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Abstract

In this Ph.D. research study, a non-equilibrium thermodynamic model and a non-equilibrium
multilayer thermodynamic model are developed to assess the thermal performance of liquefied
natural gas (LNG) storage tanks by reducing the computation time compared with computational
fluid dynamics (CFD) methods.

The non-equilibrium thermodynamic model incorporates a resistance-capacitance network to
evaluate the thermal performance of vertical and horizontal LNG storage tanks. This model is
validated against two sets of experimental data, and compared with the equilibrium
thermodynamic model. The results indicate that, under stationary conditions, the equilibrium and
non-equilibrium thermodynamic models predict the pressure and temperature profiles in the
vertical and horizontal LNG storage tanks with good accuracy. However, the non-equilibrium
thermodynamic model is the only model that can predict the thermal performance of the storage
tanks under dynamic operating conditions such as sudden pressure changes due to the vapor return
to a tank or LNG dispensing to heavy-duty trucks. Also, the results highlight that the LNG holding
time in horizontal storage tanks is longer than that in vertical storage tanks under dynamic
operating conditions.

The non-equilibrium multilayer thermodynamic model is developed to study the thermal
stratification and rollover in LNG storage tanks. This model divides the liquid and vapor domains
in the tanks into multi-layers, considers the boundary layer formation along the tank vertical walls
iii

and, uses adaptive mesh to accommodate the changes in the LNG level over time. This model is
verified against experimental data available in the literature to predict the thermal stratification
and rollover in cryogenic storage tanks. The parametric study indicates that in atmospheric LNG
storage tanks, the amount of heat transfer to the tank and the tank aspect ratio (i.e., diameter to
height ratio) do not affect the rollover start time. However, they affect the LNG evaporation rate.
The rollover start time is directly affected by the ratio between the amount of fresh LNG loaded to
the tank (cargo) and the amount of LNG left in the tank (heel) before loading the cargo. This work
suggests that the cargo to heel ratio should be monitored regularly to prevent the rollover in LNG
storage tanks.

iv

Lay Summary

In this Ph.D. study, the non-equilibrium and non-equilibrium multilayer models are developed to
evaluate the thermal performance of liquefied natural gas (LNG) storage tanks with minimum
computation time.

The results of the equilibrium and non-equilibrium thermodynamic modelling indicate that they
can predict the thermal performance of storage tanks under stationary conditions. Under dynamic
conditions, the non-equilibrium thermodynamic model is the only model that can predict the
thermal performance of the storage tanks.

The non-equilibrium multilayer thermodynamic model successfully predicts the thermal
stratification and rollover in storage tanks. The results demonstrate that the heat transfer rate to the
tank and the tank diameter to height ratio do not affect the rollover start time. In contrast, the ratio
between the fresh LNG loaded to the tank and the LNG left in the tank is a key factor in the rollover
start time. This ratio should be monitored regularly to prevent the rollover.
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Chapter 1: Introduction

1.1

Background

The scientific community has considered the increase in greenhouse gas (GHG) emissions as a
primary cause of the recent increase in the global mean temperature and changes in the
hydrological cycle [1]. The research conducted by International Energy Agency (IEA)
demonstrated that coal combustion is the single primary contributor to the global temperature
increase, and CO2 emissions due to burning coal contributed more than 0.3℃ in 1℃ increase in
the global mean annual surface temperature beyond the pre-industrial level [2]. According to IEA,
the CO2 concentration in the atmosphere was around 412.5 parts per million (ppm) in 2020, which
increased by at least 45% from the pre-industrial level (ranging from 180 to 280 ppm) [3]. To
tackle these challenges, taking immediate actions becomes necessary to protect public health, wellbeing, and the prosperity of the world [4].

Replacing traditional fossil fuels with low- and zero-carbon alternatives, such as natural gas and
hydrogen, has been considered as an effective method to decarbonize the global energy mix and
minimize GHG emissions. Abundant natural gas resources can serve as a bridge between
traditional fossil fuels and zero-carbon fuels [5,6]. The combustion of natural gas generates around
45% less CO2 than coal per million British thermal units (Btu) of energy [7], and does not emit
particulates. Figure 1.1 shows the shares of coal and natural gas as primary energy sources in the
United States and China from 1990 to 2018 [8]. Due to the environmental policies in the two
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countries, the demand for natural gas increased in recent decades, and coal is gradually phasing
out from the energy sector.
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Figure 1.1. Shares of coal and natural gas as a primary energy source in (a) the United States and (b)
China between 1990 and 2018 [8].

In Canada, the demand for thermal coal is predicted to drop from 34.5 million tons in 2017 to 2.3
million tons in 2040. Meanwhile, the industrial demand for natural gas is expected to increase from
1991.4 Petajoule (PJ) to 3056.8 PJ in 2040 [9]. The broad recognition of the merits of natural gas
on the environment promotes coal-to-gas switching, which significantly reduces GHG emissions.
During 2011-2019, around 600 million tonnes of equivalent CO2 were cumulatively saved by
replacing coal with natural gas [10], which equals 82% of the total equivalent CO2 emitted in
Canada in 2018 [11]. In line with the increase in the natural gas demand, the global liquefied
natural gas (LNG) export hit 359 million tonnes in 2019, which increased by 12.5% from 2018
[10]. Although the demand for natural gas dropped by 4% in 2020 due to the economic slowdown
caused by the Covid-19 crisis, the demand is expected to progressively rebound in 2021 at a growth
rate of 1.5% until 2025 [12].
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Natural gas is widely used for power generation, and industrial and household consumption.
Natural gas is transported through pipelines or liquefied and transported by LNG marine carriers
and tanker trucks for overseas and inland destinations, respectively.

Natural gas is liquefied at temperatures as low as -162°C and stored in insulated double-wall
storage tanks. LNG is a mixture of light and heavy hydrocarbons, such as methane, ethane,
propane, n-butane, and other species, such as carbon dioxide and nitrogen [13]. Due to the large
temperature gradient between the environment and the LNG inside a storage tank, heat is
transferred to the storage tank and evaporates a portion of LNG (called as boil-off gas (BOG)),
leading to an increase in the tank pressure. To avoid the over-pressurization of the tank and
maintain the tank pressure below its maximum allowable working pressure (MAWP), the BOG is
continuously released to the atmosphere [14], burned [15], used as fuel for generators [16], injected
to pipelines [17] or re-liquefied [18].

For overseas destinations, LNG is transported by special marine carriers from liquefaction plants
to regasification terminals, where it is stored in insulated storage tanks at atmospheric pressure
[19]. The BOG generation and its removal from these storage tanks change the LNG composition
over time and affect its thermodynamic properties, such as boiling temperature, densities, latent
heat, and heating value. Methane is the main constituent of LNG and has the lowest boiling
pressure and temperature compared with heavier hydrocarbons. Therefore, methane in the LNG
mixture evaporates faster than other species. This preferential evaporation changes the
composition of LNG, which is known as LNG weathering or ageing [20].
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Beyond power generation applications, LNG can be used as a transport fuel due to its high
volumetric energy density (22.2. MJ/L). LNG can substitute diesel and heavy fuel oil in heavyduty vehicles and marine vessels, respectively [21,22]. LNG in refueling stations and onboard
vessels is stored in double-wall vacuum-jacketed storage tanks at high pressures [14]. These
pressurized storage tanks can hold LNG for several days without BOG release to the atmosphere.
However, poor insulation, the degradation of insulation materials, and the underutilization of LNG
can contribute to BOG generation, which gradually decreases the methane content of the LNG
mixture. An LNG mixture with a low methane concentration can affect the combustion quality and
increase knocking in heavy-duty engines of trucks and marine vessels [23,24].

Besides the weathering phenomenon inside the LNG tanks, the LNG adjacent to the vertical walls
of the tank is heated and moves upward under buoyancy forces. Accumulation of the warmer LNG
near the vapor-liquid interface creates a warm LNG zone, and its thickness grows due to the
continuous heat leak to the tank over time. Consequently, the temperature gradient in the axial
direction is developed. This phenomenon is considered as thermal stratification [25] (shown in
Figure 1.2(a)). The thermal stratification affects the BOG generation rate and the optimum design
for LNG storage tanks.

Another possible cause for thermal stratification in cryogenic storage tanks is the loading of a
cryogenic liquid with a different composition (e.g., for the case of LNG) and density (e.g., liquid
hydrogen and nitrogen at a different temperature) to the residual cryogenic liquid in the storage
tanks (shown in Figure 1.2(b)). The difference between the physical properties of the loaded
cryogenic liquid (cargo) and the residual cryogenic liquid inside the storage tank prior to loading
4

(heel) can cause thermal stratification. In some circumstances, the sudden mixing of these stratified
layers causes a significant BOG generation and a sudden pressure increase in the tank. This
phenomenon is known as “LNG rollover” [26–28], which caused the failure of the tank structure,
as reported previously.

BOG
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Vapor cell 3

Vapor cell 1
Heat

Heat

Vapor cell 2

Liquid cell 4

Heel

Liquid cell 3

Cargo

Liquid cell 2
Liquid cell 1

LNG
LNG

(a)

(b)

Figure 1.2. The thermal phenomenon in LNG storage tanks: (a) thermal stratification (b) rollover.

To tackle these undesired thermal phenomena and deploy LNG safely, having robust numerical
models to study atmospheric and pressurized storage tanks becomes crucial. These numerical
models help to analyze the thermal performance of LNG storage tanks and determine their heat
transfer weaknesses.
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1.2

Analyzing the thermal performance of LNG storage tanks

Computational Fluid Dynamics (CFD), equilibrium and non-equilibrium thermodynamics models,
and analytical models are common methods to analyze the thermal performance of LNG storage
tanks.

In the CFD method, the unsteady mass conservation, Navier Stokes (N-S), energy, and mass
transfer equations are solved in the entire numerical domain. This method gives accurate results
of the thermal stratification and pressure in the cryogenic tanks. Table 1.1 shows a review of
studies that used a CFD simulation to analyze atmospheric and pressurized LNG storage tanks.

Table 1.1. A review of studies on the thermal performance of LNG storage tanks by using the CFD
simulation.

Reference Scope

Approach

Findings

Shi et al.
[29]，
1993

Studied the
thermal
stratification
and the rollover
effect in an
LNG tank
numerically and
verified the
results with an
experimental
flow
visualization

• Constant heat flux on
the bottom and side
walls of the tank
• Fixed LNG level
• Neglected the mass
change due to the
surface evaporation.

• Comparing the numerical and
experimental
visualization
indicated that increasing the
base-to-side heat flux ratio
likely caused a stronger mixing
and more severe rollover effect.

Khelifi et
al. [30]，
2010

Investigated the
evaporation of
LNG inside a
cylindrical
cavity

• 2D axisymmetric CFD
simulation of a
cylindrical cavity
• Adiabatic bottom wall
• Uniform heat flux on
the side walls

• The minimum and maximum
evaporation heat fluxes at the
vapor-liquid interface were
located at the center and near
the sidewalls, respectively.
• The evaporation heat flux
increased by increasing the
6

Reference Scope

Approach

Findings

• Laminar natural
convection heat transfer

Rayleigh number and the cavity
height-to-diameter ratio.

Roh et al.
[31]，
2012

Calculated the
BOG generation
rate in an
atmospheric
LNG tank

• Fixed LNG level
• Constant temperature at
the vapor-liquid
interface

• The heat transfer rate from the
environment to the LNG mainly
contributed to the BOG
generation rather than the heat
transfer from the vapor phase to
the LNG.
• The heat transfer rate from the
environment to the LNG had a
linear relationship with the
external
convection
heat
transfer coefficient.
• The model was applicable to
LNG storage tanks with a minor
change in its pressure.

Roh et al.
[32]，
2012

Studied the
transient natural
convection in a
pressurized
LNG storage
tank
Simulated 2D
and 3D storage
tanks of LNG
carriers

• Used Ansys Fluent
software
• Only considered the
liquid phase
• Pressurized the tank up
to 140 kPa
• Used Ansys Fluent
software
• Took one week of
computation time for
the 3D LNG storage
tank

• The BOG generation rate
decreased by increasing the tank
pressure and size.

Studied the
thermal
stratification in
a 4.9-m3
cryogenic tank

• Used Ansys Fluent
software

• The BOG generation rate
increased by increasing the heat
transfer rate to the tank and
decreasing the LNG capacity in
the tank or LNG filling level.
• Under a constant heat transfer
rate to the tank, the low filling
level
accelerated
the
development
of
thermal

Miana et
al. [33]，
2015

Choi et al.
[34]，
2017

• Increasing
the
insulation
thickness from 270 mm to 400
mm decreased the heat transfer
rate to the LNG and average
BOG generation rate by up to
67% and 30%, respectively.
• The
thicker
insulation
decreased the capacity of the
storage tank by 2.2%.
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Reference Scope

Approach

Findings
stratified layers near the vaporliquid interface.

Saleem et
al. [35]，
2018

Developed a 2D
CFD model of
an LNG storage
tank

• Used Ansys Fluent
• Took about 20 hours to have a
software
proper mixing in the LNG and
reach a steady-state BOG
• Used high-power
generation rate in the tank.
computation facilities
•
The hydrostatic pressure in the
• Took 118 hours of
LNG storage tank did not have
computation to simulate
a significant effect on the
the tank behaviour for
steady-state BOG generation
40 hours.
rate.

Ovidi et
al. [36]，
2018

Established a
CFD model of a
100-m3 vertical
cylindrical tank
in an LNG
refueling station

• Used Ansys Fluent
software
• Studied the dynamic
thermal behaviour of
the LNG storage tank
under well-insulation
and damaged insulation
(loss of vacuum)
conditions.
• Solved the numerical
domain by using a 16node parallel
computing
• Took 1,800 hours (75
days) to simulate the
thermal behaviour of
the tank for 2 hours.

• The accidental loss of vacuum
in the LNG storage tank
significantly increased the selfpressurization of the tanks.

Reviewing the literature summarized in Table 1.1 indicates that CFD simulation can provide a
detailed understanding of heat and mass transfer inside LNG storage tanks. However, the long
computation time and the complex two-phase characteristics of the LNG limit its applications. For
example, the computation time in Ref. [36] was 1,800 hours (75 days) to simulate the thermal
behaviour of the tank for 2 hours. Studying the LNG behaviour and thermal performance of storage
tanks, which hold LNG for several days in refueling stations and onboard vessels, or for several
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months in LNG peak shaving plants and LNG carriers, is beyond the capabilities of the CFD
simulations.

Another approach to overcome the limitations of the CFD simulations is to use equilibrium
thermodynamic modelling. This method considers LNG storage tanks with vapor and liquid phases
in the thermal equilibrium state. Magliore et al. [20] used equilibrium thermodynamic modelling
to investigate the LNG weathering in atmospheric storage tanks. Their results showed that
increasing the amount of nitrogen in the LNG mixture decreased the BOG generation rate, and
changing in the ambient temperature by 1°C changed the BOG generation rate by 0.2%. Sharafian
et al. [37] analyzed the thermal performance of LNG storage tanks in refueling stations. Their
results showed that the tank holding time increased by decreasing the ambient temperature,
increasing the tank volume, and using insulation materials with low thermal conductivity. Miana
et al. [38] developed an equilibrium thermodynamic model and used four methods to estimate the
BOG generation rates, namely, constant and variable evaporation rates, and heat flows calculated
during loading and unloading processes. Using these four methods, Miana et al. [38] predicted the
LNG weathering in LNG carriers. Their results showed that the constant and variable evaporation
rates led to the more accurate prediction of the LNG weathering at a destination. Comparing the
numerical and experimental data to predict the LNG weathering showed that the average error
between the two sets of data was minimized by increasing the voyage length and ship storage
capacity [38]. These two parameters could likely set the condition for liquid and vapor phases to
reach the thermal equilibrium state. Therefore, the results of the equilibrium thermodynamic
modelling became more accurate [38]. Khan et al. [39] calculated the BOG generation rate in an
LNG regasification terminal by using Aspen HYSYS Dynamics software. Their results indicated
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that using an LNG storage tank with the height-to-diameter ratio of one minimized the BOG
generation rate.

Equilibrium thermodynamic modelling provides information on the performance of LNG storage
tanks (pressure, temperature, BOG generation rate, etc.) with a short computation time (in the order
of few minutes to several hours depending on the complexity of the storage tank, operating
conditions, etc.). However, this model provides identical temperature and pressure for the liquid
and vapor phases, and is not capable of predicting the thermal stratification in LNG storage tanks.
Also, under dynamic operating conditions, such as a sudden vapor injection to or removal from
the tank, the equilibrium thermodynamic models fail to predict the dynamic behaviour of the
storage tank. Moreover, equilibrium thermodynamic modelling cannot predict the thermal
stratification and the rollover effect in LNG storage tanks.

Non-equilibrium thermodynamic modelling is a complementary solution to tackle the limitations
of equilibrium thermodynamic modelling. Non-equilibrium thermodynamic modelling considers
the liquid and vapor phases separately. Therefore, the heat and mass transfer interactions between
the liquid and vapor phases happen through a vapor-liquid interface. Effendy et al. [40] studied an
atmospheric LNG storage tank of a regasification terminal using a non-equilibrium
thermodynamic model. Their numerical results showed that during 15 days of operation, the liquid
phase temperature remained constant, while the vapor phase temperature increased by about 15°C.
Migliore et al. [41] developed a non-equilibrium thermodynamic model to predict the LNG
weathering in atmospheric storage tanks. Their numerical results showed that the vapor
temperature maintained about 8°C higher than the boiling temperature of LNG during the course
10

of a year. Also, the BOG generation rate calculated by their non-equilibrium thermodynamic
model decreased by 25% compared with the equilibrium thermodynamic model reported in their
previous study (Ref. [20]).

Krikkis [42] used the non-equilibrium thermodynamic modelling to calculate the LNG weathering
during ship transportation and compared the results with the experimental data. Krikkis’
experimental measurements showed that the LNG temperature in atmospheric storage tanks did
not change significantly, while the vapor phase temperature varied from -143°C to -72°C.
Comparing the results of the non-equilibrium thermodynamic modelling and the experimental data
of a laden voyage showed that the modelling results predicted the BOG generation rate with good
accuracy in comparison with the measured amount of vapor removed from the tank. Qu et al. [43]
used a non-equilibrium thermodynamic modelling to study the BOG generation rate in a 160,000m3 LNG ship tank during the laden voyage and ballast phase. The average daily BOG generation
rate was about 0.14%. For the self-pressurization, the steep pressurization occurred at the initial
phase, while the saturation temperature was almost constant. Qu et al. [43] showed that using the
tank pressure and sea conditions as the input parameters, their model accurately predicted the vapor
temperature in the LNG tank and the average daily BOG generation rate during the laden voyage
and ballast phase.

In Refs. [40–42], the researchers assumed a constant heat transfer convection coefficient and an
identical temperature for the tank walls in contact with liquid and vapor phases. Also, they
neglected the effect of the thermal capacity of the tank walls, which affect the amount of heat
transfer rate from the environment to the LNG inside the tank as shown by Sharafian et al. [37].
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However, the non-equilibrium thermodynamic models discussed above cannot predict the thermal
stratification in the cryogenic tanks because they only solved the bulk temperatures of the liquid
and vapor phases. To calculate the temperature gradient in the liquid and vapor phases, analytical
and lumped-parameter models based on the non-equilibrium thermodynamic concept can be
developed. The lumped-parameter model establishes several cells in the liquid and vapor phases,
respectively. A review of the analytical and lumped-parameter models is shown in Table 1.2.

Table 1.2. A review of analytical and lumped-parameter models to predict the thermal stratification in
cryogenic storage tanks.

Reference Scope

Approach

Bailey et
al. [44]，
1964

Analytical and
experimental
research on
liquid thermal
stratification in a
liquid hydrogen
tank

•

Chin et al.
[45]，
1965

Analytical and
experimental
study on the
liquid thermal
stratification in a
liquid hydrogen
tank

•

•

•

Results

Calculated the heat
• The stratification was not
transfer between the
affected by the liquid
hot upper layer and
oscillation, sloshing, or
cold lower layer to
outflow
obtain the thermal
• The simple analytical
stratification growth
method predicted the trend
rate without
of the thermal stratification
calculating the
boundary layer
equations
Established the
• Under asymmetric side
thermal stratification
wall heating, experimental
growth model based
and analytical results
on the boundary
showed that the
layer theory
temperature gradient in the
radial direction was zero
Assumed no
boundary velocity
• The energy integral across
profile in the thermal
the entire thermal stratified
stratified layer
layer was independent of the
liquid height to tank
Analyzed the
diameter aspect ratio with a
thermal stratification
modified Grashof number
in the tank under
ranging from 108 to 1015
uniform bottom and
side walls heat flux
• The results based on a
rates and asymmetric
boiling free-convection
boundary layer and boiling
12

Reference Scope

Approach

Results

side wall heating
conditions
Hurd et al. Analytical and
experimental
[46]，
study of the
1966
thermal
stratification
formation in the
liquid and vapor
domains

•

•

•

Arnett et
al. [47]，
1972

Analytical
solution for the
liquid thermal
stratification in a
liquid hydrogen
tank

•
•

•

Winter et
al. [48]，
1968

Analytical and
experimental
research on the
liquid thermal
stratification in a
water tank

•
•

convection boundary layer
could predict the
experimental data
Established the
• The results of the vaporthermal stratification
liquid coupling model and
layers in the vapor
nucleate boiling in the liquid
and liquid domains
free-convection boundary
layer predicted the
Calculated the
experimental data
energy balance at the
vapor-liquid
• Correlations for the enthalpy
interface to
of vapor and liquid were
determine the
obtained based on the
evaporation rate
experimental data
Considered the tank
expansion due to the
pressure rise
Considered the
• Assuming a uniform
boundary layer
saturated temperature as the
equations
initial condition for the
vapor phase was not a good
Assumed the liquid
approximation
energy profile in the
axial direction had
• The trend of pressure rise
an exponential form
was not sensitive to the
location of maximum heat
Calculated the vapor
flux, and was independent
pressure based on the
of the tank size as long as
vapor-liquid
the amount of total heat
interface temperature
transfer remains constant
at the equilibrium
state
Calculated the
• The analytical model
boundary layer
predicted the stratification
equations
growth rate but overpredicted the vapor-liquid
Established the
interface temperature
differential equations
for the mass and
• The dimensionless results
energy in the thermal
showed that the stratification
stratification zone to
process was influenced by
the properties of the fluid and
obtain the stratified
layer growth rate
tank geometrical parameters
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Reference Scope

Approach
•

Gursu et
al. [49,50]
， 1993

Analytical
solution for the
liquid thermal
stratification in a
hydrogen tank

•

•

•

Seo et al.
[51]，
2010

Experimental
research and
numerical
modelling of a
self-pressurized
nitrogen tank

•

•

Results

Considered the
upward mass flow
rate in the thermal
stratified zone
Established a
• The thermal stratification
homogenous model
model had better accuracy in
and a thermal
predicting the pressure rise
stratification model
in a self-pressurized tank
to predict pressure
than the homogenous model
rise
In the homogeneous
model, two methods
were employed. The
first method assumed
that the entire tank
(liquid and vapor)
had a unique
temperature. The
second method
assumed that the heat
transfer from the
sidewall only caused
the evaporation of
the liquid without
affecting the liquid
temperature
Calculated the
boundary layer
equations. Energy
profile in the axial
direction was
assumed that it had
an exponential form
in the thermal
stratification model.
Developed a thermal • The equilibrium
diffusion model and
thermodynamic model could
an equilibrium
predict the pressure rise
thermodynamic
when the tank undergoes the
model
transient condition
Deployed the one• The thermal diffusion model
dimensional thermal
could predict the
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Reference Scope

Approach

•

Daigle et
al. [52]，
2013

Multilayer model
to calculate the
thermal
stratification in a
helium and
hydrogen
mixture tank
under various
gravities

•

•

•

•

Joseph et
al. [53]，
2016

Transient twophase
thermodynamic
lumpedparameter model
employed to
calculate the
thermal
stratification in a
liquid hydrogen
tank via
SINDA/FLUINT
software

•

•

•

conduction equation
in the vapor and
liquid domains
Calculated the
pressure based on the
average temperature
and density of vapor
phase by using
REFPROP 7.0
software
Developed a
multilayer model to
predict the thermal
stratification
Calculated the
upward boundary
flow along the tank
wall
Adopted the ideal gas
equation of state to
calculate the vapor
pressure
Considered the
gravity influence on
the thermal
stratification
Established three
zones (core
conduction zone,
return flow zone, and
boundary flow zone)
in the liquid domain.
Calculated the
vertical boundary
layer equations in the
liquid domain
Used the
compressibility factor
from NIST data to
obtain the real fluid
state

Results
pressurization rate after 10
mins except for the initial
period

• The multilayer lumpedparameter could solve the
thermal stratification
compared with the high cost
CFD method
• The temperature wave
caused by the venting could
be predicted by this model
• The increased gravity
mainly fortified the heat
exchange between the tank
walls and the cryogenic fuel
content.

