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Abstract: Hydrogen is used as a fuel in various fields, such as aviation, space, and automobiles, due
to its high specific energy. Hydrogen can be stored as a compressed gas at high pressure and as a
liquid at cryogenic temperatures. In order to keep liquid hydrogen at a cryogenic temperature, the
tanks for storing liquid hydrogen are required to have insulation to prevent heat leakage. When
liquid hydrogen is vaporized by heat inflow, a large pressure is generated inside the tank. Therefore,
a technology capable of predicting the tank pressure is required for cryogenic liquid hydrogen tanks.
In this study, a thermodynamic model was developed to predict the maximum internal pressure
and pressure behavior of cryogenic liquid hydrogen fuel tanks. The developed model considers
the heat inflow of the tank due to heat transfer, the phase change from liquid to gas hydrogen, and
the fuel consumption rate. To verify the accuracy of the proposed model, it was compared with
the analyses and experimental results in the referenced literature, and the model presented good
results. A cryogenic liquid hydrogen fuel tank was simulated using the proposed model, and it was
confirmed that the storage time, along with conditions such as the fuel filling ratio of liquid hydrogen
and the fuel consumption rate, should be considered when designing the fuel tanks. Finally, it was
confirmed that the proposed thermodynamic model can be used to sufficiently predict the internal
pressure and the pressure behavior of cryogenic liquid hydrogen fuel tanks.
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1. Introduction

The development of eco-friendly fuels and renewable energies is attracting attention
worldwide due to international interest and agreements to reduce carbon emissions in order
to solve the global warming problem. In addition, as fossil fuels are currently the main
global fuel source, they are expected to be depleted in the future, and thus it is necessary to
reduce dependence on fossil fuels and to secure and develop new energy sources. There
are many fuels that can replace fossil fuels, such as natural gas, biofuels [1,2], and synthetic
fuels, but these fuels generate CO, during combustion because they are also composed of
carbon. Ammonia is a fuel that does not produce CO; [3,4], but ammonia is highly toxic
and has a pungent odor. Hydrogen is another fuel that does not generate CO,, and unlike
ammonia, hydrogen is an odorless, colorless, and tasteless gas.

Since hydrogen has the advantage of having a higher specific energy than other fuels,
it can be used in the transportation field. The specific energy of hydrogen is 120 MJ /kg,
which is 2.8 times greater than that of fossil fuels (43.2 M] /kg) [5,6]. Due to this advantage,
hydrogen-oxygen was used as a propellent in the second stage of Saturn IB (S-IVB) in 1966
in the field of space launching [7], and launch vehicles using hydrogen are still being devel-
oped [8-11]. In the field of aviation, zero-carbon-emission future vehicles using hydrogen
as fuel are being developed [12,13]. Airbus aims to develop zero-emission commercial
aircraft that use hydrogen as a power source by 2035, and the company has proposed three
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concepts for such an aircraft [14]. As such, a lot of research and development is being
conducted surrounding the use of hydrogen as a fuel in the transportation field. However,
since hydrogen has a very low density at room temperature and atmospheric pressure, it
has the disadvantage of requiring a lot of storage space to store an equivalent amount of
energy as conventional fossil fuels [6,13,15]. For this reason, hydrogen requires storage
methods different from fossil fuel storage methods. Therefore, research into hydrogen
tanks for storing and supplying hydrogen as a fuel is required in order to use hydrogen as
a power source.

The hydrogen fuel tank design method used depends on the type of hydrogen storage
required. There are two methods of storing hydrogen: compressing it at high pressure, and
liquefying it at a cryogenic temperature. Storing hydrogen gas at high pressure has the
advantage of enabling it to be stored at room temperature. Gaseous hydrogen is usually
stored at a pressure of 35 MPa (350 bar) [16] or 70 Mpa (700 bar) [17]. When compressed at
high pressure, the density of hydrogen increases from 0.0852 kg/m? at room temperature
and atmospheric pressure to 23.995 kg/m? at 35 Mpa and 40.172 kg/m? at 70 Mpa. In order
to store hydrogen gas at high pressure, the tank requires the application of structural design
techniques that enable it to withstand the high pressure [18,19]. Thus, a disadvantage of
high-pressure hydrogen tanks is that the weight of these tanks increases because they must
withstand a very high pressure.

