural gas, and their material properties are shown in
Tables 10 and 11 with the initial temperatures listed in Table 12.

A computational mesh used in the CFD simulation is shown in Fig. 15
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Fig. 17. Volume fraction of natural gas in KC-1 tank at different time.
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Fig. 18. BOR in KC-1 tank along with time.

with the total number of grid cells of 5.5 million. Meshes for the sub-
domains of fluids and solids are generated separately with the condition
of Conjugate Heat Transfer applied on the interface of the subdomains.
Fig. 16 shows the initial state of the LNG tank of 98% loading, with
its volume fraction and temperature shown in Fig. 16(a) and (b),
respectively. The CPU time for the entire calculation was 6 days using
980 cores of Intel Xeon Platinum 8168 scalable processor with 2.70 GHz
frequency with the Massively Parallel Interface (MPI) library.

3.2.3. Simulation results

To investigate the changes in the amount of BOG inside the
membrane-type LNG tank when the phase change model is applied for
the CFD simulation, the volume fractions of vapors at two different times
of 0 and 4200 s are calculated and shown in Fig. 17(a) and (b),
respectively. The amount of vapor at t = 4200 s seems to be increased
when compared to the initial state. In Fig. 18, Boil-off rate in KC-1 LNG
tank is shown. A gradual increase in BOR with fluctuations is obtained
until 1500 s, but the constant BOR is observed afterwards.

To investigate the distribution of temperature in equilibrium after t
= 1000 s when the amount of vapor is generated at a constant rate, the
temperature on the insulation and the internal fluids is shown in Fig. 19
(a) and (b) in front and side views, respectively. For the temperature
distribution on the insulation, external temperature outside the upper

12

part of the insulation is higher than that of the lower part, and the dis-
tribution is determined by the temperature difference between the
interior and the exterior of the insulation. Cofferdam are installed in the
front and rear parts of the tank and the initial temperature is set 3.06
degree based on the study by Jeong et al. [20]. On the bottom of the side
of the tank, the initial temperature is set 27.64°, which appears to cause
the temperature discrepancies. For better understanding, the tempera-
ture distribution on the insulation for each part of the insulation is
shown in Fig. 19(c).

A dynamic behavior of the liquefied gas from the thermal convection
inside the LNG tank is shown in Fig. 21 in terms of the velocity field in
LIC at t = 100, 300, 500, 700, 1000, and 1500 s. In Fig. 21(a), early in
the CFD simulation, heat energy is transferred into the boundary layer
by the thermal conduction from the both sides of the insulation. Based
on the Buoyancy-Driven Two-Layer type model for the boundary layer
flows, fluids experience the buoyancy force, form jet stream moving
upwards, and cause convective heat transfer. During the convection,
some portions of the liquids vaporize and the rest are cooled down
forming the flows moving downwards near to the interface of liquid-
—vapor. In Fig. 20(b), ascending flows become more active in the con-
vection on the sidewall of the tank, and the heat transfer becomes very
strong from the upper corners of the tank, which h makes LNG boil,
increases the convection speed, and disturb the fluids on the upper part.
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Fig. 19. Temperature distribution of insulation and LNG at t = 1000 s.

However, in the center of the tank, the LNG is cooled down on the
interface of the LNG and the natural gas (vapor-liquid interface) and
generates descending flows. On the other hand, random boiling of the
LNG is observed along the bottom of the tank due to the heat transferred
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to the insulation from the external environment. In Fig. 20(c)-(e), jet
streams ascending due to the heat transferred from the sidewalls of the
LNG tank are cooled down to disappear. However, the convection con-
tinues in the vapor-liquid interface, and some LNG are seen to be
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Fig. 20. Time-sequential heat convection flow in LNG tank (Front view).

vapored. This is observed in Fig. 21(f) where the fluids in the LNG areas
are cooled sufficiently after 1500 s enough to make the convection
disappear. However, in the vapor areas near the vapor-liquid interface
and upper corners of the tank, the convection seems to continue due to
the vaporization. Excessive heat transfers around the upper corner areas
are thought to be due to the numerical assumption of a single value for
all thermal conductivity parameters for the insulation. .

3.2.4. Comparison of BOR

In this section, the BOR values calculated by the present study is
compared with the values of BOR calculated by previous studies
[34,45,20] using the total heat transfer, although the geometry of the
membrane-type LNG tank is not exactly the same. Comparison results
are summarized in Table 13 in terms of the author of the study, CFD
software used, and the use of the phase change model. The present study

also carried out a separate simulation to calculate the BOR, values using
the total heat transfer for the comparison purpose, and the resultant
BOR, is compared with that of the previous studies and summarized in
Table 14. The resultant BOR, value from our study is 0.0972%/day, and
is within the range of 0.0856%/day to 0.0986%/day suggested by other
numerical simulations. When compared with the result of the study by
Jeong et al. [20] which used the same conditions for the thermal anal-
ysis, the value of BORy, is slightly lower by 1.4%.