• The thinner insulation layer
led to a higher pressure rise
in the tank, and a higher
stratified mass due to the
larger heat leak.
• The temperature of the tank
outer walls was affected by
the ambient environment,
such as solar flux.

15

Reference Scope

Kang et
al. [54]，
2018

Duan et
al. [55]，
2021

Experimental
and numerical
study of the
liquid thermal
stratification in a
pressurized
liquid nitrogen
tank
Movingboundary based a
dynamic model
deployed to
calculate the
thermal
stratification in
an LNG storage
tank

Approach
• Solved the tank wall
temperature via threedimensional heat
transfer conduction
equations
• Assumed the liquid
domain as a solid
zone and calculated
the liquid temperature
profile by the Finite
Element Method
(FEM).
• Solved the boundary
layer equations
• Set up the
stratification layer
and bulk liquid
control volume in the
LNG domain
• Established one
control volume to
predict the vapor
thermal performance

Results

• Higher thermal aspect ratio
(sidewall to the total heat
transfer to the tank)
accelerated the thermal
stratification

• The lumped-parameter
model with moving
boundary layer could predict
the thermal stratification,
and pressure rise
• The thermal response of the
liquid phase had three stages
under the external heat flux:
The boundary layer initially
formed; the stratified layer
developed from the vaporliquid interface; fullydeveloped thermal
stratification with steady
temperature gradient formed
in the axial direction

Based on the literature review shown in Table 1.2, analytical methods appeared easy to use. They
simulate the energy profile along the tank walls with an exponential function based on
experimental observations. However, these methods cannot predict the heat exchange during the
mixing of two stratified layers.
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Lumped-parameter models numerically solve the temperature profile without using any energy
profiles. These models consider the boundary flow along the tank vertical walls to reflect the
convective heat transfer inside the liquid and vapor phases. In this work, a lumped-parameter
model is used to develop a non-equilibrium multilayer thermodynamic model in the liquid and
vapor phases.

1.3

Rollover phenomenon and pertinent literature review

The thermal stratification in cryogenic storage tanks is caused by the natural convection or loading
fresh cryogenic liquid with different composition and density from that left in the tank prior to
loading. Mixing two different LNG products in the same storage tank at LNG terminal stations is
a common practice. This could occur when the LNG level in the storage tank is low, and a new
stock of LNG is loaded. In this case, the residual LNG (also called heel) and the new load of LNG
(also called cargo) have different temperatures, densities, and compositions (as shown in Figure
1.2(b)). If the cargo with a higher density is loaded from the bottom of the LNG storage tank, the
heel with a lower density remains on top of the cargo layer. This causes thermal stratification in
the LNG storage tank. In the beginning, these thermally stratified layers are stable. However, the
heat and mass transfer between the heel and cargo layers occur over time due to the temperature
and composition differences. If the storage tank remains in this condition without enough safety
measures, the density difference between the heel and cargo is finally equalized, making the heelcargo interface unstable. Under this condition, the sudden mixing of the heel and cargo layers
generates a significant amount of BOG due to the release of the heat accumulated in the cargo
layer over time. This BOG generation increases the tank pressure abruptly, and in some
circumstances, this can cause the failure of the tank structure, e.g., the La Spezia incident in 1971
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[26]. In SNAM LNG Terminal located in La Spezia, Italy, an LNG storage tank, which initially
stored around 9,539 m3 LNG heel, received around 33,387 m3 LNG cargo from LNG ship Esso
Brega. After 18 hours, the tank pressure suddenly rose to 6.96 kPa (gauge pressure), exceeding
the tank designed safety pressure of about 4.90 kPa and caused the failure of the tank structure.
This phenomenon is identified as “rollover” [26,27]. To prevent any catastrophe, the common
practice in cryogenic storage facilities is to destroy the thermal stratification. The below contents
show some common methods to prevent rollover from occurring in the industry [56]:
1) If the density of the incoming LNG cargo is lighter than the LNG heel in the tank, a bottom
filling operation will be chosen to complete the mixing of the two LNG layers.
2) If the density of the incoming LNG cargo is heavier than the LNG heel in the tank, a top
filling operation will prevent the stratification and lower the risk of the rollover.
3) If the thermal stratification is observed in the LNG storage tanks, the following methods
may be used to destroy the thermal stratification.
a. Transfer the LNG from the tank to another tank.
b. Circulate LNG in the tank by mixing devices, such as pumps inside the tank or jet
mixing nozzle.

However, developing a model to predict the possible rollover occurrence time is of great
importance. Table 1.3 shows a list of multilayer thermodynamic and CFD models to study the
rollover phenomenon.
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Table 1.3. A review of studies on the rollover in cryogenic storage tanks.

Reference

Scope

Approach

Results

Sarsten [26],

Described the
La Spezia
rollover
incident in 1971

• Reported the details
(composition,
temperature, pressure,
etc.) of LNG in the La
Spezia incident

• Estimated the heat flux
based on the BOG
generation rate
• The numerical results of
analyzing the density
showed that the rollover
occurred in 120 hours
• An increase in the height of
the bottom layer, and fast
filling rate resulted in a high
peak vaporization rate
• The peak vaporization
period prolonged if the
density difference between
the heel and cargo layers
increased
• A warmer bottom layer
mixed quicker than a colder
bottom layer if the density
difference was the same

1972

Chatterjee et Established a
al. [28], 1972 multilayer
model to
calculate the
BOG generation
rate in three
cases: fast fill
from the bottom
with large and
small density
differences
between the top
and bottom
layers, and slow
fill from the top
with large
density
differences
between the top
and bottom
layers
Germeles
Established a
[57], 1975
multilayer
model to
simulate the La
Spezia incident

• Established heat and
mass transfer
equations for the heel
and cargo layers
• Mass transfer
equations were
calculated based on
the correlations from
the experimental data
of salt-water solution

Heestand et
Established a
al. [27], 1983 multilayer
model to
simulate the La
Spezia incident

• Considered the
Rayleigh flow at the
vapor-liquid interface
• The calculation of the
mass transfer
coefficient was based

• Adopted thermohaline
correlations to
calculate doublediffusive convection
between the heel and
cargo layers

• The La Spezia rollover
incident was predicted to
happen after 34 hours
• Defined some parameters
related to the geometry and
the heat flux rate to estimate
the rollover time quickly
• Predicted the La Spezia
incident rollover time
ranging from 20.4 hours to
33.1 hours by using various
correlations for the heat
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Reference

Shi et al.
[29], 1993

Bates et al.
[58], 1997

Scope

Developed a
twodimensional
CFD model to
simulate the
mixing and
rollover of two
stratified layers
(liquid nitrogen
and liquid
nitrogen with a
small amount of
liquid oxygen)
Established a
multilayer
model to
simulate three
experiments
conducted at
Nates cryogenic
testing station
in France

Zimmerman
et al. [59],
2007

Employed
mathematical
modelling and
nondimensional
analysis to
study the
rollover
instability

Li et al. [60],
2015

Developed a
twodimensional

Approach

Results

on the Reynolds
analogy
• Studied the liquid
domain only
• Neglected the
evaporation

transfer between the heel
and cargo layers
• Large heat flux from the
bottom of the liquid layer
resulted in a stronger
rollover

• Analyzed the rollover
in three stages:
Stationary interface,
migrating interface,
and rollover
occurrence
• Used the model
developed by
Heestand et al. [27] to
simulate Stage 1
• Modeled the double
diffusion in a stable
stratification
• Established a FEM
model to simulate the
rollover

• Critical point stability
number was more related to
the accuracy than the
transfer parameters at the
heel-cargo interface at Stage
1
• The temperature trend of the
lower layer remained
unchanged at Stage 2

• Established two
stratified liquid layers

• Defined a stability
parameter to reflect the
rollover stability
• The pre-rollover flow was
laminar, and mass and heat
transfers were timedependent
• The eddy flow in the tank
corner was a driver for
rollover
• Velocity, heat flux, and
Shannon entropy reached
their maximum when the
rollover occurred
• Rollover strength was
related to the initial density
difference
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Reference

Scope

Approach

Results

CFD model to
simulate the
rollover in LNG
tanks

• Did not consider the
energy equation

Arjomandnia
[61], 2015

Developed a
multilayer
model to
simulate the
rollover in LNG
tanks

Hubert et al.
[62], 2019

Developed a
threedimensional
CFD model to
simulate the
rollover in LNG
tanks

• Solved energy
equation, and mass
transfer equations in
heel, cargo, and vapor
domains
• Adopted two
convective mass
transfer mechanisms
to calculate the mass
transfer in two distinct
stages of rollover
• Established two
stratified liquid layers
• Considered the heat
flux at the vaporliquid interface due to
the evaporation

• Found that the threshold of
initial density differences
for 5,000, 30,000, and
160,000 m3 LNG storage
tanks were 7, 5, and 3 kg/m3
to prevent rollover,
respectively
• The model could model the
La Spezia incident
• A criterion was identified to
indicate the rate of autostratification
• Nitrogen content above 1%
did not affect the rollover
occurrence directly, but
increased the BOG
generation rate and
operating cost
• The three-dimensional CFD
model predicted the La
Spezia incident
• The rapid mixing was
caused by the two stratified
layers interface moving
downward

A review of the models listed in Table 1.3 indicates that the multilayer models only considered the
rollover effect due to the temperature difference between the heel and cargo layers in the liquid
domain, and did not consider the thermal stratification caused by natural convection. Although the
CFD models provided a detailed profile of the temperature distribution in the liquid phase, the
computation time was long. In the CFD model developed by Hubert et al. [62], 28-core parallel
computation was used. The CFD simulations predicted that the rollover occurred in 40-60 hours.
However, the CFD computation time took 200-440 hours, much longer than the actual rollover
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time. This illustrates that the CFD simulations are not fast and efficient methods to predict the
possible rollover start time based on the input parameters of a real LNG storage tank.

1.4

Research objectives

In the literature review of the non-equilibrium thermodynamic model, most studies were developed
by using a constant heat transfer convection coefficient and constant wall temperature assumptions.
Also, the thermal capacity of the tank wall, which affects the amount of the heat transfer rate from
the environment to the LNG inside the tank, is widely neglected. In this work, a new nonequilibrium thermodynamic model based on the concept of a resistance-capacitance network is
developed to assess the performance of LNG storage tanks. To accurately calculate the temperature
and pressure of the LNG inside the tank, the heat transfer convection coefficients on the tank walls
are calculated based on empirical correlations and tank geometry. Also, the effects of the thermal
capacity of the tank wall, insulation, and tank positioning (vertical vs horizontal tanks) are included
in the model. This non-equilibrium thermodynamic model provides a robust, easy-to-implement
tool to design and predict the pressure rise and bulk temperatures of vapor and liquid phases in
LNG storage tanks in refueling stations, LNG-fueled vessels, LNG peak shaving and storage
facilities, and LNG carriers.

To obtain the detailed temperature distribution in the liquid and vapor phases inside LNG storage
tanks in a short time and overcome the limitation of the CFD method, this work introduces a new
non-equilibrium multilayer thermodynamic model in the vapor and liquid domains and considers
the natural convection boundary flow along the tank walls to accommodate the limitations of
models discussed in Table 1.2 and Table 1.3. The present model uses an adaptive mesh to
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accommodate the changes in the LNG level in the tank over time due to heat transfer, evaporation,
and condensation. In addition, to quickly evaluate the rollover phenomenon, the mass transfer
mechanism is incorporated in the non-equilibrium multilayer thermodynamic model. The accuracy
of the multilayers model is compared against the thermal stratification and rollover via
experimental data. This non-equilibrium multilayer thermodynamic model will be used as an
efficient tool to optimize the thermal stratification of the LNG storage tanks and estimate the
rollover occurrence time. All models are developed in Microsoft Visual C++ language.

1.5

Technical road map

Figure 1.3 shows the scope of this Ph.D. research project. The non-equilibrium thermodynamic
model can be used to study the thermal performance of stationary vertical and horizontal tanks,
and the dynamic performance of storage tanks in LNG refueling stations. Also, the nonequilibrium multilayer thermodynamic model can be applied to study the thermal stratification and
rollover phenomena in LNG storage tanks.
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Application

Model development

Thermal assessment of liquefied natural gas storage tanks

Thermal properties of
LNG and the vapor phase

Model validation

Governing equations

Non-equilibrium
thermodynamic model

Thermal performance
of vertical and
horizontal tanks

Thermal performance
of storage tanks in
refueling stations

Thermal resistancecapacitance network

Non-equilibrium multilayer
thermodynamic model

Model validation

Thermal stratification in
LNG storage tanks

Rollover prediction in
LNG storage tanks

Figure 1.3. Scope of the Ph.D. research project and applications.
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Chapter 2: Development of Non-equilibrium and Non-equilibrium Multilayer
Thermodynamic Models

In LNG refueling stations and LNG-fueled marine vessels, LNG is stored in pressurized vacuumjacketed storage tanks. In large LNG peak shaving and storage facilities, LNG is stored in wellinsulated concrete tanks at near atmospheric pressure. In both applications, the heat transfer from
the surroundings causes the evaporation of LNG and increases the pressure in the storage tanks.
Due to the large volumetric heat capacity difference between the LNG and gaseous natural gas
(e.g., 1470.28 kJ/m3·K for the LNG and 4.03 kJ/m3·K for the gaseous natural gas at -162°C and 1
atm) and underutilization of LNG, the thermal stratification can happen inside the tanks. To
simulate the thermal performance of the storage tanks, this chapter presents the development of
non-equilibrium and non-equilibrium multilayer thermodynamic models.

In the non-equilibrium thermodynamic model, two control volumes are established in the vapor
and liquid phases. This model can estimate the pressure rise and bulk temperatures of the vapor
and liquid phases with a short computation time. Also, this model calculates the convective heat
transfer coefficients along the tank walls and predicts the tank wall temperature. In the nonequilibrium multilayer thermodynamic model, several control volumes are constructed in the
vapor and liquid phases to capture the temperature gradient in the LNG storage tanks. This model
computes the mass flow within the boundary layers along the tank vertical walls. Also, the mass
transfer mechanism is modelled between the heel and cargo layers to predict the rollover
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occurrence time. Although the computation cost of this model is higher than the non-equilibrium
thermodynamic model due to the complexities, this model is still much more time-efficient to
predict the thermal stratification in LNG storage tanks compared with CFD models.

2.1

Non-equilibrium thermodynamic model

In the non-equilibrium thermodynamic model, the entire LNG storage tank is divided into three
segments: vapor phase, liquid phase, and tank walls as shown in Figure 2.1. The vapor-liquid
interface is part of the liquid and vapor phases. The heat from the environment passes through the
tank wall and transfers to the vapor and liquid phases. Therefore, the vapor temperature, Tv, and
the liquid temperature, Tl, increase. Simultaneously, the evaporation or condensation occurs at the
vapor-liquid interface.
Heat transfer
Mass transfer

Heat transfer
Mass transfer vapor

Insulation layer
Outer wall
Tv

Side wall

top wall

Vapor

Tl

Liquid

Liquid part

Liquid

Environment

Condensation

Tank outer wall

Interface

Insulation layer

Evaporation

Tair

Tank inner wall

Vapor

Vapor part

Inner wall

liquid

bottom wall
(a)

(b)

Figure 2.1. (a) Schematic of heat and mass transfer in an LNG storage tank and (b) the main segments of
the LNG storage tank considered in the non-equilibrium thermodynamic model.
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2.1.1
2.1.1.1

Governing equations in the non-equilibrium thermodynamic model
Conservation of mass in the liquid and vapor phases

The changes in the mass of liquid and vapor phases due to the evaporation and condensation at the
vapor-liquid interface can be calculated as follows:
𝑚𝑚𝑙𝑙𝑙𝑙
̇ = (𝑚𝑚̇𝑒𝑒′′′ − 𝑚𝑚̇𝑐𝑐′′′ )∀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(2-1)

where, ∀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 represents the volumes of liquid and vapor phases contributing to the

evaporation and condensation processes, respectively, and is calculated by Eq.(2-2).
∀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ 𝛿𝛿

(2-2)

Ainterface and δ in Eq. (2-2) are the area of the vapor-liquid interface (m2) and the thickness of the
liquid and vapor phases affected (m) during the evaporation and condensation, respectively. In this
study, the thickness of the layer δ is set at 0.005 m based on the experimental work conducted by
Beduz and Scurlock [63]. The experimental data show that the evaporation phenomenon does not
affect the liquid temperature profile 0.005 m below the interface.

The Lee model [64] is applied to calculate the volumetric evaporation and condensation rates with
respect to the bubble point, Tbubble, and dew point, Tdew at the vapor-liquid interface. Tbubble and Tdew
are a function of species composition and pressure, and they are calculated from the vapor-liquid
equilibrium (VLE) state.

If 𝑇𝑇𝑙𝑙 > 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , the evaporation occurs,

𝑚𝑚̇𝑒𝑒′′′ = 𝑓𝑓𝑒𝑒 ⋅ 𝜌𝜌𝑙𝑙

𝑇𝑇𝑙𝑙 − 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

(2-3)
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and if 𝑇𝑇𝑣𝑣 < 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 , the condensation occurs,

𝑚𝑚̇𝑐𝑐′′′ = 𝑓𝑓𝑐𝑐 ⋅ 𝜌𝜌𝑣𝑣

𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑇𝑇𝑣𝑣
𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑

(2-4)

fe and fc in Eqs. (2-3) and (2-4) represent the evaporation and condensation coefficients,
respectively, and are determined based on the experimental data. The values of fe and fc can vary
from 10-3 to 103 1/s [35,65–67]. In this study, the values of fe and fc coefficients are varied from
0.001 to 1 for horizontal LNG and vertical liquid nitrogen storage tanks presented in Section 3.1.2
(model validation). The results show that the pressure rise in the tank is independent of these
coefficients. A similar conclusion was reported in a CFD modelling of a cryogenic storage tank
conducted by Kassemi and Kartuzova [67]. However, very high and low values of fe and fc lead to
the numerical divergence and underestimating the pressure rise, respectively. The Lee model
considers the evaporation and condensation at the interface under a quasi-thermal equilibrium
state. Therefore, small values of fe and fc lead to the large saturation temperature difference at the
interface [68] and exceed 5°C, which is the regime of pool boiling [69] and does not happen in
LNG storage tanks under normal operating conditions. To maintain the saturation temperature
difference of the liquid and vapor phases below 3°C [70], the fe and fc coefficients in the present
study are set at 0.1.