Hydrogen can be liquefied when cooled to cryogenic temperatures and stored in a
liquid state. The liquefaction temperature of hydrogen is —252.78 °C (20.37 K) at atmo-
spheric pressure. Liquid hydrogen tanks require insulated designs [20,21] to prevent loss
to vaporization since liquid hydrogen is vaporized into a gas by external heat inflow. How-
ever, no matter how excellent the insulation performance of the tank is, liquid hydrogen
is vaporized by heat inflow. When liquid hydrogen is vaporized, its specific volume ex-
pands approximately 53 times from 0.0141 m3/kg to 0.7507 m3/kg at atmospheric pressure.
The internal pressure of the tank increases when liquid hydrogen is vaporized inside the
tank [22,23]. Therefore, it is necessary to predict the tank pressure due to the vaporization
of liquid hydrogen in order to design the structure of cryogenic liquid hydrogen tanks.

The maximum storage pressure of the tank is one of the important considerations
in the structural design of a hydrogen fuel tank. The design of gaseous hydrogen tanks
is relatively simple because the design pressure is determined at the beginning of the
design. In contrast, the design of a cryogenic liquid hydrogen tank is complicated by
additional factors. These design considerations include the tank shape, the insulation
performance, the amount of liquid hydrogen filling, and the fuel consumption rate. These
considerations affect the maximum pressure and pressure behavior of the liquid hydrogen
tank. The structures and the insulation area are changed according to the shape of tank. The
insulation performance of the tank affects the amount of vaporized liquid hydrogen and the
pressure inside the tank. In addition, the maximum pressure of the tank varies according
to the amount of liquid hydrogen stored in the tank [24], and the fuel consumption rate
affects the pressure behavior [25,26]. Therefore, in designing a liquid hydrogen fuel tank,
a technique for predicting the maximum internal pressure that considers the heat inflow,
liquid hydrogen filling amount, and fuel consumption rate is required.

This study aims to develop a thermodynamic model that can predict the maximum
internal pressure and pressure behavior of cryogenic liquid hydrogen tanks. The heat
leakage of the tank by heat transfer is applied by dividing it into a liquid area and a gaseous
area. The thermodynamic model considers the phase change from liquid hydrogen to
gaseous hydrogen [27,28], and estimates the temperature and pressure in the gas region.
The analysis is performed as a transient analysis. The tank pressure behavior depends on
fuel discharge and is investigated by selecting a commercial fuel cell to calculate the fuel
consumption rate. The analysis of the cryogenic liquid hydrogen tank is carried out for three
cases: without fuel consumption (storage tank), with fuel consumption immediately after
liquid hydrogen filling, and with time delay before fuel consumption after fuel charging.
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Finally, the prediction accuracy and applicability of the proposed thermodynamic model
are confirmed.

2. Thermodynamic Model

A cryogenic fuel tank consists of a tank structure, insulation, and fuel. External heat
is transferred to the inside of the tank via the tank structure and insulation. The heat
flow rate depends on the shape of the tank, the thickness of the tank structure, and the
insulation [20,21]. In addition, the insulation performance of the tank varies depending on
the materials used in the structure and the insulation, because the thermal conductivity of
materials varies. Cryogenic fuel exists as a mixture of liquid and gaseous phases inside
the tank. The liquid fuel undergoes a phase change into a gas by the heat inflow from the
outside of the tank. The gas vaporized due to the heat inflow increases the temperature
and the pressure inside the tank. The tank pressure is reduced when the fuel is supplied to
a fuel consumption device, such as fuel cell, or discharged to the outside, acting as pressure
relief. Therefore, a thermodynamic model for a cryogenic fuel tank needs to be developed
to consider the amount of heat transfer through the structure, the filling ratio of liquid fuel,
the phase change, and the fuel consumption rate.