The amount of vapor generated for an hour is calculated by m®/hour
and listed in Table 15. The corresponding BOR value is calculated to be
0.093%/day by Eq. (18). As shown in Fig. 21, although the simulation
results of Yu et al. [45] employed the phase change model, but under-
predicts the vaporization with the lower BOR values than those of the
numerical simulation carried out by other researchers. It is shown that
the predicted results of BOR values by the present study is within the
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Fig. 21. Comparison of BOR with other data.
Table 19 the cryogenic tank. Conclusions are as follows from the comparison of
able

Specification of LNG tank simulated by authors.

Authors CFD code Phase change model
Miana et al. [34] Fluent X
Yu et al. [45] STAR-CCM+ (@)
Jeong et al. [20] Fluent X
Present STAR-CCM-+ (¢}
Table 14

Specification of LNG tank simulated by authors.

Authors BOR(, (%/day)
Miana et al. [34] 0.0856
Jeong et al. [20] 0.0986
Present 0.0972

Table 15
Specification of LNG tank simulated by authors.

Authors Loss of LNG volume (m®/hour) BORy (%/day)
Yu et al. [45] 220 0.04
Present 512 0.093

Table 16

Comparison with BORq and BORy.

BORq (%/day) BORy (%/day) Difference (%)

Present 0.0972 0.093 4.3

range of published predictions.

The resultant values of BOR, and BORy calculated by the present
method are summarized in Table 16 with 4.3% difference where the
BORy is predicted slightly less than the BOR,. However, results of
improved accuracy are calculated, confirming that the phase change
model is critical in the calculation to the precise estimation of the BOR
values.

4. Concluding remarks

The multi-physics CFD simulation was carried out for the precise
estimation of the BOG and BOR values necessary to the design of CCS for
the cryogenic liquid. It considers the phase change of liquefied gas as
well as the heat transfer in the insulation system, is more advantageous
that the traditional method which considers the total heat transfer only
and does not take into account the actual physics of phase change inside
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the BOR values predicted by the method using the total heat transfer
only, with the BOR values calculated by the present CFD method based
on the BOG amount estimated from the phase change of the liquid.

(1) The vaporization of the cryogenic liquid on the interface with the
vapor is accurately calculated by the phase change model
implemented in the VOF model. First, to investigate the appli-
cability of the phase change model, the results of the BOR and
BOG values were compared with those of the existing study by Lin
etal. [33], and show that the present method can provide reliable
predictions by detailed analysis of the cryogenic liquid inside the
tank which undergoes the phase change.

The natural convection and the phase change phenomena inside
the type C tank are well resolved by the present method, which
cannot be explained in detail by the experiments. It is understood
from the present calculations that the phase change occurs by the
external heat transfer on the saddle support due to its high
thermal conductivity as well as on the interface of liquid and
vapor. The present study calculates the BOR values based on the
total heat transfer and on the amount of vapor, i.e., BOG. When
the BOR value is predicted by the method using the phase change
model and compared with the experiments, the relative error
becomes less than 1%, which demonstrates the advantage of the
phase change model.

To extend the application of the phase change model, the value of
BOR is calculated based on the amount of vaporization of the LNG
due to the external heat transfer to the insulation of the LNG
membrane tank which was developed by KOGAS. The convection
is observed to be continuous on the interface of the liquid and
vapor, and the movement of flow caused by convection in the
area of the LNG gradually disappear as LNG becomes cooled
down over time. On the other hand, in vapor region, the con-
vection continues near the upper corners of the tank and on the
vapor-liquid interface, which may be attributed to the numerical
artifacts of the single thermal conductivity of the insulation for
the sake of simplicity in the computation making the insulation
susceptible to the external heat transfer. The BOR prediction in
consideration of the true physics is compared with that of the
other simulations based on the total heat transfer only [34,20],
showing good agreements with the relative error less than 1.4%
with respect to the results of Jeong et al. [20] which used the
same test case. It is concluded that the calculation results of the
BOR carried out by the present method based on the amount of
vapor are able to provide great improvement in accuracy from the
previous studies by other researchers [45], and demonstrates
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@3

=



G.-M. Jeon et al.

great potential in the BOR prediction method based on the phase
change model. In other words, the heat convection of the fluid
considering the phase change of liquid as well as the heat con-
duction of the solid were simultaneously implemented, and this
could take a step closer to the reproduction of more practical
physical phenomena.

For future works, a variety of applications at various conditions must
be calculated using the proposed phase change model in order to verify
the validity of the method. The present calculation is validated with
existing experiments and validation with practical physics where com-
plex interacting phenomena are taking place. After then, many indus-
trial application problems, such as loading/unloading problems of
cryogenic liquids accompanying the time change, heat loss problems of
local support structures, dynamics problems with sloshing during
operation will be solved by the CFD simulation. The high-fidelity CFD-
based calculation method will be greatly beneficial to the analysis,
design, and the development of the Korea LNG tank system. In addition,
the method can be further applied to engineering areas which uses liquid
hydrogen gas including ships, cars and spacecraft.
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