Considering filling the tank, ṁl,fill, dispensing liquid from the tank, ṁl, dis, vapor release from the
tank, ṁv, rel, and vapor injection to the tank, ṁv, inj , as well as mass transfer between the liquid and
vapor phases, Eq.(2-1), the conservation of mass in the LNG storage tank can be expressed as,
𝑑𝑑(𝑚𝑚𝑙𝑙 ) 𝑑𝑑(𝜌𝜌𝑙𝑙 ∀𝑙𝑙 )
=
= −𝑚𝑚̇𝑙𝑙𝑙𝑙 − 𝑚𝑚̇𝑙𝑙,𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑚𝑚̇𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2-5)
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𝑑𝑑(𝑚𝑚𝑣𝑣 ) 𝑑𝑑(𝜌𝜌𝑣𝑣 ∀𝑣𝑣 )
=
= 𝑚𝑚̇𝑙𝑙𝑙𝑙 − 𝑚𝑚̇𝑣𝑣,𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑚𝑚̇𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2-6)

In addition, assuming a constant volume for the storage tank, the summation of changes in the
volume of liquid and vapor phases as a function of time equals zero:
𝑑𝑑(∀𝑙𝑙 + ∀𝑣𝑣 ) 𝑑𝑑(∀𝑡𝑡𝑡𝑡𝑛𝑛𝑘𝑘 )
=
=0
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
2.1.1.2

(2-7)

Conservation of energy in the liquid and vapor phases

Equations (2-8) and (2-9) give the heat balance in the liquid and vapor phases:
𝑑𝑑𝐻𝐻𝑙𝑙
= 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑄𝑄̇𝑣𝑣𝑣𝑣 − max[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑣𝑣 (𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑃𝑃) − min[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑙𝑙 (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
−𝑚𝑚̇𝑙𝑙,𝑑𝑑𝑑𝑑𝑑𝑑 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃� + 𝑚𝑚̇𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓 , 𝑃𝑃� + ∀𝑙𝑙
𝑑𝑑𝑑𝑑
𝑑𝑑𝐻𝐻𝑣𝑣
= 𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑄𝑄̇𝑣𝑣𝑣𝑣 + max[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑣𝑣 (𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑃𝑃) + min[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑙𝑙 (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
−𝑚𝑚̇𝑣𝑣,𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑟𝑟𝑟𝑟𝑟𝑟 , 𝑃𝑃� + 𝑚𝑚̇𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 , 𝑃𝑃𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 � + ∀𝑣𝑣
𝑑𝑑𝑑𝑑

(2-8)

(2-9)

where, Hl and Hv are the total enthalpy of liquid and vapor phases, respectively. In Eqs. (2-8) and
(2-9), 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 and 𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 are the heat transfer rate from the tank walls to the liquid and vapor
phases, respectively. 𝑄𝑄̇𝑣𝑣𝑣𝑣 represents the natural convection heat transfer rate between the liquid

and vapor phases at the interface. hl and hv denote the specific mass enthalpy of liquid and vapor
phases at a given temperature, T, and pressure, P, respectively. max[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑣𝑣 (𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑃𝑃)

represents the heat transfer rate due to the evaporation at the vapor-liquid interface (𝑚𝑚̇𝑙𝑙𝑙𝑙 > 0).
min[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑙𝑙 (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃) represents the heat transfer rate due to the condensation at the vapor-

liquid interface (𝑚𝑚̇𝑙𝑙𝑙𝑙 < 0). 𝑚𝑚̇𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓 , 𝑃𝑃� represents the liquid enthalpy flow rate into the

tank due to the liquid filling. 𝑚𝑚̇𝑙𝑙,𝑑𝑑𝑑𝑑𝑑𝑑 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃� represents the liquid enthalpy flow rate out from
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the tank due to the liquid dispensing. 𝑚𝑚̇𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 , 𝑃𝑃𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 � represents the vapor enthalpy flow

rate into the tank due to the vapor injection. 𝑚𝑚̇𝑣𝑣,𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑟𝑟𝑟𝑟𝑟𝑟 , 𝑃𝑃� represents the vapor enthalpy
flow rate out from the tank due to the vapor release.

Using the finite difference discretization, Eqs. (2-8) and (2-9) can be expressed as:
𝐻𝐻𝑙𝑙𝑡𝑡+Δ𝑡𝑡 − 𝐻𝐻𝑙𝑙𝑡𝑡
= 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑄𝑄̇𝑣𝑣𝑣𝑣 − max[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑣𝑣 (𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑃𝑃) − min[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑙𝑙 (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃)
Δ𝑡𝑡
𝑃𝑃𝑡𝑡 − 𝑃𝑃𝑡𝑡−Δ𝑡𝑡
− 𝑚𝑚̇𝑙𝑙,𝑑𝑑𝑑𝑑𝑑𝑑 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃� + 𝑚𝑚̇𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑓𝑓𝑓𝑓𝑓𝑓 , 𝑃𝑃� + ∀𝑡𝑡𝑙𝑙
Δ𝑡𝑡

𝐻𝐻𝑣𝑣𝑡𝑡+Δ𝑡𝑡 − 𝐻𝐻𝑣𝑣𝑡𝑡
= 𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑄𝑄̇𝑣𝑣𝑣𝑣 + max[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑣𝑣 (𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑃𝑃) + min[𝑚𝑚̇𝑙𝑙𝑙𝑙 , 0] ⋅ ℎ𝑙𝑙 (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃)
Δ𝑡𝑡
𝑃𝑃𝑡𝑡 − 𝑃𝑃𝑡𝑡−Δ𝑡𝑡
− 𝑚𝑚̇𝑣𝑣,𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑟𝑟𝑟𝑟𝑟𝑟 , 𝑃𝑃� + 𝑚𝑚̇𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 , 𝑃𝑃𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖 � + ∀𝑡𝑡𝑣𝑣
Δ𝑡𝑡

(2-10)

(2-11)

Therefore, one can calculate 𝐻𝐻𝑙𝑙𝑡𝑡+𝛥𝛥𝛥𝛥 and 𝐻𝐻𝑣𝑣𝑡𝑡+𝛥𝛥𝛥𝛥 at time step t+Δt. At time t, the total enthalpy of the

liquid and vapor phases can be expressed as 𝑚𝑚𝑙𝑙𝑡𝑡 ℎ𝑙𝑙𝑡𝑡 (𝑇𝑇𝑙𝑙𝑡𝑡 , 𝑃𝑃𝑡𝑡 ) and 𝑚𝑚𝑣𝑣𝑡𝑡 ℎ𝑣𝑣𝑡𝑡 (𝑇𝑇𝑣𝑣𝑡𝑡 , 𝑃𝑃𝑡𝑡 ) , respectively.
Similarly, the specific mass enthalpy of the liquid and vapor phases at t+Δt can be calculated from
Eqs. (2-12) and (2-13):
ℎ𝑙𝑙𝑡𝑡+Δ𝑡𝑡

𝐻𝐻𝑙𝑙𝑡𝑡+Δ𝑡𝑡
= 𝑡𝑡+Δ𝑡𝑡
𝑚𝑚𝑙𝑙

ℎ𝑣𝑣𝑡𝑡+Δ𝑡𝑡 =

𝐻𝐻𝑣𝑣𝑡𝑡+Δ𝑡𝑡
𝑚𝑚𝑣𝑣𝑡𝑡+Δ𝑡𝑡

(2-12)
(2-13)

Equations (2-14) and (2-15) give the temperatures of liquid and vapor phases at t+Δt:
�

𝑇𝑇𝑙𝑙𝑡𝑡+Δ𝑡𝑡

𝑇𝑇𝑙𝑙𝑡𝑡

�

𝑇𝑇𝑣𝑣𝑡𝑡+Δ𝑡𝑡

𝑇𝑇𝑣𝑣𝑡𝑡

𝑐𝑐𝑝𝑝,𝑙𝑙 (𝑇𝑇𝑙𝑙 , 𝑃𝑃𝑡𝑡 )𝑑𝑑𝑑𝑑 = ℎ𝑙𝑙𝑡𝑡+Δ𝑡𝑡 − ℎ𝑙𝑙𝑡𝑡

𝑐𝑐𝑝𝑝,𝑣𝑣 (𝑇𝑇𝑣𝑣 , 𝑃𝑃𝑡𝑡 ) 𝑑𝑑𝑑𝑑 = ℎ𝑣𝑣𝑡𝑡+Δ𝑡𝑡 − ℎ𝑣𝑣𝑡𝑡

(2-14)

(2-15)
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𝑐𝑐𝑝𝑝,𝑙𝑙 (𝑇𝑇𝑙𝑙 , 𝑃𝑃𝑡𝑡 ), 𝑐𝑐𝑝𝑝,𝑣𝑣 (𝑇𝑇𝑣𝑣 , 𝑃𝑃𝑡𝑡 ) refer to the specific heat capacity of the liquid and real gas, respectively.

The pressure Pt at time t is employed to calculate 𝑐𝑐𝑝𝑝,𝑙𝑙 (𝑇𝑇𝑙𝑙 , 𝑃𝑃𝑡𝑡 ) and 𝑐𝑐𝑝𝑝,𝑣𝑣 (𝑇𝑇𝑣𝑣 , 𝑃𝑃𝑡𝑡 ) by using Peng-

Robinson equation of state, which is discussed in Section 2.1.1.5.

To solve Eqs. (2-14) and (2-15), the Newton-Raphson method is used to find 𝑇𝑇𝑙𝑙𝑡𝑡+Δ𝑡𝑡 and 𝑇𝑇𝑣𝑣𝑡𝑡+Δ𝑡𝑡
from the liquid and vapor temperatures at the ith iteration:
𝑡𝑡+Δ𝑡𝑡
𝑇𝑇𝑙𝑙,𝑖𝑖+1

𝑡𝑡+Δ𝑡𝑡
𝑇𝑇𝑣𝑣,𝑖𝑖+1

=
=

𝑡𝑡+Δ𝑡𝑡
𝑇𝑇𝑙𝑙,𝑖𝑖

𝑡𝑡+Δ𝑡𝑡
𝑇𝑇𝑣𝑣,𝑖𝑖

−
−

𝑡𝑡+Δ𝑡𝑡 𝑡𝑡
ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑖𝑖
, 𝑃𝑃 � − ℎ𝑙𝑙𝑡𝑡+Δ𝑡𝑡
𝑡𝑡+Δ𝑡𝑡 𝑡𝑡
𝑐𝑐𝑝𝑝,𝑙𝑙 (𝑇𝑇𝑙𝑙,𝑖𝑖
, 𝑃𝑃 )

𝑡𝑡+Δ𝑡𝑡
ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑖𝑖
, 𝑃𝑃𝑡𝑡 � − ℎ𝑣𝑣𝑡𝑡+Δ𝑡𝑡
𝑡𝑡+Δ𝑡𝑡 𝑡𝑡
𝑐𝑐𝑝𝑝,𝑣𝑣 (𝑇𝑇𝑣𝑣,𝑖𝑖
, 𝑃𝑃 )

(2-16)
(2-17)

𝑡𝑡+Δ𝑡𝑡
𝑡𝑡+Δ𝑡𝑡
The initial values of 𝑇𝑇𝑙𝑙𝑡𝑡+Δ𝑡𝑡 and 𝑇𝑇𝑣𝑣𝑡𝑡+Δ𝑡𝑡 are given as, 𝑇𝑇𝑙𝑙,0
= 𝑇𝑇𝑙𝑙𝑡𝑡 , 𝑇𝑇𝑣𝑣,0
= 𝑇𝑇𝑣𝑣𝑡𝑡 . The enthalpy of

𝑡𝑡+Δ𝑡𝑡
𝑡𝑡+Δ𝑡𝑡 𝑡𝑡
, 𝑃𝑃𝑡𝑡 ) and the enthalpy of liquid phase, ℎ𝑙𝑙 (𝑇𝑇𝑙𝑙,𝑖𝑖
, 𝑃𝑃 ), are calculated based on
vapor phase ℎ𝑣𝑣 (𝑇𝑇𝑣𝑣,𝑖𝑖

the Peng-Robinson equation of state, which is discussed in Section 2.1.1.5. Equations (2-16) and
𝑡𝑡+Δ𝑡𝑡
𝑡𝑡+Δ𝑡𝑡
𝑡𝑡+Δ𝑡𝑡
𝑡𝑡+Δ𝑡𝑡
(2-17) converge when the absolute values of 𝑇𝑇𝑙𝑙,𝑖𝑖+1
− 𝑇𝑇𝑙𝑙,𝑖𝑖
and 𝑇𝑇𝑣𝑣,𝑖𝑖+1
− 𝑇𝑇𝑣𝑣,𝑖𝑖
reach at 10-3 K.

2.1.1.3

Heat transfer rate through the tank wall

The details of the heat transfer from the environment to the liquid and vapor phases inside a vertical
tank are shown in Figure 2.2. The heat transfer rate through the walls can be expressed by using
an equivalent resistance-capacitance network [71], as shown in Figure 2.3. The parameters in the
resistance-capacitance network are defined in Table A1 in Appendix A .
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Figure 2.2. Details of the heat transfer from the environment to the liquid and vapor phases inside a
vertical storage tank.
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Figure 2.3. The thermal resistance-capacitance network for vertical and horizontal storage tanks.
The dashed lines are only for the horizontal storage tanks.

The resistance-capacitance network is solved by using Kirchhoff’s circuit law [71]. The outer
vertical wall temperature of the vertical tank in contact with the liquid and vapor phases at time
t+Δt can be explicitly calculated as,
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𝑡𝑡+Δ𝑡𝑡
𝑇𝑇𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

𝑡𝑡+Δ𝑡𝑡
𝑇𝑇𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑡𝑡
𝑡𝑡
𝑡𝑡+Δ𝑡𝑡
𝑡𝑡
𝑇𝑇𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑇𝑇𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑇𝑇𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
𝐶𝐶
+
+
+
+
3
Δ𝑡𝑡
𝑅𝑅4
𝑅𝑅5
𝑅𝑅13
𝑅𝑅15
=
𝐶𝐶3 1
1
1
1
Δ𝑡𝑡 + 𝑅𝑅4 + 𝑅𝑅5 + 𝑅𝑅13 + 𝑅𝑅15

𝑡𝑡
𝑇𝑇𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑇𝑇 𝑡𝑡+Δ𝑡𝑡
𝑇𝑇 𝑡𝑡
𝑇𝑇 𝑡𝑡
𝑇𝑇
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙
𝐶𝐶5 + 𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 + 𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 + 𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
Δ𝑡𝑡
𝑅𝑅7
𝑅𝑅8
𝑅𝑅17
𝑅𝑅15
=
𝐶𝐶5 1
1
1
1
Δ𝑡𝑡 + 𝑅𝑅7 + 𝑅𝑅8 + 𝑅𝑅17 + 𝑅𝑅15

(2-18)

(2-19)

Similarly, the inner vertical wall temperature of the vertical tank in contact with the liquid and
vapor phases at time t+Δt can be calculated as,

𝑡𝑡+Δ𝑡𝑡
𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

𝑡𝑡+Δ𝑡𝑡
𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑡𝑡
𝑡𝑡
𝑡𝑡
𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑇𝑇 𝑡𝑡+Δ𝑡𝑡
𝑇𝑇 𝑡𝑡 𝑇𝑇𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
𝐶𝐶4 + 𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 + 𝑣𝑣 +
+
Δ𝑡𝑡
𝑅𝑅5
𝑅𝑅6
𝑅𝑅14
𝑅𝑅16
=
𝐶𝐶4 1
1
1
1
Δ𝑡𝑡 + 𝑅𝑅5 + 𝑅𝑅6 + 𝑅𝑅14 + 𝑅𝑅16

𝑡𝑡
𝑡𝑡+Δ𝑡𝑡
𝑡𝑡
𝑡𝑡
𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑇𝑇𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑇𝑇𝑙𝑙𝑡𝑡 𝑇𝑇𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙
𝐶𝐶
+
+
+
+
6
Δ𝑡𝑡
𝑅𝑅8
𝑅𝑅9
𝑅𝑅18
𝑅𝑅16
=
𝐶𝐶6 1
1
1
1
Δ𝑡𝑡 + 𝑅𝑅8 + 𝑅𝑅9 + 𝑅𝑅18 + 𝑅𝑅16

(2-20)

(2-21)

Therefore, the heat transfer rates from the environment to the liquid and vapor phases in the vertical
tank are calculated as,
𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =

𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =

𝑇𝑇𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 − 𝑇𝑇𝑣𝑣 𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 − 𝑇𝑇𝑣𝑣
+
𝑅𝑅3
𝑅𝑅6

𝑇𝑇𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 − 𝑇𝑇𝑙𝑙 𝑇𝑇𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 − 𝑇𝑇𝑙𝑙
+
𝑅𝑅12
𝑅𝑅9

(2-22)
(2-23)

The total heat transfer rate to the tank is the summation of the heat transfer rates to the liquid and
vapor phases calculated from Eqs. (2-22) and (2-23). Similar calculations to Eqs. (2-18)-(2-23) for
a horizontal tank can be applied to calculate the heat transfer rate to the tank. The overall heat
transfer coefficients between the environment and the liquid and vapor phases are calculated as
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𝑈𝑈𝑣𝑣 =
𝑈𝑈𝑙𝑙 =
2.1.1.4

𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑣𝑣 )𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑙𝑙 )𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

(2-24)

(2-25)

Heat transfer rate at the vapor-liquid interface

The natural convection heat transfer across the vapor-liquid interface due to the temperature
gradient between the liquid and vapor phases is calculated by

where,

𝑄𝑄̇𝑣𝑣𝑣𝑣 = ℎ𝑣𝑣𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑇𝑇𝑣𝑣 − 𝑇𝑇𝑙𝑙 )𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
1

ℎ𝑣𝑣𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

=

1

ℎ𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

+

1

ℎ𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(2-26)

(2-27)

The convection heat transfer coefficients ℎ𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and ℎ𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 at the vapor-liquid interface

are calculated based on the empirical correlations of external free convection on a horizontal flat
plate.
ℎ𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

𝑘𝑘𝑣𝑣 𝑁𝑁𝑁𝑁
𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟

(2-28)

where, kv is the thermal conductivity of the vapor phase. Lref is the characteristic length and is
defined as
𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟 =

𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
=
𝒫𝒫𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
4

(2-29)

where, 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 , 𝒫𝒫interface ,and 𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 are the vapor-liquid interface area, perimeter, tank inner
diameter, respectively. The correlations for the average Nusselt number are calculated by
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a) Upper surface of a hot plate or lower surface of a cold plate [72]:
𝑁𝑁𝑁𝑁 = 0.54𝑅𝑅𝑎𝑎1/4 (104 ≤ 𝑅𝑅𝑅𝑅 ≤ 107 )

𝑁𝑁𝑁𝑁 = 0.15𝑅𝑅𝑎𝑎1/3 (107 ≤ 𝑅𝑅𝑅𝑅 ≤ 1011 )

(2-30)
(2-31)

b) Lower surface of a hot plate or upper surface of a cold plate [73]:

where,

𝑁𝑁𝑁𝑁 = 0.27𝑅𝑅𝑎𝑎1/4 (105 ≤ 𝑅𝑅𝑅𝑅 ≤ 1010 )
𝑔𝑔𝛽𝛽𝑣𝑣 Δ𝑇𝑇𝐿𝐿3𝑟𝑟𝑟𝑟𝑟𝑟
𝑅𝑅𝑅𝑅 =
𝛼𝛼𝑣𝑣 𝜈𝜈𝑣𝑣

(2-32)

(2-33)

ΔT in Eq.(2-33) is the difference between the vapor temperature Tv and liquid temperature Tl.
Similarly, ℎ𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 in the liquid phase is calculated by using Eqs. (2-28)-(2-33).
2.1.1.5

Equation of state

To calculate the density, specific heat capacity, and enthalpy of LNG and gaseous natural gas, the
Peng-Robinson equation of state (PR-EoS) is used. The PR-EoS was initially developed to
calculate the thermodynamic properties of natural gas. Later, it was widely used in the oil and gas
industry due to its simplicity and versatility [74]. The PR-EoS can be expressed as [75]:

where,

𝑃𝑃 =

𝑅𝑅𝑢𝑢 𝑇𝑇
𝑎𝑎
−
𝓋𝓋 − 𝑏𝑏 𝓋𝓋(𝓋𝓋 + 𝑏𝑏) + 𝑏𝑏(𝓋𝓋 − 𝑏𝑏)
𝑁𝑁

𝑁𝑁

(2-34)

(2-35)

𝑎𝑎 = � � 𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗 �𝑎𝑎𝑖𝑖 𝑎𝑎𝑗𝑗
𝑖𝑖=1 𝑗𝑗=1
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𝑁𝑁

(2-36)

𝑏𝑏 = � 𝑥𝑥𝑖𝑖 𝑏𝑏𝑖𝑖

𝑎𝑎𝑖𝑖 = 0.45724

2
𝑅𝑅𝑢𝑢2 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
𝑖𝑖

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖

𝑖𝑖=1

�1 + 𝑓𝑓𝜔𝜔𝑖𝑖 �1 − �

𝑏𝑏𝑖𝑖 = 0.0778

𝑅𝑅𝑢𝑢 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖

𝑇𝑇

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖

0.5

�

��

2

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖

𝑓𝑓𝜔𝜔𝑖𝑖 = 0.37464 + 1.54226𝜔𝜔𝑖𝑖 − 0.26992𝜔𝜔𝑖𝑖2

(2-37)

(2-38)

(2-39)

The parameters ωi, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖 , 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖 and xi are the acentric factor, critical pressure and temperature, and
mole fraction of species i, respectively.

The molar enthalpy and internal energy of the vapor and liquid phases at a given temperature and
pressure can be calculated as follows [76],
ℎ=

𝑁𝑁

� 𝑥𝑥𝑖𝑖 ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖

𝑢𝑢 =

𝑁𝑁

𝓋𝓋 + �1 + √2�𝑏𝑏
𝑑𝑑𝑑𝑑
+ 𝑃𝑃𝓋𝓋 − 𝑅𝑅𝑢𝑢 𝑇𝑇 −
�𝑎𝑎 − 𝑇𝑇 � 𝑙𝑙𝑙𝑙 �
�
𝑑𝑑𝑑𝑑
2√2𝑏𝑏
𝓋𝓋 + �1 − √2�𝑏𝑏

� 𝑥𝑥𝑖𝑖 ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖

1

𝓋𝓋 + �1 + √2�𝑏𝑏
𝑑𝑑𝑑𝑑
− 𝑅𝑅𝑢𝑢 𝑇𝑇 −
�𝑎𝑎 − 𝑇𝑇 � 𝑙𝑙𝑙𝑙 �
�
𝑑𝑑𝑑𝑑
2√2𝑏𝑏
𝓋𝓋 + �1 − √2�𝑏𝑏
1

(2-40)

(2-41)

xi is the mole fraction of species i in the liquid or vapor phases. The specific molar volume of the
liquid or vapor phase, 𝓋𝓋, is chosen to calculate the enthalpy and internal energy of the liquid or

vapor phase accordingly. The ideal enthalpy of species i is calculated as follows:
ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

=

𝑟𝑟𝑟𝑟𝑟𝑟
ℎ𝑖𝑖

+�

𝑇𝑇

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑐𝑐𝑝𝑝,𝑖𝑖
𝑑𝑑𝑑𝑑

(2-42)
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In addition, the compressibility factor, Z, is defined as follows:
𝑍𝑍 =

𝑃𝑃𝓋𝓋
𝑅𝑅𝑢𝑢 𝑇𝑇

(2-43)

The standard PR-EoS predicts the specific molar volume (or density) of vapor phase. However, its
prediction of the specific molar volume (or density) of the liquid phase is not accurate. Therefore,
a volume-translated method is employed to modify the standard PR-EoS to calculate the specific
molar volume (or densities) of the liquid phase [77]. The volume-translated function, 𝓋𝓋VTPR, is

defined as the sum of the specific molar volume calculated by the standard PR-EoS, 𝓋𝓋PR, and the
volume-translated term.