A thermodynamic phenomenon occurring in the cryogenic fuel tank can be expressed
in a schematic diagram, as shown in Figure 1. Several assumptions were made to develop
the thermodynamic model. First, it was assumed that the heat introduced from the outside
of the tank is transferred to the liquid and gas regions separately [29,30]. This can be
expressed as Equations (1) and (2).

heat lig = hwall,liquiq (Tamb - Tli‘i) @
Theat,gas = hwall,gasAgﬂS(Tamb a Tgas) @
A 1 )
wall lig 1/ hgmp + Loan / kwat1 + 1/hliq
1

h = 4
wall gas 1/humh + qull/kwull + 1/hgﬂs ( )

Cryogenic Tank

P Wall

Qheal, gas A gas

Qheal, lig

quel gas
mgas T, gas P gas Vgas
I mﬁlel,gas
Myt Opoir
Gaseous Phase

mfuel,/iq

Figure 1. Schematic illustration of the thermodynamic model for cryogenic tanks.
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In applying the overall heat transfer coefficient between the outside and inside of the
tank, convection by ambient air was not considered, in order to ignore the influence of
the convective environment outside the tank. In addition, it was assumed that sufficient
convection occurs within gaseous and liquid hydrogen [31] through boil-off and fuel
emission flow. Therefore, Equations (3) and (4) are simplified to Equation (5), in which only
the terms due to heat conduction are considered.

kwall
hwall,liq = hwall,gas = Loontl )
wa

Second, the heat introduced into the liquid region is used to vaporize the liquid. The
mass corresponding to the vaporization energy of the liquid is transferred to the gas region.
The vaporized mass flow is calculated as in Equation (6).

Qheut,liq
hg

Mpoil = (6)
The differential mass in the liquid and gas regions by the vaporized mass flow is
expressed as Equations (7) and (8).

dmy;, = —ip,;dt 7)

dmgus = My dt 8)

Lastly, the heat introduced into the gas region only changes the temperature and
pressure of the gas. The condensation caused by the rise in gas pressure was not considered.
Hence, the mass only moves from the liquid region to the gas region.

In the case of using fuel, the fuel may be supplied in a gaseous or liquid form or both.
When discharge of fuel from the tank to the outside occurs, the fuel consumption term is
added to Equations (7) and (8), and expressed as Equations (9) and (10).

dmliq = _mboildt - Thfuel,lith )

dmgas = My dt — mfuel,gasdt (10)

The differential heat energy of the gas region consists of the heat energy transferred
from the outside, the heat added by vaporized hydrogen from liquid hydrogen, and the
heat lost from being used as fuel. It is expressed as Equation (11).

ngus = qheat,gusdt + qboildt B qfuel,gasdt (11)

The work energy relating to the volume expansion of the gaseous region due to the
discharged hydrogen and the vaporized liquid hydrogen is calculated by Equation (12). The
differential volume dV 4,4 is the sum of the volumes of the vaporized liquid hydrogen
and the discharged fuels. The differential of the internal energy in the gaseous region
is expressed as the sum of the differential heat and work energies, as in Equation (13).
The differential temperature of the gas is estimated using the heat capacity equation,
Equation (14).

deus = Pgusdvexp and (12)
dugas = ngas - dwgas (13)
au
AT, = —o (14)
gas mgasc

Finally, the tank pressure is calculated by the ideal gas equation of state using the
recalculated temperature, volume, and mass of the gaseous region.
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3. Validation of Thermodynamic Model

The validation of the proposed thermodynamic model was carried out by dividing it
into a vaporization model of liquid hydrogen and a fuel emission model. The vaporization
model was verified by referring to the data of Liu et al. [32] in Section 3.1. The fuel emission
model was verified by referring to the data of Miguel et al. [33] in Section 3.2. Consequently,
the proposed model predicted well the gas temperature and the tank pressure, showing a
relative error within 1% for the vaporization model of liquid hydrogen, and within 8.7%
for the fuel emission model.