𝓋𝓋𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝓋𝓋𝑃𝑃𝑃𝑃 + 𝑐𝑐 − 𝛿𝛿𝑐𝑐 �

0.35
�
0.35 + 𝑑𝑑

(2-44)

The dimensionless distance function, d, is given as
𝑑𝑑 =

1
𝜕𝜕𝜕𝜕
� �
𝑅𝑅𝑢𝑢 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐 𝜕𝜕𝜕𝜕 𝑇𝑇

(2-45)

δc in Eq. (2-44) is the volume correction at the critical temperature and is defined as,
𝛿𝛿𝑐𝑐 = 𝓋𝓋𝑐𝑐𝑐𝑐𝑐𝑐 − 3.95116𝑏𝑏

(2-46)

The volume-translated term, c, in Eq. (2-44) is defined as
𝑐𝑐 = �

𝑅𝑅𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐
� [𝑐𝑐1 − (0.004 + 𝑐𝑐1 )exp(−2𝑑𝑑)]
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐

(2-47)

where, c1 is a constant, species-dependent parameter. In the liquid mixture, the determination of
the cmix is based on the mixing rule [78],
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𝑁𝑁

(2-48)

𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 = � 𝑥𝑥𝑖𝑖 𝑐𝑐𝑖𝑖
𝑖𝑖

Further information regarding the vapor-liquid equilibrium calculations and thermal properties of
vapor and liquid mixtures is provided in Appendix B .

2.1.2

Computational algorithm in the non-equilibrium thermodynamic modelling

The non-equilibrium thermodynamic model developed in this study is expected to calculate the
thermodynamic state of the liquid and vapor phases in LNG storage tanks at the equilibrium and
non-equilibrium states. The computational algorithms for the equilibrium and non-equilibrium
states are discussed in this section.

2.1.2.1

Equilibrium thermodynamic modelling

In an equilibrium thermodynamic modelling, it is assumed that the changes in the vapor and liquid
phases are slow enough to ensure the system reaches the equilibrium state at each time step.
Therefore, the vapor and liquid temperatures are identical. Figure 2.4 shows the algorithm of
solving the governing equations under the thermal equilibrium assumption. The input parameters
to the model include the tank geometry, tank positioning (horizontal vs vertical) and initial
temperature, pressure and LNG level in the tank. The output parameters of this modelling are the
tank pressure and temperature, LNG level in the tank, and the tank wall temperature. At every time
step, the heat and mass transfers at the vapor-liquid interface are solved iteratively until the
temperature difference between the liquid and vapor phases satisfies the convergence criteria (ɛ <
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10-3 K) (as shown with a dotted rhombus in Figure 2.4). The Newton-Raphson method is employed
to solve the temperature of the liquid and vapor phases, Tl and Tv.

2.1.2.2

Non-equilibrium thermodynamic modelling

In the non-equilibrium thermodynamic modelling, the vapor and liquid phases have different
temperatures. The flow chart of the non-equilibrium thermodynamic modelling is shown in Figure
2.4. The input and output parameters in this modelling are similar to those in the equilibrium
thermodynamic modelling. In the non-equilibrium thermodynamic modelling, the heat and mass
transfers in the liquid and vapor phases are solved only once at each time step without enforcing
the vapor and liquid temperatures, Tv and Tl, to be equalized (as shown with a dashed line in Figure
2.4).
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Initialization (t = 0):
Temperatures of liquid and vapor
phases (Tl and Tv), wall temperature,
tank pressure (P), and liquid level

Temperatures of liquid and vapor
phases (Tl and Tv)

Volume of vapor phase
(Ɐv =Ɐtank -Ɐl)

Initial enthalpy of liquid and vapor
phases

Density of vapor phase (ρv), tank
pressure (P) (PR-EoS)

t = t + Δt
Heat transfer rate from the
environment

Update the dew point Tdew and
bubble point Tbubble temperature at
the vapor-liquid interface
Equilibrium
N

Check |Tv-Tdew|<ε
and |Tl-Tbubble |<ε

Heat transfer rate at the vaporliquid interface

Y
Evaporation and condensation
rates (Lee model)

Tank wall temperature

Update liquid, vapor masses(ml ,
mv), and molar fraction
Total enthalpy of liquid and vapor
phases

Non-equilibrium

Energy and mass transfer to and from
the tank by tank filling, LNG dispensing,
and vapor release and injection

Convection heat transfer
coefficients

N
Time t > tfinal or pressure P > Pmax

Specific enthalpy of liquid and
vapor phases (hl and hv)
Density and volume of liquid
phase (ρl, Ɐl =ml/ρl), liquid level

Y
End

Figure 2.4. The flow chart of solving governing equations for the equilibrium and non-equilibrium
thermodynamic modelling. The dotted and dashed lines are for the equilibrium and non-equilibrium
thermodynamic modelling, respectively.
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2.2

Non-equilibrium multilayer thermodynamic model

Figure 2.5 shows a schematic of a cylindrical LNG storage tank and the multilayer control volumes
in the liquid and vapor domains. The heat transfer from the environment heats the LNG storage
tank. The warm vertical walls adjacent to the LNG in the liquid domain and the gaseous natural
gas in the vapor domain cause the formation of thermal boundary layers along the tank vertical
walls. The buoyancy force moves the heated fluid in the boundary layer upward and creates flow
circulations in the liquid and vapor domains. Under this mechanism, a temperature gradient or
thermal stratification along the axial-axis (z-axis) of the LNG storage tank is created. To model
this thermal phenomenon, the fluid flow and associated heat transfer are considered in the liquid
and vapor domains.

2.2.1
2.2.1.1

Governing equations in the non-equilibrium multilayer thermodynamic model
Conservation of mass in the liquid and vapor phases

(a) vapor domain
Figure 2.5 shows the nv layers established in the vapor domain from the vapor-liquid interface
(layer 1) to the top of the tank (layer nv). In each layer (or control volume), the fluid domain
consists of the boundary layer along the tank vertical wall and a bulk vapor zone outside the
boundary layer. The continuity equations in the vapor domain are derived as follows:
𝑑𝑑𝑑𝑑𝑣𝑣,𝑘𝑘
𝑑𝑑𝑑𝑑

= 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑣𝑣,𝑘𝑘 − 𝑚𝑚̇𝐵𝐵𝐵𝐵𝑙𝑙𝑘𝑘,𝑣𝑣,𝑘𝑘−1 − 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑣𝑣,𝑘𝑘 + 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑣𝑣,𝑘𝑘−1 (1 < k < nv)

(2-49)
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Vapor domain

𝑞𝑞̇ 𝑖𝑖′′

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑒𝑒,𝑐𝑐𝑣𝑣 −1

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑒𝑒,𝑘𝑘+1

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑒𝑒,𝑘𝑘

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑒𝑒,𝑘𝑘−1

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑒𝑒,2
𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑒𝑒,1

𝑚𝑚̇𝑠𝑠 𝑚𝑚̇𝑠𝑠

Liquid domain

Conduction layer
𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑖𝑖,𝑐𝑐𝐼𝐼𝐼𝐼−1

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑖𝑖,𝑠𝑠+1

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑖𝑖,𝑠𝑠

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑖𝑖,𝑠𝑠−1

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑖𝑖,2

Convection layer

𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑖𝑖,1

𝑞𝑞̇ 𝑏𝑏′′

z-axis

𝑚𝑚̇𝑏𝑏𝑐𝑐𝑠𝑠𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 ,𝑒𝑒,𝑐𝑐𝑣𝑣

𝑙𝑙𝑒𝑒

𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑒𝑒,𝑐𝑐𝑣𝑣−1

𝑙𝑙𝑒𝑒 − 1

𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑒𝑒,𝑘𝑘+1
𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑒𝑒,𝑘𝑘

k+1

′′
𝑞𝑞̇ 𝑒𝑒,𝑑𝑑𝑒𝑒𝑖𝑖𝑖𝑖

k

𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑒𝑒,𝑘𝑘−1 k-1
𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑒𝑒,2

2

𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑒𝑒,1

Vapor-liquid interface

1

𝑙𝑙𝐼𝐼
j
1

𝑙𝑙𝐼𝐼𝐼𝐼

𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑖𝑖,𝑐𝑐𝐼𝐼𝐼𝐼−1
𝑙𝑙𝐼𝐼𝐼𝐼 − 1
𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑖𝑖,𝑠𝑠+1
i+1
𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑖𝑖,𝑠𝑠 i
𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑖𝑖,𝑠𝑠−1

′′
𝑞𝑞̇ 𝑖𝑖,𝑑𝑑𝑒𝑒𝑖𝑖𝑖𝑖

i-1

𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑖𝑖,2 2

𝑚𝑚̇𝐵𝐵𝑖𝑖𝑖𝑖𝑘𝑘,𝑖𝑖,1 1

r-axis

Figure 2.5. A schematic of the multilayer model in the liquid and vapor domains in a vertical cylindrical
storage tank.

The first and the last vapor cells (layers 1 and nv) should accommodate for the evaporation and
condensation mass transfer rates at the vapor-liquid interface, 𝑚𝑚̇𝑒𝑒 and 𝑚𝑚̇𝑐𝑐 , and the BOG release
rate from the tank, respectively. Therefore, the continuity equations for the first and the last vapor
cells are derived as,
𝑑𝑑𝑑𝑑𝑣𝑣,1
= 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑣𝑣,1 − 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑣𝑣,1 + 𝑚𝑚̇𝑒𝑒 − 𝑚𝑚̇𝑐𝑐
𝑑𝑑𝑑𝑑

(2-50)

42

𝑑𝑑𝑑𝑑𝑣𝑣,𝑛𝑛𝑣𝑣
= −𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑣𝑣,𝑛𝑛𝑣𝑣−1 + 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑣𝑣,𝑛𝑛𝑣𝑣−1 − 𝑚𝑚̇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑣𝑣,𝑛𝑛𝑣𝑣
𝑑𝑑𝑑𝑑

(2-51)

The summation of Eqs. (2-49)-(2-51) in the vapor domain gives the total mass of vapor phase:
𝑛𝑛𝑣𝑣

𝑑𝑑𝑚𝑚𝑣𝑣,𝑘𝑘 𝑑𝑑𝑚𝑚𝑣𝑣,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
�
=
= 𝑚𝑚̇𝑒𝑒 − 𝑚𝑚̇ 𝑐𝑐 − 𝑚𝑚̇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑣𝑣,𝑛𝑛𝑣𝑣
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2-52)

𝑘𝑘=1

where, mv,k and mv,total represent the mass of the vapor layer k, and the total mass of the vapor
phase, respectively.

(b) liquid domain
In the liquid domain, experimental studies indicated that a thermal conduction layer forms near the
vapor-liquid interface [44,46]. Consequently, in this model, two subdomains are created in the
liquid phase: a conduction domain and a convection domain.

The conduction domain is divided into multilayers (j = 1, …, nI). In the conduction domain, the
conduction heat transfer is the dominant phenomenon, and the boundary layer formation is
neglected [79]. The continuity equations in the conduction domain are as follows:
𝑑𝑑𝑑𝑑𝑙𝑙,𝑗𝑗
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑙𝑙,𝑛𝑛
𝑑𝑑𝑑𝑑

= 0 (1 ≤ j < nI)

𝐼𝐼

= −𝑚𝑚̇𝑒𝑒 + 𝑚𝑚̇𝑐𝑐

(2-53)
(2-54)

The convection domain in the liquid phase is divided into multilayers (i = 1, …, nII), and the
derivation of continuity equations is similar to the vapor domain:
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𝑑𝑑𝑑𝑑𝑙𝑙,𝑖𝑖
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑙𝑙,1
= 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑙𝑙,1 − 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑙𝑙,1
𝑑𝑑𝑑𝑑

(2-55)
(2-56)

= 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑙𝑙,𝑖𝑖 − 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑙𝑙,𝑖𝑖−1 − 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑙𝑙,𝑖𝑖 + 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑙𝑙,𝑖𝑖−1 (1 < i < nII)
𝑑𝑑𝑑𝑑𝑙𝑙,𝑛𝑛
𝑑𝑑𝑑𝑑

𝐼𝐼𝐼𝐼

(2-57)

= −𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑙𝑙,𝑛𝑛𝐼𝐼𝐼𝐼−1 + 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑙𝑙,𝑛𝑛𝐼𝐼𝐼𝐼−1

Therefore, the total mass of the liquid phase is equal to the sum of the masses in the conduction
and convection domains:
𝑛𝑛𝐼𝐼

𝑛𝑛𝐼𝐼𝐼𝐼

𝑗𝑗=1

𝑖𝑖=1

(2-58)

𝑑𝑑𝑚𝑚𝑙𝑙,𝑗𝑗
𝑑𝑑𝑚𝑚𝑙𝑙,𝑖𝑖 𝑑𝑑𝑚𝑚𝑙𝑙,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
�
+�
=
= −𝑚𝑚̇𝑒𝑒 + 𝑚𝑚̇𝑐𝑐
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
Adding Eqs. (2-52) and (2-59), the conservation of mass in the storage tank is satisfied.
𝑑𝑑(𝑚𝑚𝑣𝑣,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑚𝑚𝑙𝑙,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ) 𝑑𝑑𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
=
= −𝑚𝑚̇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑣𝑣,𝑛𝑛𝑣𝑣
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2-59)

In addition, the summation of volumes of the vapor phase (Eq. (2-60)) and liquid phase (Eq. (2-61))
equals the entire volume of the tank (Eq.(2-62)).

∀𝑙𝑙,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

𝑛𝑛𝐼𝐼

𝑛𝑛𝑣𝑣

𝑛𝑛𝑣𝑣

𝑘𝑘=1

𝑘𝑘=1

𝑚𝑚𝑣𝑣,𝑘𝑘
∀𝑣𝑣,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = � ∀𝑣𝑣,𝑘𝑘 = � �
�
𝜌𝜌𝑣𝑣,𝑘𝑘 (𝑇𝑇𝑣𝑣,𝑘𝑘 , 𝑃𝑃)

� ∀𝐼𝐼𝑙𝑙,𝑗𝑗
𝑗𝑗=1

+

𝑛𝑛𝐼𝐼𝐼𝐼

� ∀𝐼𝐼𝐼𝐼
𝑙𝑙,𝑖𝑖
𝑖𝑖=1

𝑛𝑛𝐼𝐼

= ��
𝑗𝑗=1

𝑚𝑚𝑙𝑙,𝑗𝑗

𝜌𝜌𝑙𝑙,𝑗𝑗 (𝑇𝑇𝑙𝑙,𝑗𝑗 , 𝑃𝑃)

𝑛𝑛𝐼𝐼𝐼𝐼

� + ��

∀𝑣𝑣,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + ∀𝑙𝑙,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∀𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎

𝑖𝑖=1

(2-60)

𝑚𝑚𝑙𝑙,𝑖𝑖

𝜌𝜌𝑙𝑙,𝑖𝑖 (𝑇𝑇𝑙𝑙,𝑖𝑖 , 𝑃𝑃)

(2-61)
�
(2-62)

The evaporation and condensation rates at the vapor-liquid interface are calculated using the
method described in Section 2.1.1.1 (Eqs. (2-3) and (2-4)).

44

2.2.1.2

Conservation of energy in the liquid and vapor phases

(a) vapor domain
The energy equations in the vapor phase are given as follows:
𝑑𝑑𝐻𝐻𝑣𝑣,1
= 𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,1 + 𝑄𝑄̇𝑙𝑙𝑙𝑙 − 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑣𝑣,1 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,1 , 𝑃𝑃� + 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑣𝑣,1 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,2 , 𝑃𝑃� + 𝑚𝑚̇ 𝑒𝑒
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
⋅ ℎ𝑣𝑣 (𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑃𝑃) − 𝑚𝑚̇𝑐𝑐 ⋅ ℎ𝑙𝑙 (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃) + 𝑄𝑄̇𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,1 + ∀𝑣𝑣,1
𝑑𝑑𝑑𝑑

(2-63)

𝑑𝑑𝐻𝐻𝑣𝑣,𝑛𝑛𝑣𝑣
= 𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑛𝑛𝑣𝑣 + 𝑄𝑄̇𝑡𝑡 − 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑣𝑣,𝑛𝑛𝑣𝑣−1 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑛𝑛𝑣𝑣 , 𝑃𝑃� + 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑣𝑣,𝑛𝑛𝑣𝑣−1 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑛𝑛𝑣𝑣−1 , 𝑃𝑃�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
− 𝑄𝑄̇𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑛𝑛𝑣𝑣−1 + ∀𝑣𝑣,𝑛𝑛𝑣𝑣
− 𝑚𝑚̇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓,𝑣𝑣,𝑛𝑛𝑣𝑣 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑛𝑛𝑣𝑣 , 𝑃𝑃�
𝑑𝑑𝑑𝑑

(2-65)

𝑑𝑑𝐻𝐻𝑣𝑣,𝑘𝑘
= 𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑘𝑘 − �𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑣𝑣,𝑘𝑘 + 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑣𝑣,𝑘𝑘−1 � ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑘𝑘 , 𝑃𝑃� + 𝑚𝑚̇𝐵𝐵𝐵𝐵,𝑣𝑣,𝑘𝑘−1 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑘𝑘−1 , 𝑃𝑃�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
+ 𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑣𝑣,𝑘𝑘 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑘𝑘+1 , 𝑃𝑃� + 𝑄𝑄̇𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 − 𝑄𝑄̇𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘−1 + ∀𝑣𝑣,𝑘𝑘
𝑑𝑑𝑑𝑑
( 1 < 𝑘𝑘 < 𝑛𝑛𝑣𝑣 )

(2-64)

(b) liquid domain
The energy equations in the liquid phase are divided into two parts. In the conduction domain, the
energy equations are calculated as,
𝐼𝐼
𝑑𝑑𝐻𝐻𝑙𝑙,1
𝑑𝑑𝑑𝑑
𝐼𝐼
𝐼𝐼
𝐼𝐼𝐼𝐼
𝐼𝐼
= 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,1
+ 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,1
− 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑛𝑛
+
∀
𝑙𝑙,1
𝐼𝐼𝐼𝐼
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2-66)

𝐼𝐼
𝑑𝑑𝐻𝐻𝑙𝑙,𝑛𝑛
𝑑𝑑𝑑𝑑
𝐼𝐼
𝐼𝐼
𝐼𝐼
= 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑛𝑛
− 𝑚𝑚̇𝑒𝑒 ⋅ ℎ𝑣𝑣 (𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑃𝑃) + 𝑚𝑚̇𝑐𝑐 ⋅ ℎ𝑙𝑙 (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 , 𝑃𝑃) − 𝑄𝑄̇𝑙𝑙𝑙𝑙 − 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑛𝑛
+ ∀𝐼𝐼𝑙𝑙,𝑛𝑛𝐼𝐼
𝐼𝐼
𝐼𝐼 −1
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2-68)

𝐼𝐼
𝑑𝑑𝐻𝐻𝑙𝑙,𝑗𝑗
𝑑𝑑𝑑𝑑
𝐼𝐼
𝐼𝐼
𝐼𝐼
= 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑗𝑗
+ 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗
− 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗−1
+ ∀𝐼𝐼𝑙𝑙,𝑗𝑗
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(1 < 𝑗𝑗 < 𝑛𝑛𝐼𝐼 )

(2-67)

In the convection domain, the energy equations are given as follows:
𝐼𝐼𝐼𝐼
𝑑𝑑𝐻𝐻𝑙𝑙,1
𝑑𝑑𝑑𝑑
𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼
= 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,1
+ 𝑄𝑄̇𝑏𝑏 + 𝑚𝑚̇𝐵𝐵𝑢𝑢𝑢𝑢𝑢𝑢,𝑙𝑙,1 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,2 , 𝑃𝑃� − 𝑚𝑚̇𝐵𝐵𝐿𝐿,𝑙𝑙,1 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,1 , 𝑃𝑃� + 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,1
+ ∀𝐼𝐼𝐼𝐼
𝑙𝑙,1
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2-69)
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𝐼𝐼𝐼𝐼
𝑑𝑑𝐻𝐻𝑙𝑙,𝑖𝑖
= 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑖𝑖 − �𝑚𝑚̇𝐵𝐵𝐿𝐿,𝑙𝑙,𝑖𝑖 + 𝑚𝑚̇𝐵𝐵𝑢𝑢𝑢𝑢𝑢𝑢,𝑙𝑙,𝑖𝑖−1 � ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑖𝑖 , 𝑃𝑃� + 𝑚𝑚̇𝐵𝐵𝐿𝐿,𝑙𝑙,𝑖𝑖−1 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑖𝑖−1 , 𝑃𝑃�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼
+𝑚𝑚̇𝐵𝐵𝑢𝑢𝑢𝑢𝑢𝑢,𝑙𝑙,𝑖𝑖 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑖𝑖+1 , 𝑃𝑃� + 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖
− 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖−1
+ ∀𝐼𝐼𝐼𝐼
(1 < 𝑖𝑖 < 𝑛𝑛𝐼𝐼𝐼𝐼 )
𝑙𝑙,𝑖𝑖
𝑑𝑑𝑑𝑑
𝐼𝐼𝐼𝐼
𝑑𝑑𝐻𝐻𝑙𝑙,𝑛𝑛
𝐼𝐼𝐼𝐼
= 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑛𝑛𝐼𝐼𝐼𝐼 + 𝑚𝑚̇𝐵𝐵𝐿𝐿,𝑙𝑙,𝑛𝑛𝐼𝐼𝐼𝐼−1 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑛𝑛𝐼𝐼𝐼𝐼−1 , 𝑃𝑃� − 𝑚𝑚̇𝐵𝐵𝑢𝑢𝑢𝑢𝑢𝑢,𝑙𝑙,𝑛𝑛𝐼𝐼𝐼𝐼−1 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑛𝑛𝐼𝐼𝐼𝐼 , 𝑃𝑃�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼
+ 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑛𝑛
− 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑛𝑛
+ ∀𝐼𝐼𝐼𝐼
𝑙𝑙,𝑛𝑛𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼 −1
𝑑𝑑𝑑𝑑

(2-70)

(2-71)

𝐼𝐼
𝐼𝐼𝐼𝐼
In Eqs. (2-63)-(2-71), 𝐻𝐻𝑣𝑣,𝑘𝑘 , 𝐻𝐻𝑙𝑙,𝑗𝑗
, and 𝐻𝐻𝑙𝑙,𝑖𝑖
are the total enthalpies of vapor cell k, liquid cell j in the

conduction domain, and liquid cell i in the convection domain, respectively. These parameters are
defined as,
𝐻𝐻𝑣𝑣,𝑘𝑘 = 𝑚𝑚𝑣𝑣,𝑘𝑘 ⋅ ℎ𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑘𝑘 , 𝑃𝑃� (1 ≤ 𝑘𝑘 ≤ 𝑛𝑛𝑣𝑣 ) in vapor domain

(2-72)

𝐼𝐼𝐼𝐼
𝐻𝐻𝑙𝑙,𝑖𝑖
= 𝑚𝑚𝑙𝑙,𝑖𝑖 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑖𝑖 , 𝑃𝑃� (1 ≤ 𝑖𝑖 ≤ 𝑛𝑛𝐼𝐼𝐼𝐼 ) in convection domain

(2-74)

𝐼𝐼
𝐻𝐻𝑙𝑙,𝑗𝑗
= 𝑚𝑚𝑙𝑙,𝑗𝑗 ⋅ ℎ𝑙𝑙 �𝑇𝑇𝑙𝑙,𝑗𝑗 , 𝑃𝑃� (1 ≤ 𝑗𝑗 ≤ 𝑛𝑛𝐼𝐼 ) in conduction domain

(2-73)

hv and hl are the specific mass enthalpies of the vapor and liquid phases at a given temperature and
pressure, respectively.

In Eqs. (2-63)-(2-71), hv and hl are the specific mass enthalpy of vapor and liquid phases at a given
𝐼𝐼
𝐼𝐼𝐼𝐼
temperature and pressure, respectively. Also, 𝑄𝑄̇𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑘𝑘 , 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑗𝑗
and 𝑄𝑄̇𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑖𝑖
are the heat transfer

rates from the tank side vertical walls to the vapor cell k, the liquid cell j in the conduction domain,
and the liquid cell i in the convection domain, respectively. 𝑄𝑄̇𝑡𝑡 and 𝑄𝑄̇𝑏𝑏 are the heat transfer rates

from the tank top wall to the vapor cell nv, and from the tank bottom wall to the liquid cell 1 in the
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convection domain, respectively. 𝑄𝑄̇𝑙𝑙𝑙𝑙 represents the natural convection heat transfer rate from the
liquid phase to the vapor phase at the vapor-liquid interface.

𝑄𝑄̇𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 represents the heat transfer rate from the vapor cell k+1 to the vapor cell k. Similarly,

𝐼𝐼
𝐼𝐼𝐼𝐼
𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗
and 𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖
represent the heat transfer rates from the liquid cell j+1 to the liquid cell j

in the conduction domain, and from the liquid cell i +1 to the liquid cell i in the convection domain,
respectively. These parameters are calculated as follows:
𝑄𝑄̇𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 = ℎ𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑇𝑇𝑣𝑣,𝑘𝑘+1 − 𝑇𝑇𝑣𝑣,𝑘𝑘 )

𝐼𝐼
𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗
= ℎ𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑇𝑇𝑙𝑙,𝑗𝑗+1 − 𝑇𝑇𝑙𝑙,𝑗𝑗 )
𝐼𝐼𝐼𝐼
𝑄𝑄̇𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖
= ℎ𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑇𝑇𝑙𝑙,𝑖𝑖+1 − 𝑇𝑇𝑙𝑙,𝑖𝑖 )

(2-75)
(2-76)
(2-77)

In the liquid conduction domain, 𝑁𝑁𝑢𝑢𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗 is equal to 1 (i.e., only conduction heat transfer).
Therefore, the heat transfer coefficient ℎ𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗 is calculated as below,
ℎ𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗 𝑑𝑑𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗
𝑘𝑘𝑙𝑙,𝑗𝑗

=1

(2-78)

The heat transfer coefficients ℎ𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 and ℎ𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 are calculated from 𝑁𝑁𝑢𝑢𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 and
𝑁𝑁𝑢𝑢𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 ,

𝑁𝑁𝑢𝑢𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 =
𝑁𝑁𝑢𝑢𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 =

ℎ𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 𝑑𝑑𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘
𝑘𝑘𝑣𝑣,𝑘𝑘

ℎ𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 𝑑𝑑𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖

(2-79)
(2-80)

𝑘𝑘𝑙𝑙,𝑖𝑖
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where, 𝑘𝑘𝑣𝑣,𝑘𝑘 , 𝑘𝑘𝑙𝑙,𝑗𝑗 , and 𝑘𝑘𝑙𝑙,𝑖𝑖 are the average thermal conductivities between the vapor cells k and k+1,

between the liquid cells j and j+1 in the conduction domain, and between the liquid cells i and i+1
in the conduction domain, respectively. dv,layer,k , dl,layer,j , and dl,layer,i are the thicknesses of the vapor

cell k, liquid cell j in the conduction domain, and liquid cell i in the convection domain,
respectively.

If 𝑇𝑇𝑣𝑣,𝑘𝑘+1 > 𝑇𝑇𝑣𝑣,𝑘𝑘 , the conduction heat transfer is considered between the vapor cells k and k+1.

If 𝑇𝑇𝑣𝑣,𝑘𝑘+1 < 𝑇𝑇𝑣𝑣,𝑘𝑘 , the conduction heat transfer for low Rav (< 1,708) and the convection heat transfer
for high Rav (≥ 1,708) are considered between the vapor cells k and k+1 [80]. Rav is defined as
3
𝑔𝑔𝛽𝛽𝑣𝑣 �𝑇𝑇𝑣𝑣,𝑘𝑘 − 𝑇𝑇𝑣𝑣,𝑘𝑘+1 � 𝑑𝑑𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘
𝑅𝑅𝑎𝑎𝑣𝑣 =
𝛼𝛼𝑣𝑣 𝜈𝜈𝑣𝑣

(2-81)

where, g, αv, βv, and νv are the gravity acceleration (m/s2), thermal diffusivity (m2/s), thermal
expansion coefficient (1/K), and kinematic viscosity (m2/s) of the vapor phase.

The thermal expansion coefficient is calculated by
𝛽𝛽𝑣𝑣 = −

1 𝜕𝜕𝜕𝜕𝑣𝑣
�
�
𝜌𝜌𝑣𝑣 𝜕𝜕𝜕𝜕 𝑃𝑃

(2-82)

The empirical correlation of heat transfer in an enclosure is employed to calculate the Nusselt
number in the vapor phase, Nuv,layer,k [80,81].
𝑁𝑁𝑢𝑢𝑣𝑣,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑘𝑘 = �

1
1

1/3

0.069𝑅𝑅𝑎𝑎𝑣𝑣 𝑃𝑃𝑃𝑃𝑣𝑣0.074

if 𝑇𝑇𝑣𝑣,𝑘𝑘+1 > 𝑇𝑇𝑣𝑣,𝑘𝑘
(conduction)
if 𝑇𝑇𝑣𝑣,𝑘𝑘+1 < 𝑇𝑇𝑣𝑣,𝑘𝑘 , and 𝑅𝑅𝑅𝑅𝑣𝑣 < 1708 (conduction)
if 𝑇𝑇𝑣𝑣,𝑘𝑘+1 < 𝑇𝑇𝑣𝑣,𝑘𝑘 , and 𝑅𝑅𝑅𝑅𝑣𝑣 ≥ 1708 (convection)

(2-83)
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where, Prv is the Prandtl number of vapor phase. Similar correlations are applied to calculate the
Nusselt number in the convection domain of the liquid phase, Nul,layer,i.

2.2.1.3

Boundary layer

The inner vertical wall of the tank is modeled by a vertical plate with a uniform heat flux rate. In
the vapor domain, two Grashof numbers, Grv and Grqv, are defined to describe the properties of
the boundary layer. Grv is determined by the temperature difference between the vapor cell k and
the vertical tank wall.
𝐺𝐺𝑟𝑟𝑣𝑣 =

3
𝑔𝑔𝛽𝛽𝑣𝑣 �𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑣𝑣,𝑘𝑘 �𝑙𝑙𝑣𝑣,𝑘𝑘
𝜈𝜈𝑣𝑣2

(2-84)

′′
4
𝑔𝑔𝛽𝛽𝑣𝑣 𝑞𝑞̇ 𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑙𝑙𝑣𝑣,𝑘𝑘
𝜈𝜈𝑣𝑣2 𝑘𝑘𝑣𝑣

(2-85)

′′
Grqv is determined by the heat flux rate 𝑞𝑞̇ 𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
,

𝐺𝐺𝑟𝑟𝑞𝑞𝑞𝑞 =

where, lv,k is the distance between the vapor cell k and the vapor-liquid interface. At the vaporliquid interface, lv,k is equal to 0. Then, the corresponding Raleigh numbers, Rav and Raqv, are
defined as,
𝑅𝑅𝑎𝑎𝑣𝑣 = 𝐺𝐺𝑟𝑟𝑣𝑣 𝑃𝑃𝑃𝑃𝑣𝑣

(2-86)

𝑅𝑅𝑎𝑎𝑞𝑞𝑞𝑞 = 𝐺𝐺𝑟𝑟𝑞𝑞𝑞𝑞 𝑃𝑃𝑃𝑃𝑣𝑣

(2-87)

The Nusselt number Nuv on the tank vertical walls in the vapor phase is calculated by [82,83],
𝑁𝑁𝑢𝑢𝑣𝑣 =

𝑁𝑁𝑢𝑢𝑣𝑣 =

ℎ𝑣𝑣 𝑙𝑙𝑣𝑣,𝑘𝑘
𝑘𝑘𝑣𝑣

ℎ𝑣𝑣 𝑙𝑙𝑣𝑣,𝑘𝑘
𝑘𝑘𝑣𝑣

𝑃𝑃𝑃𝑃𝑣𝑣 𝑅𝑅𝑅𝑅𝑞𝑞𝑞𝑞

0.2

= 0.62 � 0.8+𝑃𝑃𝑃𝑃 �
𝑣𝑣

, 𝑅𝑅𝑎𝑎𝑞𝑞𝑞𝑞 ≤ 1012 (laminar)

0.25
= 0.17𝑅𝑅𝑅𝑅𝑞𝑞𝑞𝑞
, 𝑅𝑅𝑎𝑎𝑞𝑞𝑞𝑞 > 1012

(turbulent)

(2-88)

(2-89)
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Using the definition of the heat flux rate on the vertical wall, given in Eq. (2-90), the temperature
difference between the vapor cell k and the wall is calculated.
′′
𝑞𝑞̇ 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
= ℎ𝑣𝑣 (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑣𝑣,𝑘𝑘 )

Δ𝑇𝑇𝑣𝑣,𝑘𝑘 = 𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑣𝑣,𝑘𝑘 =

(2-90)

′′
𝑞𝑞̇ 𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑙𝑙𝑣𝑣,𝑘𝑘
𝑁𝑁𝑢𝑢𝑣𝑣 𝑘𝑘𝑣𝑣

(2-91)

The thickness of the velocity boundary layer, δv,k, can be calculated as [84,85],

𝛿𝛿𝑣𝑣,𝑘𝑘 =

⎧
⎪

3.93𝑙𝑙𝑣𝑣,𝑘𝑘 �

0.952 + 𝑃𝑃𝑃𝑃𝑣𝑣 1/4
� 𝑃𝑃𝑃𝑃𝑣𝑣 −1/4
𝑅𝑅𝑅𝑅𝑣𝑣
1/10

⎨
1 + 0.494𝑃𝑃𝑃𝑃𝑣𝑣 2/3
⎪0.565𝑙𝑙𝑣𝑣,𝑘𝑘 �
�
𝑅𝑅𝑅𝑅𝑣𝑣
⎩

𝑃𝑃𝑃𝑃𝑣𝑣 −13/30

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

(2-92)

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

The upward mass flow rates in the boundary layer of the vapor phase are calculated by [52],
𝑚𝑚̇𝑣𝑣,𝑘𝑘 = 2𝜋𝜋𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝜌𝜌𝑣𝑣 𝑉𝑉𝑣𝑣,𝑘𝑘 𝛿𝛿𝑣𝑣,𝑘𝑘 × �

0.0833
0.1436

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(2-93)

where, the average velocity of the upward boundary-layer flow Vv,k is [86,87],
𝑉𝑉𝑣𝑣,𝑘𝑘

1/2

𝜈𝜈𝑣𝑣,𝑘𝑘
𝐺𝐺𝑟𝑟𝑣𝑣
= 1.185
�
�
𝑙𝑙𝑣𝑣,𝑘𝑘 1 + 0.494𝑃𝑃𝑃𝑃 2/3

(2-94)

𝑣𝑣

A similar method is employed to calculate the corresponding variables in the liquid domain.

2.2.1.4

Thermal stratification in the liquid domain

Due to the upward flow in the liquid boundary layer along the tank vertical walls, the thermal
stratification from the vapor-liquid interface gradually grows over time. In the stratified layer, the
conduction heat transfer is the main form of heat transfer between the liquid cells. The thickness
of this conduction domain, Δ, is calculated as [79],
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5

1/5

�𝐺𝐺𝑟𝑟𝑞𝑞𝑞𝑞 �
𝛥𝛥
𝜉𝜉𝜈𝜈𝑙𝑙 𝑡𝑡
= 1 − �1 − 0.616 �
�
� (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
𝐻𝐻𝑙𝑙
𝐻𝐻𝑙𝑙 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (0.8 + 𝑃𝑃𝑃𝑃𝑙𝑙 )1/5 𝑃𝑃𝑃𝑃 3/5
2/7

𝐺𝐺𝑟𝑟𝑞𝑞𝑞𝑞
𝛥𝛥
𝜉𝜉𝜈𝜈𝑙𝑙 𝑡𝑡
= 1 − �1 + 0.082 �
��
�
𝐻𝐻𝑙𝑙
𝐻𝐻𝑙𝑙 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑃𝑃𝑃𝑃𝑙𝑙

𝑙𝑙

�

−7

(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)

(2-95)

(2-96)

where,
′′
𝑔𝑔𝛽𝛽𝑙𝑙 𝑞𝑞̇ 𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐻𝐻𝑙𝑙4
𝐺𝐺𝑟𝑟𝑞𝑞𝑞𝑞 =
𝜈𝜈𝑙𝑙2 𝑘𝑘𝑙𝑙

(2-97)

and ξ is a time adjustment factor, which is determined by the experimental data. In addition, the
stratified layer growth is valid based on the assumption that the heat transfer occurs from the vaporliquid interface to the bulk liquid. Therefore, in this study, the thickness of the conduction domain,
Δ, is only valid where 𝑇𝑇𝑙𝑙,𝑗𝑗+1 > 𝑇𝑇𝑙𝑙,𝑗𝑗 .
2.2.1.5

Mass transfer between the heel and cargo layers

The mass transfer between the heel and cargo layers occurs due to their composition and density
differences. In the present study, it is assumed that the mole fractions of species in the entire heel
and cargo domains are uniform, respectively. The convective mass transfer rates between the heel
and cargo layers are calculated by Eqs. (2-98) and (2-99).
𝑑𝑑
�𝑐𝑐
∀
�
𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
= 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 (𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 )

(2-98)
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𝑑𝑑
�𝑐𝑐
∀
�
𝑑𝑑𝑑𝑑 ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 ℎ𝑒𝑒𝑒𝑒𝑒𝑒
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𝑒𝑒
− 𝑚𝑚̇ 𝑒𝑒 𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 ��
𝑐𝑐
+ 𝑚𝑚̇ 𝑐𝑐 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 ��

𝑁𝑁

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖
𝑁𝑁
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖

(2-99)

𝑒𝑒
(𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 )

𝑐𝑐
(𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 )

where, cheel, species i and ccargo, species i are the molar volume concentrations of species i in the heel and
𝑐𝑐
cargo layers, respectively (kmole/m3). 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 is the mole fraction of species i in the liquid phase
𝑒𝑒
condensed from the vapor phase, and 𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 is the mole fraction of species i in the vapor phase

evaporated from the liquid phase. 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 is the molar mass of species i (kg/kmole). The mole

𝑒𝑒
fraction of species i in the vapor phase, 𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 , originated from the evaporation of the bulk liquid
𝑐𝑐
phase with mole fraction xspecies i, and the mole fraction of species i in the liquid phase, 𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 ,

originated from the condensation of the bulk vapor phase with mole fraction yspecies i are calculated
𝑒𝑒
𝑐𝑐
by K values (𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 and 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 ),

𝑒𝑒
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖

𝑒𝑒
𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖
=
𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖

𝑐𝑐
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 =

𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖
𝑐𝑐
𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖

(2-100)

(2-101)

K values are equal to the ratio of the liquid phase fugacity to the vapor phase fugacity at the vaporliquid equilibrium (VLE) state discussed in Appendix B .

To calculate the convective mass transfer film coefficient, hmass, Reynolds analogy [88] is used,
ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

ℎℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝜌𝜌̅ 𝑐𝑐�𝑝𝑝

(2-102)
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where, 𝜌𝜌̅ and 𝑐𝑐�𝑝𝑝 are the average density (kg/m3), and the average of the specific heat capacity
(W/(kg·K)) of the heel and the cargo interface layers, respectively. The convective heat transfer

coefficient, ℎℎ𝑒𝑒𝑒𝑒𝑒𝑒 , is calculated by using the Nusselt number, Nuheat, defined on a horizontal plate:
𝑁𝑁𝑢𝑢ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =

ℎℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟

(2-103)

𝑘𝑘

where, 𝑘𝑘 is the average thermal conductivity of the heel and the cargo layers (W/(m·K)). 𝑁𝑁𝑁𝑁ℎ𝑒𝑒𝑒𝑒𝑒𝑒
is calculated by Eqs. (2-104) and (2-105) [72].
1/4

(2-104)

1/3

(2-105)

𝑁𝑁𝑁𝑁ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 0.54𝑅𝑅𝑅𝑅ℎ𝑒𝑒𝑒𝑒𝑒𝑒 (2.2 × 104 ≤ 𝑅𝑅𝑎𝑎ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 8 × 106 )
𝑁𝑁𝑁𝑁ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 0.15𝑅𝑅𝑅𝑅ℎ𝑒𝑒𝑒𝑒𝑒𝑒 (8 × 106 < 𝑅𝑅𝑎𝑎ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 1.6 × 109 )

The Rayleigh number, Raheat, based on the density difference between the heel and the cargo layers,
Δρ, is calculated as follows:
𝑅𝑅𝑅𝑅ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑔𝑔Δ𝜌𝜌𝐿𝐿3𝑟𝑟𝑟𝑟𝑟𝑟
2
𝜌𝜌̅ 𝜈𝜈𝐿𝐿𝐿𝐿𝐿𝐿

���
𝑃𝑃𝑃𝑃

(2-106)

where, νLNG is the kinematic viscosity of LNG (m2/s) and ���
𝑃𝑃𝑃𝑃 is the average Prandtl number of the

heel and cargo layers. The reference length, Lref, in Eqs. (2-103) and (2-106) is defined by Eq.
(2-29).

Equation (2-107) gives the total mass transfer rate between the cargo and heel layers (positive if
the mass is transferred from the heel to cargo).
𝑚𝑚̇𝑠𝑠 =

𝑁𝑁

� 𝑚𝑚̇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 =
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𝑁𝑁

𝑑𝑑
� 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 �𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 ∀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �
𝑑𝑑𝑑𝑑

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖

(2-107)
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To accommodate the mass transfer at the heel-cargo interface, the mass source term, 𝑚𝑚̇𝑠𝑠 , is added
to the mass conservation equation (Eq. (2-56)) in the liquid cells adjacent to the heel-cargo
interface. The values of these mass source terms are positive and negative in the heel and cargo
cells, respectively.

The heat transfer rate at the vapor-liquid interface, the equation of state, and the thermal properties
of the liquid and vapor phases are calculated similarly to those discussed in the non-equilibrium
thermodynamic method.

2.2.2

Computational algorithm in the non-equilibrium multilayer thermodynamic

modelling
Figure 2.6 shows the steps required to solve the governing equations in the liquid and vapor
domains in the non-equilibrium multilayer thermodynamic modelling. As the volume of the LNG
in the tank changes over time due to the heat transfer from the environment and phase change at
the vapor-liquid interface, the liquid and vapor domains are re-meshed at each time step to adjust
the new liquid and vapor volumes, respectively. The physical properties are mapped from the old
mesh domain to the new mesh domain accordingly. In the vapor domain, the pressure and bulk
mass flow rates exchanged between the numerical cells are determined in an iterative method, and
an under-relaxation factor of 0.05-0.4 is used to stabilize the numerical calculation procedure.
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Input parameters, and boundary and initial conditions:
Tank geometry, tank pressure, liquid level, species
mole fractions in the liquid and vapor phases,
temperature profiles in the liquid and vapor phases,
Temperature or heat flux rates on tank walls

Boundary layer (BL) in the vapor phase:
Calculate BL thickness along the tank walls, and upward
mass flow rates inside BLs of the vapor phase
Heat transfer between vapor cells:
Calculate convective and conductive heat transfer rates
in the vapor phase

Mesh generation in the liquid and vapor domains

Governing equations in the vapor phase:
Calculate mass and energy conservation equations, and
density of the vapor phase

t = t +Δt
Vapor-liquid interface:
Calculate the heat transfer rate at the interface,
and evaporation and condensation rates

Calculate the compressibility factor, Z, in the vapor phase
based on PR-EoS

Heel-cargo interface (rollover case):
Calculate the convective mass transfer rate between the
heel and cargo layers

Update pressure based on vapor cell volume
conservation equations

Boundary layer (BL) in the liquid phase:
Calculate BL thickness along the tank walls, and upward
mass flow rates inside BLs of the liquid phase

Update the compressibility factor, Z, in the vapor phase
based on PR-EoS using new value of pressure

Update the bulk mass flow rates in the vapor phase
based on mass conservation equations

Thermal stratification growth:
Calculate the thickness of the conduction domain in the
liquid phase

|Pnew – Pold | < 10-1
|ṁbulk,new – ṁbulk,old | < 10-4

Governing equations in the liquid phase:
Calculate mass and energy conservation equations, and
density of the liquid phase

N

Y
Update the compositions of the vapor and liquid phases

Remesh the liquid and vapor domains
N
Check t > tfinal, or P > Pmax
Map variables from the old mesh to the new mesh
Y
Calculate the volume of the vapor phase

End

Figure 2.6. Flow chart to solve the governing equations in a non-equilibrium multilayer thermodynamic
model for a cryogenic vertical storage tank.
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Chapter 3: Results from Non-equilibrium Thermodynamic Modelling

3.1

Model validation

In this section, the results of a non-equilibrium thermodynamic model are compared against two
sets of experimental data from horizontal and vertical tanks.

3.1.1

The horizontal tank

To validate the accuracy of the thermodynamic models, experimental data of a horizontal onboard
tank reported by Harper and Powars [89] are considered. The tank was initially filled to 75% of its
total capacity. The initial pressure of the tank was 283 kPa, and the tank was tested under stationary
conditions. The pressure of the tank gradually increased due to heat transfer from the environment
until it reached the MAWP of the tank at 1,585 kPa. LNG is assumed to be pure methane for this
analysis. The details of the experiment are summarized in Table 3.1.
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Table 3.1. The geometry, thermal properties, and initial conditions in a horizontal LNG storage tank
reported by Harper and Powars [89].

Parameter
Tank net capacity
Length of the inner tank
Inner diameter of the tank
Tank thickness (including
insulation layer)
Mass of the tank (empty)

Symbol
Vtank
Ltank
Di
ttank

Value
0.257 m3
0.909 m
0.6 m
0.03m

Remarks

mtank

175 kg

Specific heat capacity of the
tank
Overal heat transfer rate to
the tank
Surface area of the inner
tank
Ambient temperature
Maximum allowable
working pressure
Initial conditions
LNG tank level
LNG temperature
Vapor phase temperature
LNG pressure
Time step

cp,tank

477 J/kg·K

Calculated from the density of stainless
steel 304
Assumed from stainless steel 304

Q̇tank

20.9 W

Atank

2.279 m2

Tambient
MAWP

25°C
1,585 kPa

Ll
Tl,initial
Tv,initial
Pinitial
Δt

0.4212 m
125.7 K
125.7 K
283 kPa
60 s

Assumed equilibrium state in the tank
Assumed equilibrium state in the tank
Selected based on the results at 30-, 60, and 120-s time steps

A comparison of the numerical results and experimental data is shown in Figure 3.1. It can be seen
that the results of the equilibrium and non-equilibrium thermodynamic models agree with the
experimental data of the stationary horizontal tank. The maximum relative difference between the
numerical and experimental data is 8%. The average relative differences between the experimental
data and the numerical data calculated by the equilibrium and non-equilibrium thermodynamic
models are 3% and 5%, respectively. Considering the duration of the experiment (140 h) and lack
of information on the uncertainty of experimental data reported by Harper and Powars [89], the
average relative differences of 3% and 5% between the pressures calculated by the numerical
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models and the experimental data are reasonable. This model validation highlights that both
equilibrium and non-equilibrium thermodynamic models have good accuracy in predicting the
pressure of stationary tanks when no external agent, such as vibration and vapor injection to the
tank, disturbs the liquid and vapor domains.
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Figure 3.1. A comparison between the results of the equilibrium and non-equilibrium thermodynamic
models developed in this study and the experimental data of a horizontal tank reported by Harper and
Powars [89].

3.1.2

The vertical tank

Ludwig et al. [90] conducted an experiment on a vertical tank filled with liquid nitrogen. In the
present study, the models are developed independently from the tank geometry and cryogenic fluid
properties. Therefore, the models should be able to predict the performance of a vertical tank filled
with liquid nitrogen. The vertical tank used in the experiment of Ludwig et al. [90] and the
locations of thermocouples installed inside the tank are shown in Figure 3.2. The tank geometry,
and initial and boundary conditions are summarized in Table 3.2.
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Figure 3.2. Schematic of the liquid nitrogen vertical tank and the location of thermocouples [90].

Table 3.2. The geometry of the vertical tank and its initial conditions in the experiment of Ludwig et al. [90].

Parameter
Tank net capacity
Length of the inner tank
Inner diameter of the tank
Tank thickness (including
insulation layer)
Mass of the tank (empty)

Symbol
Vtank
Ltank
Di
t

Value
43×10-3 m3
0.650 m
0.296 m
1.5 mm

Remarks

mtank

9.73 kg

Specific heat capacity of the tank

cp,tank

477 J/kg·K

Calculated from the density
of stainless steel 304
Assumed for stainless steel
304

Surface area of the inner tank
Ambient temperature
Initial conditions
LN2 tank level
LN2 temperature
Vapor phase temperature
LNG pressure
Time step

Atank
Tambient

0.742 m2
25°C

Ll
Tl,initial
Tv,initial
Pinitial
Δt

0.455 ±0.001 m
77.7 K
150.9 K
106 kPa
0.1 s

Selected based on the results
at 0.01-, and 0.1-s time steps
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In the experiment conducted by Ludwig et al. [90], the tank was initially pressurized by injecting
gaseous nitrogen at 294 K to the vapor space of the tank for 53 s until the tank pressure reached
300 kPa. Then, the inlet valve to the tank was shut off. The relaxation phase took 147 s until the
tank pressure decreased to 246 kPa due to the condensation of gaseous nitrogen in contact with the
liquid nitrogen. Ludwig et al. [90] measured the temperature profiles of liquid and gaseous
nitrogen inside the tank. The locations of thermocouples depicted in Figure 3.2 are provided in
Table 3.3.

Table 3.3. Radial and axial locations for the thermocouples inside the vertical nitrogen tank [90].

Thermocouple number
T1
T2
T3
T4
T5
T6
T7

Radial (x) [m]
0.0980
0.0980
0.0980
-0.1480
-0.1480
0.0063
0.0980

Axial (z) [m]
0.460
0.510
0.610
0.450
0.630
0.644
0.445

In the equilibrium thermodynamic model, the initial temperatures of the liquid and vapor phases
are set at 77.8 K to correspond to the initial saturation pressure of the tank at 106 kPa. In the nonequilibrium thermodynamic modelling, the initial liquid temperature is set at 77.7 K based on the
measured temperatures by thermocouple T7 installed in the liquid nitrogen space. To calculate the
average temperature in the vapor space based on the readings of thermocouples T1, T2, T3, and
T6, the specific enthalpies at these locations are calculated. Then, a polynomial curve is fitted to
the calculated specific enthalpies along the tank axial direction (z-direction). Similarly, the density
of the gaseous nitrogen is calculated from the experimental temperature and pressure data. Using
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the polynomial curves of the specific enthalpy and density, the average mass enthalpy in the vapor
space of the tank is calculated:
𝜋𝜋𝐷𝐷2
𝐿𝐿𝑣𝑣
∫0 ℎ(𝑧𝑧)𝜌𝜌(𝑧𝑧) � 4 𝑖𝑖 � 𝑑𝑑𝑑𝑑
ℎ�𝑣𝑣 =
𝜋𝜋𝐷𝐷2
𝐿𝐿𝑣𝑣
∫0 𝜌𝜌(𝑧𝑧) � 4 𝑖𝑖 � 𝑑𝑑𝑑𝑑

(3-1)

Accordingly, the initial vapor temperature is calculated (150.9 K) from the tank pressure and
average mass enthalpy of the vapor.

Ludwig et al. [90] embedded the tank in a vacuum to improve the insulation except for the top lid.
Considering the short period of the experiment (200 s), an adiabatic boundary condition is set at
the tank wall. The convection heat transfer coefficient on the lid is calculated based on the
empirical correlations of external free convection on a horizontal flat plate (Eqs. (2-30), (2-31),
and (2-32)). The thickness of the tank lid, tlid, is assumed to be 3 mm, and the thermal conductivity
of the tank lid, klid, is assumed to be 14.56 W/m·K at 282 K [91].

Figure 3.3 shows the pressure and temperature profiles calculated using the equilibrium
thermodynamic, non-equilibrium thermodynamic, and CFD models, and compared against the
experimental data of Ludwig et al. [90]. The computational domain and CFD model are developed
by using Ansys ICEM CFD and Ansys Fluent software, respectively [92]. Figure 3.3(a) illustrates
that the non-equilibrium thermodynamic and CFD models predict the tank pressure similarly. The
tank pressure calculated by the non-equilibrium thermodynamic model has a good agreement with
the experimental data with the maximum relative difference of 3.1%. In contrast, the pressure
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profile calculated by using the equilibrium thermodynamic model is not able to predict the sudden
pressure rise in the tank.
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Figure 3.3. Comparison of equilibrium thermodynamic, non-equilibrium thermodynamic, and CFD
models against the experimental data of Ludwig et al. [90]: (a) Tank pressure and (b) temperature profiles
in the vapor and liquid nitrogen.

Figure 3.3(b) shows that the temperature profiles of liquid nitrogen calculated by the equilibrium
thermodynamic, non-equilibrium thermodynamic and CFD models have a good agreement with
the experimental data (thermocouples T4 and T7 in Figure 3.2). However, the equilibrium
thermodynamic model fails to predict the vapor temperature during the pressurization and
relaxation processes.

During the pressurization process, Figure 3.3(b) shows that the average temperature of the vapor
phase predicted by the non-equilibrium thermodynamic model is between the temperatures
measured by thermocouples T2 and T3. During the relaxation process, the non-equilibrium
thermodynamic model gives the average temperature of the vapor phase close to thermocouple T2
which is located almost at the center of the vapor space as shown in Figure 3.2. The CFD model
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provides more details on the temperature distribution in the vapor phase. However, due to the
complexity of the flow field during the pressurization phase, the difference among the temperature
profiles calculated by the CFD model and experimental data is larger during the pressurization
phase rather than those in the relaxation phase.

Although the CFD model can predict the temperature and pressure profiles, the computational time
required for the physical time of 200 s is about 4 hours (CPU: Intel i7-7700K and RAM: 64 GB).
This long computation time illustrates that using the CFD model is not practical to investigate the
thermal performance of storage tanks holding LNG for a few days, weeks, or months.

3.2

Base-case model analysis

In this section, the performance of two identical vertical and horizontal LNG storage tanks installed
in refueling stations is studied. Table 3.4 shows the specs, boundary and initial conditions of these
storage tanks. The tanks are initially filled to 50% and 80% of their capacity. For safety reasons
and to accommodate the thermal expansion of LNG due to the heat transfer, LNG storage tanks in
refueling stations are filled up to 85% of their capacity [93]. In the case of underutilization of LNG
refueling stations, e.g., a limited number of LNG-fueled trucks in a region, the storage tanks are
not completely filled. The MAWP of these storage tanks is set at 1,300 kPa, and beyond this
pressure, safety valves installed on the storage tanks are activated.
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Table 3.4. Specs of vertical and horizontal LNG storage tanks, and boundary and initial conditions.

Parameters
Tank net capacity, Vtank
Length of inner tank, Ltank
Outer diameter, Do
Inner diameter, Di
Mass of the tank (empty), mtank
Specific heat capacity of tank, cp,tank
Surface area of inner tank, Atank
Conductivity of insulation material,
kinsulation
Ambient temperature, Tair
Maximum allowable working
pressure of storage tank (MAWP)
Initial conditions
Liquid phase temperature, Tl,initial
Vapor phase temperature, Tv,initial
LNG tank pressure, Pinitial

Value
57.2 m3
12.64 m
2.896 m
2.4 m
21,455 kg
477 J/kg·K
104.35 m2
0.021
W/m·K
298.15 K
1,300 kPa

Description
Ref. [94]
Ref. [94]
Ref. [94]
Ref. [94]
Ref. [94]
Assumed from stainless steel 304
Calculated from inner tank geometry
Vacuum Polyurethane insulated tank
[95]
Assumed
Ref. [96]

123.2 K
123.2 K
240 kPa

Inner tank wall temperature
Outer tank wall temperature
Time step (stationary LNG storage
tanks), Δt
Time step (stationary LNG storage
tanks), Δt

123.2 K
298.15 K
60 s

Assumed
Assumed
Correspond to the saturation pressure
at the liquid phase temperature
Assumed
Set at the ambient temperature
Selected based on the results at 30-,
60-, and 120-s time steps
Selected based on the results at 15and 30-s time steps

15 s

Figure 3.4 shows the performance of the vertical LNG storage tank at 50% and 80% LNG filling
levels. Figure 3.4(a) shows that the equilibrium and non-equilibrium thermodynamic models
predict the pressure increase of the tank similarly. The tank filled to 50% of its capacity has a
shorter holding time than that filled to 80%. This is due to the lower thermal mass of LNG in the
storage tank filled to 50%, and consequently, faster evaporation of LNG. Figure 3.4(b)
demonstrates that the temperature profiles calculated by the equilibrium thermodynamic model
fall between the liquid and vapor temperature profiles calculated by the non-equilibrium
thermodynamic model. Also, Figure 3.4(b) indicates that the liquid and vapor temperature gradient
can be as high as 25 K for the storage tank initially filled to 50% of its net capacity.
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Figure 3.4. Thermal performance of the vertical LNG storage tank at 50% and 80% initial LNG filling
levels: (a) pressure, (b) temperature, (c) LNG level, (d) total heat transfer rate to the storage tank, (e) inner
vertical wall temperature, and (f) outer vertical wall temperature.
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The changes in the LNG level in the tank due to the heat transfer are shown in Figure 3.4(c). The
equilibrium and non-equilibrium thermodynamic models predict a similar LNG level increase. As
LNG temperature increases, its density decreases leading to an increase in the LNG level. For the
vertical storage tank with the initial LNG filling levels of 50% and 80%, the final LNG levels
increase to 56% and 93%, respectively.

Figure 3.4(d) displays the total heat transfer rate to the vertical LNG storage tank. The total heat
transfer rate to the tank is the summation of the heat transfer rates to the liquid and vapor phases
calculated from Eqs. (2-22) and (2-23). In this study, the same initial temperatures are set at the
inner tank wall, and vapor and liquid phases (shown in Table 3.4). Therefore, the initial total heat
transfer rates calculated by using the equilibrium and non-equilibrium thermodynamic models are
equal to zero. As the temperatures of LNG, vapor, and tank walls change, the heat transfer rate
gradually increases. Figure 3.4(d) indicates that the total heat transfer rate to the tank calculated
by using the equilibrium and non-equilibrium thermodynamic models are different during the first
100 hrs and as time passes, the total heat transfer rates to the tank merge together. Within the first
100 hrs, the vapor temperature calculated by the non-equilibrium thermodynamic model increases
(e.g., up to 25 K more than the LNG temperature as shown in Figure 3.4(b)) leading to a lower
heat transfer rate to the vapor space of the tank than that calculated by using the equilibrium
thermodynamic model. This results in a lower total heat transfer rate to the tank predicted by the
non-equilibrium thermodynamic model. After the first 100 hrs, the vapor and LNG temperature
gradient calculated by the non-equilibrium thermodynamic model decreases. Therefore, the total
heat transfer rate to the tank calculated by the non-equilibrium thermodynamic model becomes
similar to that calculated by the equilibrium thermodynamic model.
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Figure 3.4(e) and (f) display the inner and outer vertical wall temperatures in the vertical LNG
storage tank, respectively. The inner vertical wall temperature has a similar trend to the
temperature profiles of vapor and liquid phases showed in Figure 3.4(b). The temperature
difference between the inner vertical wall in contact with the vapor phase and the bulk vapor is
about 2 K. This temperature difference in the liquid part is about 0.1 K due to the stronger
convection heat transfer along the vertical walls in contact with the liquid phase than those in
contact with the vapor phase. The outer vertical wall temperature does not change significantly as
shown in Figure 3.4(f) except the first few hours which is affected by the initial temperature set on
the outer vertical wall.

Figure 3.5 shows the performance of the horizontal LNG storage tank at 50% and 80% LNG filling
levels. It can be seen that the trends of pressure, temperature, LNG level, total heat transfer rate,
and inner and outer wall temperatures in the horizontal tank are similar to those in the vertical
LNG storage tank. However, Figure 3.5(b) shows a smaller temperature gradient between the
vapor and LNG in the horizontal tank. This is due to the larger vapor-liquid interface in the
horizontal tank than that in the vertical tank and, therefore, a higher heat transfer rate between the
LNG and vapor phase.
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Figure 3.5. Thermal performance of the horizontal LNG storage tank at 50% and 80% initial LNG filling
levels: (a) pressure, (b) temperature, (c) LNG level, (d) total heat transfer rate to the storage tank, (e) inner
top and bottom wall temperatures, and (f) outer top and bottom wall temperatures.
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The average daily BOG generation rate is calculated by
𝐵𝐵𝐵𝐵𝐵𝐵 =

𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
× 24 × 100 [%/𝑑𝑑𝑑𝑑𝑑𝑑]
𝑚𝑚𝑙𝑙 𝑎𝑎𝑎𝑎 𝑡𝑡=0 𝑡𝑡ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(3-2)

where, 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the amount of the mass of the evaporated vapor phase (kg), and ml at t=0 is the
initial mass of the LNG in the tank (kg). tholding time is the storage tank holding time (hr) until the

pressure reaches the tank MAWP without venting.

In this situation, the LNG storage tank is kept closed. No vapor gas is released from the LNG
storage tank, or returned to the tank. Therefore, Δmv, the changes in the initial and final masses of
the vapor phase (kg), is equal to 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . Therefore, the average daily BOG generation rate can be

expressed as,

𝐵𝐵𝐵𝐵𝐵𝐵 =

Δ𝑚𝑚𝑣𝑣
× 24 × 100[%/𝑑𝑑𝑑𝑑𝑑𝑑]
𝑚𝑚𝑙𝑙 𝑎𝑎𝑎𝑎 𝑡𝑡=0 𝑡𝑡ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(3-3)

Figure 3.6 shows the holding time and average daily BOG generation rate of the vertical and
horizontal LNG storage tanks calculated by using the equilibrium and non-equilibrium
thermodynamic models. The vertical and horizontal tanks with 50% filling level have a shorter
holding time and a larger BOG generation rate than those with 80% filling level. Therefore, a
higher filling level in the tank helps to increase the holding time and decrease the average daily
BOG generation rate. Figure 3.6 indicates that both equilibrium and non-equilibrium
thermodynamic models predict similar holding time and BOG generation rates for vertical and
horizontal storage tanks under stationary conditions.
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Figure 3.6. (a) Holding time and (b) average daily BOG generation rate of the vertical and horizontal LNG
storage tanks calculated by using the equilibrium and non-equilibrium thermodynamic models at the basecase conditions given in Table 3.4.

3.3

Performance of LNG storage tanks in refueling stations during truck refueling

In this study, LNG dispensing to heavy-duty trucks with two 0.454-m3 (120-gal) onboard tanks is
considered. It is assumed that the heavy-duty trucks are filled when the LNG level in their onboard
tanks reaches 20%. At this condition, the average pressure of onboard tanks is 1,273 kPa (170
psig). Before starting the refueling process, the pressure of onboard tanks is reduced by returning
the extra vapor to the LNG refueling station. This process takes 2 minutes. Then, the refueling
process starts and continues until the LNG level in the onboard tanks reaches 90%. The refueling
process takes 10 minutes. A 5-minute interval is assumed between refueling two trucks. The fuel
dispensing to trucks is continued daily until the LNG level in the storage tank goes below 20%.

To reduce the pressure of a truck’s onboard tank before starting the refueling process, the extra
vapor in the onboard tank should be returned to the refueling station. In this study, it is assumed
that the pressure of the onboard tank is decreased from 1,273 kPa (170 psig) to 1,135.5 kPa (150
psig) (Process 1), and from 1,273 kPa (170 psig) to 652.9 kPa (80 psig) (Process 2). These
70

processes are selected based on our observation of operational LNG refueling stations. The average
vapor return rate to the refueling station (kg/s) is calculated by

𝑚𝑚̇𝐵𝐵𝐵𝐵𝐵𝐵 =

�𝜌𝜌𝑣𝑣,𝑃𝑃𝑖𝑖 −𝜌𝜌𝑣𝑣,𝑃𝑃𝑓𝑓 �×2×0.8×∀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
Δ𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵

(3-4)

where, 𝜌𝜌𝑣𝑣,𝑃𝑃𝑖𝑖 and 𝜌𝜌𝑣𝑣,𝑃𝑃𝑓𝑓 are the vapor densities (kg/m3) at the initial (1,273 kPa) and finial pressures

of the onboard tanks, respectively. Δ𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵 is the vapor return process duration (2 minutes) and 0.8 ×
∀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the volume of vapor space of an onboard tank (m3). Based on Eq. (3-4), the average

vapor return rates for Processes 1 and 2 equal 0.0023 and 0.0743 kg/s, respectively.

The average LNG refueling rate (kg/s) pumped to the onboard tanks is calculated by

𝑚𝑚̇𝐿𝐿𝐿𝐿𝐿𝐿 =

𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿 ×2×0.7×∀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
Δ𝑡𝑡𝐿𝐿𝐿𝐿𝐿𝐿

(3-5)

where, 0.7 × ∀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the volume of LNG filled in an onboard tank (m3) (from 20% to 90%
of its capacity) and Δ𝑡𝑡𝐿𝐿𝐿𝐿𝐿𝐿 is the duration of LNG refueling process (10 minutes). Based on

Eq.(3-5), the average LNG refueling rate equals 0.4243 kg/s for both Processes 1 and 2.

To study the performance of the vertical and horizontal LNG storage tanks in a refueling station
under dynamic operating conditions, fleets of 10 and 20 heavy-duty trucks are considered. Figure
3.7 shows the pressure and temperature changes inside the vertical and horizontal storage tanks
calculated by using the equilibrium and non-equilibrium thermodynamic models for the fleet of
10 heavy-duty trucks.
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Figure 3.7(a) and (c) show that the pressure rise in the vertical and horizontal tanks is affected by
the heat transfer from the environment and vapor return from trucks’ onboard tanks. Figure 3.7(a)
and (c) highlight the failure of the equilibrium thermodynamic model to predict the pressure
increase in the vertical and horizontal storage tanks due to vapor return from trucks’ onboard tanks.
This is consistent with the conclusion made in the model validation of a storage tank under the
pressurization process discussed in Section 3.1.2. In contrast, the non-equilibrium thermodynamic
model responds to the sudden pressure rise in the tanks due to the vapor return process.
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Figure 3.7. Changes in the pressure and temperature of (a, b) vertical storage tank and (c, d) horizontal
storage tank to fuel the fleet of 10 trucks.
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According to the results of the non-equilibrium thermodynamic modelling shown in Figure 3.7, it
can be concluded that the horizontal storage tank has a better performance than the vertical storage
tank in condensing the vapor returned from trucks. Due to having a larger vapor-liquid interface,
the pressure increase, and the temperature gradient between liquid and vapor phases in the
horizontal storage tank are smaller than those in the vertical storage tank after about 140 hrs (~ 6
days) of operating the refueling station. Also, Figure 3.7 indicates that Process 2 (in which the
pressure in the onboard tanks is decreased more than Process 1) does not increase the storage tank
pressure in refueling stations beyond the tank’s MAWP (1,300 kPa.)

Figure 3.8 shows the pressure and temperature increase in the vertical and horizontal storage tanks
when dispensing fuel to the fleet of 20 trucks. Similar to the results of the non-equilibrium
thermodynamic modelling shown in Figure 3.7, the horizontal storage tank has better performance
than the vertical storage tank. It maintains the tank pressure low by condensing the vapor returned
from heavy-duty trucks at a higher rate.
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Figure 3.8. Changes in the pressure and temperature of (a, b) vertical storage tank and (c, d) horizontal
storage tank to fuel the fleet of 20 trucks.

This finding suggests that for refueling stations, where space is not a concern, horizontal storage
tanks provide a lower operating pressure and longer LNG holding time than vertical storage tanks.

3.4

Summary

This chapter validated the non-equilibrium thermodynamic model applied to vertical and
horizontal tanks. The chapter included a comparison between the equilibrium and non-equilibrium
thermodynamic models with a parametric study for a base-case tank. The thermal performance of
the vertical and horizontal tanks was compared. Analyzing the thermal performance of LNG
storage tanks illustrated the advantages and applications of the non-equilibrium thermodynamic
model over the equilibrium thermodynamic model.
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Chapter 4: Results from Non-equilibrium Multilayer Thermodynamic
Modelling

4.1

Model validation

The non-equilibrium multilayer thermodynamic model is employed to model the La Spezia
rollover incident reported by Sarsten [26]. This incident occurred in SNAM LNG Terminal in La
Spezia, Italy, on August 21, 1971. The thermal stratification occurred after the tank was loaded
with fresh LNG (cargo) with a different composition from the leftover LNG (heel) in the tank
(Figure 4.1). The rollover occurred when the tank experienced a sudden pressure increase which
led to the BOG discharge through the tank safety valves. The La Spezia incident arouses questions
on what the key factors in the rollover phenomenon were, and what safety measures should be
considered in the design and operation of LNG storage tanks. The geometry, and initial and
boundary conditions in the La Spezia rollover incident are summarized in Table 4.1, Table 4.2,
and Table 4.3, respectively.
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Heel-cargo interface
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Heat flux
Figure 4.1. A schematic of the LNG storage tank in the La Spezia rollover incident in 1971.
Table 4.1. The tank geometry in the La Spezia rollover incident [26].

Parameter
Tank inner diameter
Tank height
Tank cross-sectional area

Symbols
Di
H
Across

Values
49.08 m
43.28
1891.90 m2

Remark

Calculated based on Di

Table 4.2. Initial composition of LNG and vapor phase [27], LNG level, pressure, as well as the temperature
and densities of LNG in the heel and cargo layers, and the vapor phase.

Heel layer (top)
Components
Methane (CH4)
Ethane (C2H6)
Propane (C3H8)
n-Butane (C4H10)
Nitrogen (N2)
Initial conditions
Temperature (K)
Pressure (kPa)
Space height (m)
Density(kg/m3)
(based on PR-EoS)

63.62
24.16
9.36
2.51
0.35
114.36
103.78
5.03
534.11

Cargo layer (bottom)
Initial mole fraction %
62.26
21.85
12.66
3.21
0.02
119.0
103.78
17.83
538.04

Vapor phase
95.00
0.00
0.00
0.00
5.00
122.04
103.78
20.42
1.746
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Table 4.3. The thermal boundary conditions on the tank in the La Spezia rollover incident [27].

Parameter
Heat flux rate from the tank bottom wall to the cargo layer
Heat flux rate from the tank side walls to the LNG in the heel
and cargo layers
Heat flux rate from the tank side walls to the vapor phase
Heat flux rate from the tank top wall to the vapor phase

Symbols
𝑞𝑞̇ 𝑏𝑏′′
′′
𝑞𝑞̇ 𝑙𝑙,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
′′
𝑞𝑞̇ 𝑣𝑣,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑞𝑞̇ 𝑡𝑡′′

Values
20.82 W/m2
6.94 W/m2
6.94 W/m2
15.77 W/m2

To test the mesh independence of the non-equilibrium multilayer thermodynamic model, four
mesh sizes were tested: (1) 15 cells in the heel and cargo layers, and 7 cells in the vapor phase, (2)
20 cells in the heel and cargo layers, and 10 cells in the vapor phase, (3) 30 cells in the heel and
cargo layers, and 15 cells in the vapor phase, and (4) 40 cells in the heel and cargo layers, and 20
cells in the vapor phase.

Figure 4.2 shows the changes in the densities of LNG at the heel-cargo interface. In this analysis,
the rollover occurs when the densities of LNG adjacent to the heel-cargo interface equalize and
the interface becomes unstable.

The numerical results in Figure 4.2 show that the model predicts the LNG densities adjacent to the
heel-cargo interface independent from the mesh sizes. The model predicts that the rollover occurs
after 18.2-23 hours compared with the experimental rollover time of 18 hours (the relative
difference is 1-28%) [26].
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Figure 4.2. Changes in the LNG densities adjacent to the heel-cargo interface over time calculated by the nonequilibrium multilayer thermodynamic model and compared against the experimental rollover time [26].

Figure 4.3(a) and (b) show further details about the changes in the LNG and vapor temperatures
in the tank over time. In Figure 4.3, 30 cells in the heel and cargo layers, and 15 cells in the vapor
phase are employed. Figure 4.3(a) shows that while both heel and cargo receive heat from the tank
walls, the cargo bulk temperature decreases over time due to the heat transfer from the cargo layer
to the heel layer.
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Figure 4.3. (a) LNG temperature profiles in the cargo and heel layers, (b) temperature distribution and
thermal stratification in the tank over time, (c) LNG density profiles in the cargo and heel layers at the
rollover start time, and (d) changes in the methane (CH4) mole fraction in the cargo and heel layer over
time.

The changes in the temperatures of the cargo, heel, and vapor phase are shown in Figure 4.3(b).
The results indicate that the LNG temperature at the bottom of the cargo layer increases over time
due to heat transfer from the tank bottom wall, and the LNG temperature at the cargo near the heelcargo interface decreases over time due to heat transfer to the heel layer. The results in Figure
4.3(b) indicate that the heel bulk temperature increases over time. However, the LNG temperature
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in the heel near the vapor-liquid interface remains constant because the LNG bubble temperature
in atmospheric LNG storage tanks does not change. The numerical results in Figure 4.3(b)
demonstrate that the thermal stratification in the vapor phase is stronger than the liquid phase
because of the lower thermal conductivity and thermal mass of gaseous natural gas than those of
the LNG.

The LNG density profile in the heel and cargo layers at the rollover start time (22.5 hours) is shown
in Figure 4.3(c). In the cargo, the LNG density increases from the bottom to the heel-cargo
interface, which inversely correlates to the temperature profile shown in Figure 4.3(b). In the heel,
the LNG density is equal to that in the cargo at the heel-cargo interface, which explains why the
rollover occurs, and increases at the vapor-liquid interface due to the LNG evaporation.

Figure 4.3(d) shows the changes in the methane (CH4) mole fraction in the heel and cargo layers
over time. Methane (CH4) has the lowest boiling pressure among hydrocarbons in the LNG
mixture. Therefore, it evaporates faster than other species, e.g., ethane, propane, etc. Figure 4.3(d)
indicates that the methane mole fraction in the heel layer decreases over time due to the preferential
evaporation of methane at the vapor-liquid interface, and the mass transfer between the heel and
cargo layers. The methane mole fraction gradually increases in the cargo.

4.2

Parametric study on the rollover start time

In this section, the effects of the heat flux rate along the tank wall, cargo to heel height ratio, and
the tank dimensions on the rollover are investigated. Table 4.4 shows the LNG composition and
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initial conditions in the LNG storage tank. The tank geometry is similar to that in the La Spezia
rollover incident (shown in Table 4.1).

Table 4.4. The initial LNG and gaseous natural gas compositions, temperatures, and densities used for the
parametric study.

Heel layer (top)
Components
Methane CH4
Ethane C2H6
Propane C3H8
Nitrogen N2
Initial conditions
Temperature (K)
Pressure (kPa)
Space height (m)
Density (kg/m3)
4.2.1

Vapor phase

97.50
2.00
0.00
0.50

Cargo layer (bottom)
mole fraction% [97]
92.60
6.47
0.46
0.47

111.2
108
5.00
430.28

115.2
108
15.00
440.29

114.0
108
23.28
2.04

89.00
0.00
0.00
11.00

Effect of heat transfer rate to the tank on the rollover start time

The heat flux rates on the tank walls given in Table 4.3 are considered as the base-case condition.
Figure 4.4 shows the effect of heat transfer rates from the environment to the tank walls on the
rollover start time at the base-case heat flux rates (shown in brief with 𝑞𝑞̇ ′′ ) and when they are
multiplied by 0.5, 2, and 3. The numerical results indicate that in an atmospheric tank, the heat

flux rates do not significantly affect the temperatures of the heel and cargo layers over time (Figure
4.4(a)). However, the higher heat flux rates increase the LNG evaporation rate, and BOG
generation (Figure 4.4(b)). The extra BOG should be removed from the tank to maintain the tank
pressure close to the atmospheric pressure. Also, the results shown in Figure 4.4(c) and (d) indicate
that the amount of heat transfer to the atmospheric LNG storage tank does not significantly affect
the rollover start time (less than 7%).
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Figure 4.4. Effect of heat transfer rate from the environment to the LNG storage tank on the rollover start
time: (a) bulk temperatures of heel and cargo layers, (b) LNG evaporation accumulation over time, (c) the
LNG density at the heel-cargo interface, and (d) the rollover start time.

4.2.2

Effect of cargo to heel height ratio on the rollover start time

The cargo to heel height ratio (or cargo to heel thermal mass ratio) in cylindrical vertical storage
tanks, η, is defined as,
𝜂𝜂 =

𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒

(4-1)
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For the parametric study, the cargo to heel height ratios of 0.5, 1, 2, and 3 are considered. The
height of the heel layer, Hheel, is maintained constant at 5.00 m in all cases. Figure 4.5 shows the
effect of cargo to heel height ratio on the rollover start time.
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Figure 4.5. Effect of cargo to heel height ratio on the rollover start time: (a) bulk temperatures of heel and
cargo layers, (b) LNG evaporation accumulation over time, (c) the LNG density at the cargo-heel interface,
and (d) the rollover start time.

Figure 4.5(a) shows that decreasing the cargo to heel height ratio causes the bulk temperature of
the cargo to vary more over time because its thermal mass decreases. However, the cargo to heel
height ratio does not affect the BOG generation rate, and its trend remains unchanged (Figure
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4.5(b)) because the evaporation occurs at the vapor-liquid interface and is not affected by the cargo
to heel height ratio.

Figure 4.5(c) shows the LNG density profile at the heel-cargo interface. The numerical results
indicate that the rollover start time is significantly affected by the cargo to heel height ratio.
Increasing the cargo to heel height ratio from 0.5 to 3 increases the rollover start time from 10.87
hr to 21.12 hr (Figure 4.5(d)) which highlights the importance of the cargo thermal mass. The
numerical results recommend that a higher cargo thermal mass postpones the rollover start time.
Therefore, the amount of the cargo loaded to the tank should be determined taking into account
the amount of heel in the tank.

4.2.3

Effect of tank aspect ratio on the rollover start time

The tank aspect ratio, AR, is defined as,
𝐴𝐴𝐴𝐴 =

𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(4-2)

For the parametric study, four aspect ratios are considered by varying the values of inner
diameter, 𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 while the total height, Htank, is maintained constant at 43.28 m (as given in Table

4.1). In this way, the volume of the tank also changes accordingly. Figure 4.6 shows the effect of
the tank aspect ratio on the rollover start time. The numerical results show that in an atmospheric
tank, the tank aspect ratio does not affect the bulk temperatures of the heel and cargo layers over
time (Figure 4.6(a)). However, it affects the amount of LNG evaporation rate and BOG generation
(Figure 4.6(b)). Increasing the tank aspect ratio increases the thermal mass of LNG in the tank and
decreases the amount of BOG generation over time. Figure 4.6(c) shows that the LNG density
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profiles at the heel-cargo interface are not affected by the tank aspect ratio over time. Consequently,
the rollover start time changes by less than 13% with tank aspect ratios ranging from 0.62 to 1.76
(Figure 4.6(d)).
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Figure 4.6. Effect of tank aspect ratio on the rollover start time: (a) bulk temperatures of the heel and
cargo layers, (b) LNG evaporation accumulation over time, (c) the LNG density at the cargo-heel interface,
and (d) the rollover start time.

4.3

Summary

This chapter demonstrated the application of the non-equilibrium multilayer thermodynamic
model to study rollover phenomena in an LNG storage tank (e.g., the La Spezia rollover incidence).
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Using this model, the thermal phenomena during the La Spezia rollover were analyzed, including
the thermal stratification and density profile in the liquid domain. To find the possible methods to
prevent the rollover, three parameters, namely, the heat transfer rate from the environment, cargo
to heel height ratio, and tank aspect ratio, were studied. The parametric study indicated that the
cargo to heel height ratio was a key factor in the rollover start time.
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Chapter 5: Conclusions and Future Work

5.1

Contributions of this Ph.D. work

This Ph.D. study presents two numerical models, namely, the non-equilibrium thermodynamic
model and the non-equilibrium multilayer thermodynamic model, to predict the thermal
performance of LNG storage tanks including the temperature and pressure profiles, thermal
stratification, and rollover with a short computation time.

5.2
5.2.1

Conclusions
Analysis of the non-equilibrium thermodynamic model

To predict the bulk average temperature and pressure profiles in LNG storage tanks with short
computation time, a non-equilibrium thermodynamic model based on the resistance-capacitance
network was developed. The accuracy of the non-equilibrium thermodynamic model was verified
against the experimental data, and models based on equilibrium thermodynamics and CFD. The
model validation showed that both equilibrium and non-equilibrium thermodynamic models could
predict the pressure and temperature of LNG storage tanks with good accuracy under stationary
operating conditions. In addition, a minor difference between the thermal performance of vertical
and horizontal storage tanks under stationary conditions was observed. However, the equilibrium
thermodynamic model failed to predict the pressure and temperature of LNG storage tanks under
dynamic operating conditions. In contrast, the non-equilibrium thermodynamic model could
predict the performance of the LNG storage tanks under dynamic operating conditions, such as
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vapor return from heavy-duty trucks to the station during a refuelling process. Further findings of
this study were summarized as follows:
1) A higher thermal mass of LNG in the tank (i.e. a higher filling level) increased the LNG
holding time of the storage tank in comparison with a tank with a lower amount of LNG
(i.e. a lower filling level).
2) Horizontal LNG storage tanks could condense the extra vapor injected into their vapor
space faster than vertical storage tanks because of having a larger vapor-liquid interface.
3) Refueling stations with horizontal LNG storage tanks could hold LNG for a longer time
than those with vertical LNG storage tanks.
4) The non-equilibrium thermodynamic model is able to predict the thermal performance
(pressure rise, and average bulk temperatures of vapor and liquid phases) of the LNG
storage tanks under stationary and dynamic operating conditions with a low computation
cost. In addition, the non-equilibrium thermodynamic model can be applied to BOG
management in LNG tanks. Proper BOG management in LNG storage tanks allows them
to receive vapor from more vehicles without releasing the BOG to the atmosphere. The
non-equilibrium model will provide information on the proper tank size and positioning
(vertical or horizontal) with respect to the demand, schedule of receiving a new load of
LNG to condense the BOG in the storage tank, and maximizing the amount of vapor
reception from vehicles while preventing the BOG being released to the atmosphere.

5.2.2

Analysis of the non-equilibrium multilayer thermodynamic model

A non-equilibrium multilayer thermodynamic model was successfully employed to investigate the
thermal stratification and rollover phenomena in cryogenic storage tanks with a short computation
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time compared with CFD modelling. The accuracy of the model was checked against experimental
data from LNG storage tanks. The validation demonstrated that the non-equilibrium multilayer
thermodynamic model could accurately predict the temperature gradient, pressure, and density of
LNG in the tank.

A parametric study was conducted to investigate the rollover phenomena, and it indicated that heat
transfer rate to the tank and the tank aspect ratio were not the key factors in the rollover start time.
However, they affected the amount of LNG evaporation and BOG generation rate (to be removed
from the tank) to maintain the tank pressure close to atmospheric pressure. The numerical results
highlighted that the amount of the cargo to heel ratio affected the rollover start time. A large cargo
to heel height ratio (> 2) could postpone the rollover time while the BOG generation rate remained
constant. Therefore, the amount of the cargo loaded to the cryogenic tanks should be determined
taking into account the amount of heel in the tank (to delay and minimize the probability of
rollover.)

The parametric study of the non-equilibrium multilayer thermodynamic model demonstrates that
this model can predict the LNG rollover occurrence, and prevent it in LNG industries

5.3

The limitations and future work

The limitations of the research presented in this Ph.D. study are summarized as follows:
1) The heat transfer and boundary flow along the vertical tank walls are based on empirical
correlations along an infinite vertical wall. This limitation has a minor impact on the results
because the diameter of LNG storage tanks is large enough to neglect the effect of the
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curvature of the tank walls. The boundary flow along the vertical tank walls in the vapor
domain may be influenced by the corners at the top of the tank, and the boundary flow
calculations based on an infinite vertical wall cannot be accurate. As the tank corners in
the vapor domain cause the creation of secondary flow fields, the results of the nonequilibrium thermodynamic model can still give a good estimation of pressure and vapor
average bulk temperature which are mainly affected by the boundary flow along the
vertical tank walls. In addition, the boundary flow characters are complicated along noncylindrical vertical tanks. Therefore, the non-equilibrium multilayer thermodynamic model
does not apply to non-cylindrical tanks. However, the pressure and average bulk
temperature can be predicted by the non-equilibrium thermodynamic model for the noncylindrical tanks.
2) The mass transfer between the heel and cargo layers in the rollover case is a complex
phenomenon. In this work, the Reynolds analogy method is applied to estimate the
convective mass transfer rate at the heel-cargo interface. The convective mass transfer rate
is calculated from the experimental correlations for different fluids than LNG such as a
salt-water solution in the laboratory. Selecting appropriate correlations leads to various
rollover start times. Heestand et al. [27] and Arjomandnia [61] compared the results using
various correlations, and the ranges of the numerical results were from 20 to 60 hours.
Therefore, the convective mass transfer correlation at the LNG heel-cargo interface
requires further investigations.

The future research directions based on the current work may be reflected in the following aspects,
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1) The convective mass transfer between heel and cargo layers is recommended to be finetuned based on the experimental data of mixing two LNG layers. In addition, the geometry
of the LNG storage tanks, and operation of the LNG facilities (e.g., cargo to heel height
ratio) may affect the rollover start time. To obtain a more accurate prediction on the rollover
start time by using the non-equilibrium multilayer thermodynamic model, it is
recommended to tune up the model by using the experimental data collected from the
facility of interest.
2) The non-equilibrium thermodynamic model and non-equilibrium multilayer model
developed in this Ph.D. study are independent from the cryogenic fluid thermophysical
properties. Therefore, the applications of these models are not limited to LNG and can be
extended to other cryogenic applications.
3) An experimental platform setup is recommended to study the thermal stratification in
cryogenic tanks and validate the numerical models. The necessary requirements of the
experimental platform include the following,
a. The cryogenic liquid tank should meet the national pressure tank codes and carry
Canadian Registered Number (CRN). To obtain the thermal behavior inside the
tank, the sensors (including a pressure sensor, mass flow meters, thermocouples,
liquid level sensors, density sensors, etc.) are needed to be installed in the tank
system. The installment of the sensors will unavoidably change the tank structure.
For safety reasons, the tank with the changed structure should be re-evaluated to
meet the national pressure tank codes and receive CRN stamp.
b. Enough space is needed for safety reasons. As methane is a combustible gas, the
ventilation system, and emergency plan (isolated area) are also required.
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Appendices

A.1

Thermal resistance-capacitance network

The details of the thermal resistance-capacitance network shown in Figure 2.3 are summarized in
Table A1.

Table A1. Details of the thermal resistance-capacitance network shown in Figure 2.3.

Description

Definition

Vertical tank: outer convection
resistance on the top wall

𝑅𝑅1 = ℎ

Horizontal tank: outer convection
resistance on the end walls in contact
with the vapor space
Vertical tank: conduction resistance
on the top wall due to insulation

Eq.
1

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

1

𝑅𝑅1 = ℎ

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

𝑅𝑅2 = 𝑘𝑘

𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
Horizontal tank: conduction
𝑅𝑅2 = 𝑘𝑘
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
resistance on the end walls in contact
with the vapor space due to insulation
1
Vertical tank: inner convection
𝑅𝑅3 = ℎ
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
resistance on the top wall

Horizontal tank: inner convection
resistance on the end walls in contact
with the vapor space
Vertical tank: outer convection
resistance on the vertical wall in
contact with vapor space
Horizontal tank: outer convection
resistance on the top wall in contact
with the vapor space

(A-1)

1

𝑅𝑅3 = ℎ

(A-2)

(A-3)

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

𝑅𝑅4 = ℎ

1

𝑜𝑜𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

𝑅𝑅4 = ℎ

1

(A-4)

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣
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Description

Definition

Vertical tank: conduction resistance
on the vertical wall in contact with
the vapor space due to insulation
Horizontal tank: conduction
resistance on the top wall in contact
with the vapor space due to insulation
Vertical tank: inner convection
resistance on the vertical wall in
contact with the vapor space
Horizontal tank: inner convection
resistance on the top wall in contact
with the vapor space
Vertical tank: outer convection
resistance on the vertical wall in
contact with the liquid space
Horizontal tank: outer convection
resistance on the bottom wall in
contact with the liquid space
Vertical tank: conduction resistance
on the vertical wall in contact with
the liquid space due to insulation
Horizontal tank: conduction
resistance on the bottom wall in
contact with the liquid space due to
insulation
Vertical tank: inner convection
resistance on the vertical wall in
contact with the liquid space
Horizontal tank: inner convection
resistance on the bottom wall in
contact with the liquid space
Vertical tank: outer convection
resistance on the bottom wall

𝑅𝑅5 = 2𝑘𝑘

Horizontal tank: outer convection
resistance on the end walls in contact
with the liquid space
Vertical tank: conduction resistance
on the bottom wall due to insulation

𝑅𝑅5 =

Eq.
𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 /𝐷𝐷𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 /𝐷𝐷𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-5)

𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 /𝐷𝐷𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )
2𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜− 𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 /𝐷𝐷𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
1

𝑅𝑅6 = ℎ

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

1

𝑅𝑅6 = ℎ

(A-6)

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

1

𝑅𝑅7 = ℎ

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

1

𝑅𝑅7 = ℎ

(A-7)

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 /𝐷𝐷𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )

𝑅𝑅8 = 2𝑘𝑘

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 /𝐷𝐷𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑅𝑅8 = 2𝑘𝑘

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 /𝐷𝐷𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑙𝑙𝑙𝑙(𝐷𝐷𝑖𝑖,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 /𝐷𝐷𝑜𝑜,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )

(A-8)

1

𝑅𝑅9 = ℎ

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

1

𝑅𝑅9 = ℎ

(A-9)

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑅𝑅10 = ℎ

1

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑅𝑅10 = ℎ

1

(A-10)

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑅𝑅11 = 𝑘𝑘

𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
Horizontal tank: conduction
𝑅𝑅11 = 𝑘𝑘
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙
resistance on the end walls in contact
with the liquid space due to insulation

(A-11)

106

Description

Definition

Vertical tank: inner convection
resistance on the bottom wall

𝑅𝑅12 = ℎ

Horizontal tank: inner convection
resistance on the end walls in contact
with the liquid space
Vertical tank: conduction resistance
between the outer top wall and outer
vertical wall in contact with the vapor
space
Horizontal tank: conduction
resistance between outer top wall and
outer end walls in contact with the
vapor space
Vertical tank: conduction resistance
between inner top wall and inner
vertical wall in contact with the vapor
space
Horizontal tank: conduction
resistance between inner top wall and
inner end walls in contact with the
vapor space
Vertical tank: conduction resistance
in the outer vertical wall in contact
with the liquid and vapor spaces
Horizontal tank: conduction
resistance between outer top wall in
contact with the vapor space and the
outer bottom wall in contact with the
liquid space
Vertical tank: conduction resistance
in the inner vertical wall in contact
with liquid and vapor spaces
Horizontal tank: conduction
resistance between inner top wall in
contact with the vapor space and the
inner bottom wall in contact with the
liquid space
Vertical tank: conduction resistance
between outer bottom wall and outer
vertical wall in contact with the liquid
space

Eq.
1

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑅𝑅12 = ℎ

1

(A-12)

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑅𝑅13 = 𝑘𝑘
𝑅𝑅13 = 𝑘𝑘
𝑅𝑅14 = 𝑘𝑘
𝑅𝑅14 = 𝑘𝑘

𝐿𝐿𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑣𝑣

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑣𝑣

𝐿𝐿𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

(A-13)

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

𝐿𝐿𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑣𝑣

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑣𝑣

𝐿𝐿𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

(A-14)

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣

𝐿𝐿𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑅𝑅15 = 𝑘𝑘

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑙𝑙 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑅𝑅15 = 𝑘𝑘

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

(A-15)

𝐿𝐿𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣−𝑣𝑣𝑣𝑣𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑅𝑅16 = 𝑘𝑘

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑅𝑅16 = 𝑘𝑘

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑅𝑅17 = 𝑘𝑘

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑙𝑙

𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝐿𝐿𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑙𝑙

(A-16)

(A-17)

107

Description

Definition

Horizontal tank: conduction
resistance between outer bottom wall
and outer end walls in contact with
the liquid space
Vertical tank: conduction resistance
between inner bottom wall and inner
vertical wall in contact with the liquid
space
Horizontal tank: conduction
resistance between inner bottom wall
and inner end walls in contact with
the liquid space
Horizontal tank: conduction
resistance in the outer end walls in
contact with the liquid and vapor
spaces
Horizontal tank: conduction
resistance in the inner end walls in
contact with the liquid and vapor
spaces
Vertical tank: thermal mass of outer
top wall in contact with the vapor
space
Horizontal tank: thermal mass of
outer end walls in contact with vapor
space
Vertical tank: thermal mass of inner
top wall in contact with the vapor
space
Horizontal tank: thermal mass of
inner end walls in contact with vapor
space
Vertical tank: thermal mass of outer
vertical wall in contact with the vapor
space
Horizontal tank: thermal mass of
outer top wall in contact with vapor
space
Vertical tank: thermal mass of inner
vertical wall in contact with the vapor
space

𝑅𝑅17 = 𝑘𝑘

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝑅𝑅18 = 𝑘𝑘

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑙𝑙

𝑅𝑅18 = 𝑘𝑘
𝑅𝑅19 =

Eq.
𝐿𝐿𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝐿𝐿𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝑙𝑙

𝐿𝐿𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

(A-18)

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

(A-19)

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣−𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙

(A-20)

𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑅𝑅20 = 𝑘𝑘

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝐶𝐶1 = 𝑚𝑚𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑐𝑐𝑝𝑝,𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-21)

𝐶𝐶1 = 𝑚𝑚𝑜𝑜,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑐𝑐𝑝𝑝,𝑜𝑜,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐶𝐶2 = 𝑚𝑚𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑐𝑐𝑝𝑝,𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-22)

𝐶𝐶2 = 𝑚𝑚𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑐𝑐𝑝𝑝,𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐶𝐶3 = 𝑚𝑚𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑐𝑐𝑝𝑝,𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-23)

𝐶𝐶3 = 𝑚𝑚𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑐𝑐𝑝𝑝,𝑜𝑜,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐶𝐶4 = 𝑚𝑚𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑐𝑐𝑝𝑝,𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-24)
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Description

Definition

Horizontal tank: thermal mass of
inner top wall in contact with vapor
space
Vertical tank: thermal mass of outer
vertical wall in contact with the liquid
space
Horizontal tank: thermal mass of
outer bottom wall in contact with
liquid space
Vertical tank: thermal mass of inner
vertical wall in contact with the liquid
space
Horizontal tank: thermal mass of
inner bottom wall in contact with
liquid space
Vertical tank: thermal mass of outer
bottom wall in contact with the liquid
space
Horizontal tank: thermal mass of
outer end walls in contact with liquid
space
Vertical tank: thermal mass of inner
bottom wall in contact with the liquid
space
Horizontal tank: thermal mass of
inner end walls in contact with liquid
space

𝐶𝐶4 = 𝑚𝑚𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑣𝑣 𝑐𝑐𝑝𝑝,𝑖𝑖,𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

A.2

Eq.

𝐶𝐶5 = 𝑚𝑚𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑐𝑐𝑝𝑝,𝑜𝑜,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-25)

𝐶𝐶5 = 𝑚𝑚𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑐𝑐𝑝𝑝,𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐶𝐶6 = 𝑚𝑚𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑐𝑐𝑝𝑝,𝑖𝑖,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-26)

𝐶𝐶6 = 𝑚𝑚𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑐𝑐𝑝𝑝,𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑙𝑙
𝐶𝐶7 = 𝑚𝑚𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑐𝑐𝑝𝑝,𝑜𝑜,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-27)

𝐶𝐶7 = 𝑚𝑚𝑜𝑜,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑐𝑐𝑝𝑝,𝑜𝑜,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝐶𝐶8 = 𝑚𝑚𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑐𝑐𝑝𝑝,𝑖𝑖,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(A-28)

𝐶𝐶8 = 𝑚𝑚𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑙𝑙 𝑐𝑐𝑝𝑝,𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

Heat transfer coefficients in the vertical LNG storage tank

To calculate the convection heat transfer coefficients on the side walls of the vertical storage tank,
the natural convection heat transfer correlation on the vertical flat plate is considered (ChurchillChu correlation [98]):
2

1/6
⎫
ℎ𝑥𝑥,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐿𝐿𝑥𝑥 ⎧
0.387𝑅𝑅𝑎𝑎𝑥𝑥
𝑁𝑁𝑁𝑁 =
= 0.825 +
𝑘𝑘𝑓𝑓
0.492 8/27 ⎬
⎨
�1
+
�
⎩
𝑃𝑃𝑃𝑃𝑥𝑥 ��
⎭

(A-29)
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where,
𝑔𝑔𝛽𝛽𝑓𝑓 Δ𝑇𝑇𝑥𝑥 𝐿𝐿𝑥𝑥
𝛼𝛼𝑓𝑓 𝜈𝜈𝑓𝑓
𝜈𝜈𝑓𝑓
𝑃𝑃𝑃𝑃𝑥𝑥 =
𝛼𝛼𝑓𝑓

𝑅𝑅𝑎𝑎𝑥𝑥 =

(A-30)
(A-31)

In Eqs. (A-30) and (A-31), 𝛽𝛽𝑓𝑓 , 𝛼𝛼𝑓𝑓 , and 𝜈𝜈𝑓𝑓 are the thermal expansion coefficient (1/K), thermal
diffusivity (m2/s), and kinematic viscosity (m2/s) of fluid at the reference temperature, respectively.

g is the gravity acceleration (m/s2). Other parameters are described in Table A2.

Table A2. Variables in the calculation of the convection transfer coefficients on the wall.

x
outer-vertical wall, v

Fluid
air

outer-vertical wall, l

air

inner-vertical wall, v

vapor
phase
liquid
phase

inner-vertical wall, l

Lx [m]
Length of outer vertical
wall (vapor part)
Length of outer vertical
wall (liquid part)
Length of inner vertical
wall (vapor part)
Length of inner vertical
wall (liquid part)

ΔTx [K]

Tref [K]

Tair –To-vertical wall,v

0.5 (Tair + To- vertical wall,v)

Tair –To- vertical wall,l

0.5 (Tair + To vertical wall,l)

Ti- vertical wall,v –Tv

0.5 (Ti- vertical wall,v +Tv)

Ti- vertical wall,l –Tl

0.5(Ti- vertical wall,l +Tl)

The convection heat transfer coefficients on the top and bottom walls of the vertical tank are
calculated based on the empirical correlations of external free convection on a horizontal flat plate.
ℎ𝑓𝑓,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝜉𝜉

𝑘𝑘𝑓𝑓 𝑁𝑁𝑁𝑁
𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟

(A-32)

where, 𝑘𝑘𝑓𝑓 is the thermal conductivity of the vapor and liquid phases. ξ is the heat transfer

adjustment factor (the default value is 1.0). Due to the complex flow fields during the
pressurization and relaxation processes discussed in Section 3.1.2, the heat transfer adjustment

factor, ξ in Eq. (A-32) is set at 2.5 during the pressurization process and is gradually reduced to
110

1.0 during the relaxation process at the vapor-liquid interface. 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟 is the characteristic length and
is defined in Eq. (2-29).

The correlations for the average Nusselt number, Nu, are calculated in Eqs. (2-30)-(2-32), and Eq.
(A-30) is used to calculate Rayleigh number, Ra, with the temperature difference ΔT between the
fluid and surface temperatures, and the characteristic length, 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟 , is defined by Eq. (2-29).
A.3

Heat transfer coefficients in the horizontal LNG storage tank

The convection heat transfer coefficient on the outer wall of the horizontal tank is calculated by
using Churchill-Chu correlation [99].
2

⎧
⎫
1/6
⎪
ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐷𝐷 ⎪
0.387𝑅𝑅𝑎𝑎𝐷𝐷
𝑁𝑁𝑁𝑁 =
= 0.60 +
8/27
𝑘𝑘𝑓𝑓
⎨
⎬
0.559 9/16
⎪
⎪
�1 + � 𝑃𝑃𝑃𝑃 �
�
𝑥𝑥
⎩
⎭

(A-33)

where, D is the outer diameter of the tank. Other variables are the same as those in the vertical
tank. The convection heat transfer coefficient on the inner wall of the horizontal tank is calculated
by the following correlation [100].
𝑁𝑁𝑁𝑁 =

ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟
= 0.55(𝑅𝑅𝑅𝑅)0.25
𝑘𝑘𝑓𝑓

(A-34)

The definition of Ra is the same as Eq. (2-33). The reference length, 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟 , is the length of the
horizontal tank. The correlation to calculate the convection heat transfer coefficients at the two
end walls of the horizontal tank is similar to Eq. (A-29).
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B.1

Vapor-liquid equilibrium calculations

The compressibility factor, Z, of the liquid and vapor mixtures is calculated as follows [76]:
𝑍𝑍 3 + (𝐵𝐵 − 1)𝑍𝑍 2 + (𝐴𝐴 − 3𝐵𝐵 2 − 2𝐵𝐵)𝑍𝑍 + (𝐵𝐵 3 + 𝐵𝐵 2 − 𝐴𝐴𝐴𝐴) = 0

(B-1)

where, A and B are defined as,
𝐴𝐴 =

𝑎𝑎𝑎𝑎
(𝑅𝑅𝑢𝑢 𝑇𝑇)2

𝐵𝐵 =

𝑏𝑏𝑏𝑏
𝑅𝑅𝑢𝑢 𝑇𝑇

(B-2)
(B-3)

The binary parameters, Aij, in the liquid and vapor mixtures are defined as,
𝐴𝐴𝑖𝑖𝑖𝑖 =

𝐴𝐴𝑖𝑖𝑖𝑖 =

𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗 �𝑎𝑎𝑖𝑖 𝑎𝑎𝑗𝑗 𝑃𝑃

(liquid mixture)

𝑦𝑦𝑖𝑖 𝑦𝑦𝑗𝑗 �𝑎𝑎𝑖𝑖 𝑎𝑎𝑗𝑗 𝑃𝑃

(vapor mixture)

(𝑅𝑅𝑢𝑢 𝑇𝑇)2

(𝑅𝑅𝑢𝑢 𝑇𝑇)2

(B-4)
(B-5)

where, a and b are calculated by Eqs. (2-35) and (2-36), respectively.

Solving Eq. (B-1) gives three real values. For the liquid mixture, the minimum real root of Eq.
(B-1) is defined as ZL. For the vapor mixture, the maximum real root of Eq. (B-1) is defined as ZV.
To calculate the bubble and dew pressures and temperatures, the vapor-liquid equilibrium (VLE)
K-ratio of species i is defined as the ratio of the vapor mole fraction yi to the liquid mole fraction
xi:
112

𝑦𝑦𝑖𝑖
𝑥𝑥𝑖𝑖

𝐾𝐾𝑖𝑖 =

Alternatively, 𝐾𝐾𝑖𝑖 at temperature, T, and pressure, P, can be estimated by Eq. (B-7),
𝐾𝐾𝑖𝑖 ≈
B.2

𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖

𝑇𝑇
7
(1+𝜔𝜔𝑖𝑖 )�1− 𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖 �
3
𝑇𝑇
10

(B-6)

(B-7)

𝑃𝑃

Calculation of the bubble pressure

If the liquid mixture with mole fraction xi is at temperature T, the initial value of the bubble
pressure Pbubble is calculated d by Eq. (B-8) [76].
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑁𝑁

(B-8)

= � 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖 𝑥𝑥𝑖𝑖
𝑖𝑖

where, Psat is the saturation pressure of species i, and is calculated by Eq. (B-9).
𝑇𝑇
7
(1+𝜔𝜔𝑖𝑖 )�1− 𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖 �
𝑇𝑇
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(B-9)

Using Pbubble from Eq. (B-8), the initial value of Ki is calculated by Eq.(B-7). Then, the evaporated
vapor mole fraction yi is calculated:
𝑦𝑦𝑖𝑖 = 𝐾𝐾𝑖𝑖 𝑥𝑥𝑖𝑖

(B-10)

Once xi and yi are calculated, Eq. (B-1) at temperature T and the initial pressure Pbubble condition
can be solved. The liquid fugacity, 𝜙𝜙𝑖𝑖𝐿𝐿 , is calculated by using ZL solved from Eq. (B-1):
𝑙𝑙𝑙𝑙𝜙𝜙𝑖𝑖𝐿𝐿 =

𝑏𝑏𝑖𝑖
(𝑍𝑍 − 1) − ln(𝑍𝑍𝐿𝐿 − 𝐵𝐵)
𝑏𝑏 𝐿𝐿
2 ∑𝑁𝑁
𝑍𝑍𝐿𝐿 + �1 + √2�𝐵𝐵
𝐴𝐴
𝑏𝑏𝑖𝑖
𝑗𝑗 𝑥𝑥𝑗𝑗 𝐴𝐴𝑖𝑖𝑖𝑖
−
�
− � 𝑙𝑙𝑙𝑙 �
�
𝐴𝐴
𝑏𝑏
2√2𝐵𝐵
𝑍𝑍𝐿𝐿 + �1 − √2�𝐵𝐵

(B-11)
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Similarly, the vapor fugacity, 𝜙𝜙𝑖𝑖𝑉𝑉 , is calculated by using ZV solved from Eq. (B-1):
𝑙𝑙𝑙𝑙𝜙𝜙𝑖𝑖𝑉𝑉 =

𝑏𝑏𝑖𝑖
(𝑍𝑍 − 1) − ln(𝑍𝑍𝑉𝑉 − 𝐵𝐵)
𝑏𝑏 𝑉𝑉
2 ∑𝑁𝑁
𝑍𝑍𝐿𝐿 + �1 + √2�𝐵𝐵
𝐴𝐴
𝑏𝑏𝑖𝑖
𝑗𝑗 𝑦𝑦𝑗𝑗 𝐴𝐴𝑖𝑖𝑖𝑖
−
�
− � 𝑙𝑙𝑙𝑙 �
�
𝐴𝐴
𝑏𝑏
2√2𝐵𝐵
𝑍𝑍𝐿𝐿 + �1 − √2�𝐵𝐵

(B-12)

Then, the new value of yi is updated:
𝜙𝜙𝑖𝑖𝐿𝐿
𝑦𝑦𝑖𝑖 = 𝑉𝑉 𝑥𝑥𝑖𝑖
𝜙𝜙𝑖𝑖

(B-13)

The iteration of Eqs. (B-11)-(B-13) by using the new values of yi continues until the relative
difference of yis becomes less than 10-10. At the end of the iteration, if the absolute difference error
between the summation of yis and 1 is larger than 10-6, the new value of bubble pressure is updated
by Eq. (B-14).
𝑛𝑛𝑛𝑛𝑛𝑛
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑁𝑁

(B-14)

= 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 � 𝑦𝑦𝑖𝑖
𝑖𝑖

If the absolute difference error of the summation of yi is less than 10-6, the bubble pressure is
accepted. Then, the K-ratio is calculated by Eq. (B-6).

B.3

Calculation of the dew pressure

If the vapor mixture with mole fraction yi is at temperature T, the initial value of the dew pressure
Pdew is calculated by Eq. (B-15) [76],
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑
=

∑𝑁𝑁
𝑖𝑖 �

1

(B-15)

𝑦𝑦𝑖𝑖
𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖 �
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thus, using the Pdew, the initial value of Ki is calculated by Eq. (B-7). Then, based on Eq. (B-6), the
condensed liquid mole fraction xi is calculated,
𝑥𝑥𝑖𝑖 = 𝑦𝑦𝑖𝑖 /𝐾𝐾𝑖𝑖

(B-16)

similarly, Eqs. (B-11) and (B-12) are calculated to obtain 𝜙𝜙𝑖𝑖𝐿𝐿 and 𝜙𝜙𝑖𝑖𝑉𝑉 , respectively. Then the new
value of xi is updated,

𝑥𝑥𝑖𝑖 =

𝜙𝜙𝑖𝑖𝑉𝑉
𝑦𝑦
𝜙𝜙𝑖𝑖𝐿𝐿 𝑖𝑖

(B-17)

The iteration is established to calculate xi. If the change of xi is less than 10-10, the summation of xi
is checked. If the absolute difference between the summation of xi and 1 is less than 10-6, the dew
pressure Pdew is accepted, and Ki is calculated. If not, the dew pressure Pdew is updated by Eq.
(B-18),
𝑛𝑛𝑛𝑛𝑛𝑛
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑
=

B.4

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑
∑𝑁𝑁
𝑖𝑖 𝑥𝑥𝑖𝑖

(B-18)

Calculation of the bubble temperature

If the liquid mixture with mole fraction xi is at pressure P, the initial value of the bubble
temperature Tbubble is estimated by Eq. (B-19) [76].
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑁𝑁

(B-19)

= � 𝑥𝑥𝑖𝑖 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖
𝑖𝑖

Based on the initial value of Tbubble, the bubble pressure Pbubble is calculated based on the method
discussed in Section B.2. If the absolute difference |𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑃𝑃| is less than 10-2 Pa, the initial
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value of Tbubble is accepted. Otherwise, the value of Tbubble is adjusted until |𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑃𝑃| reaches
less than 10-2 Pa.

B.5

Calculation of the dew temperature

If the vapor mixture with mole fraction yi is at pressure P, the initial value of the dew temperature
Tdew is estimated by Eq. (B-20) [76].
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑

𝑁𝑁

(B-20)

= � 𝑦𝑦𝑖𝑖 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖
𝑖𝑖

Then, the dew pressure Pdew is calculated based on the method discussed in Section B.3. If the
absolute value of |𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑃𝑃| is less than 10-2 Pa, the initial value of Tdew is accepted. Otherwise,
the value of Tdew is adjusted until |𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑃𝑃| reaches lower than 10-2 Pa.
B.6

Dynamic viscosity and thermal conductivity of the liquid and vapor phases

The viscosity (μl,i , μv,i), and thermal conductivity (kl,i, kv,i) of liquid and vapor phases of species i
are a function of temperature. The polynomial functions are fitted to the thermophysical data
reported by the National Institute of Standards and Technology (NIST) [101]. The viscosity of the
liquid phase mixture is calculated based on Grunberg-Nissan mixing rule [102],
𝑁𝑁

(B-21)

𝜇𝜇𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 = exp � 𝑥𝑥𝑖𝑖 ln(𝜇𝜇𝑙𝑙,𝑖𝑖 )
𝑖𝑖

The thermal conductivity of the liquid phase mixture is calculated based on Li model [103],
𝑁𝑁

𝑁𝑁

𝑖𝑖

𝑗𝑗

(B-22)

𝑘𝑘𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 = � � 𝜙𝜙𝑖𝑖 𝜙𝜙𝑗𝑗 𝑘𝑘𝑖𝑖𝑖𝑖
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where,
−1
−1
𝑘𝑘𝑖𝑖𝑖𝑖 = 2�𝑘𝑘𝑙𝑙,𝑖𝑖
+ 𝑘𝑘𝑙𝑙,𝑗𝑗
�

𝜙𝜙𝑖𝑖 =

−1

𝑥𝑥𝑖𝑖 𝓋𝓋𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖
𝑁𝑁
∑𝑗𝑗=1 𝑥𝑥𝑗𝑗 𝓋𝓋𝑐𝑐𝑐𝑐𝑐𝑐,𝑗𝑗

(B-23)
(B-24)

𝑥𝑥𝑖𝑖 is the mole fraction of species i and 𝜙𝜙𝑖𝑖 is the superficial volume fraction of species i. 𝓋𝓋𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖 is
the critical specific molar volumes of species i for a non-aqueous liquid system.

The viscosity of the vapor phase mixture is calculated by Herning and Zipperer model [104],
𝜇𝜇𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚 =

∑𝑁𝑁
𝑖𝑖 (𝜇𝜇𝑣𝑣,𝑖𝑖 ⋅ 𝑥𝑥𝑖𝑖 ⋅ �𝑀𝑀𝑖𝑖 )

(B-25)

∑𝑁𝑁
𝑖𝑖 (𝑥𝑥𝑖𝑖 ⋅ �𝑀𝑀𝑖𝑖 )

For non-ideal gases, the mixture thermal conductivity is calculated based on a simple mass fraction
weighted average of the pure species’ thermal conductivities [65],
𝑁𝑁

(B-26)

𝑘𝑘𝑣𝑣,𝑚𝑚𝑚𝑚𝑚𝑚 = � 𝑤𝑤𝑖𝑖 ⋅ 𝑘𝑘𝑣𝑣,𝑖𝑖
𝑖𝑖

where, wi is the mass fraction of the species i.
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