3.1. Validation of Evaporation Model

Validation of the proposed model for liquid hydrogen vaporization was performed
with the tank model and analysis results of Liu et al. [32]. The tank had a cylindrical shape
with a radius of 0.5 m and a height of 2.0 m. Liquid hydrogen was contained at a height
of 1.0 m in the tank, and gaseous hydrogen filled in the remaining area of the tank. The
temperature of the liquid hydrogen was 21 K, the temperature of the gaseous hydrogen
was 24 K, and the pressure was 150 kPa. A heat flux of 10 W/ m? was transferred uniformly
through the tank body.

To verify the prediction accuracy of the proposed model, the temperature and pressure
analysis results of the gas area were compared. Figure 2 displays the results of the tempera-
ture and the pressure. The black solid line is the result of the present model, and the red
open circle is the data from the reference. Figure 2a shows that the temperature increased
as the heat inflow occurred. The gas temperature of the present model was slightly lower
than that of the reference data at the end of the measured period, and the maximum relative
error was 0.73%. The present analysis result for pressure represents a very similar value
to that of the reference; as shown in Figure 2b, the relative error was calculated as within
0.44%. Thus, both results produced a very slight difference of less than 0.8% relative error.
The developed model predicted temperature and pressure changes well due to heat inflow
and boil-off, even though it did not consider the convection coefficient inside the tank.
Therefore, it can be said that the present model produced very good results.
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(a) Ullage temperture (Tu). (b) Tank pressure.

Figure 2. Comparison of ullage temperature and tank pressure for evaporation model validation.
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3.2. Validation of Fuel Emission Model

Validation of the proposed model for fuel emission was performed with the tank
model and experimental results of Miguel et al. [33]. The tank had an outer diameter of
329 mm, an inner diameter of 290 mm, a length of 920 mm, and a volume of 40 L. The
initial pressure of the filled tank was 70 MPa. The average mass flow rate discharged to the
outside of tank was 1.8 g/s. The gas temperature was measured at six points inside the
tank. The internal pressure was measured with one pressure sensor.

To verify the prediction accuracy of the proposed model for fuel emission, the tem-
perature and pressure analysis results for the gas area were compared. When gas was
discharged from the pressurized tank, the pressure was naturally reduced, and the tem-
perature was decreased because the gas expanded by the volume at which it was released.
This phenomenon was also observed in the temperature and pressure prediction results,
as shown in Figure 3. In the figure, the black solid line is the present analysis result, and
the red open circle represents the experimental data of the reference. Figure 3a shows
that the temperature decreased as the gas was discharged. The gas temperature of the
present model was lower than that of the reference data, and the relative error was within
7.75%. The pressure of the present analysis result represented a higher value, as shown in
Figure 3b. The relative error was calculated as being within 9.78%. The error of pressure
was relatively large compared to the error of temperature. This is thought to be due to the
use of the ideal gas equation of state when calculating the pressure over a wide range of
pressures. In order to increase the accuracy of the analysis result, it is necessary to modify
this part to include a realistic formula. Despite the assumption of an ideal gas, it can be
said that the present analysis model produced very good results.
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Figure 3. Comparison of gaseous temperature and tank pressure for defueling model validation.
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4. Analysis of Cryogenic Fuel Tanks
4.1. Analysis Condition

The fuel consumption rate was calculated for the analysis of the cryogenic liquid
hydrogen tank. The fuel consumption device for calculating the fuel consumption rate was
selected to be a PROTIUM-300 [34] fuel cell, made by Spectronik Pte. Ltd., Singapore. The
selected fuel cell produced a rated power of 300 W when the fuel consumption rate was
3.8 L/min. The hydrogen supply conditions were a temperature of 24 °C and a pressure
of 140 kPa to 170 kPa. When the fuel consumption rate was recalculated by applying the
hydrogen supply conditions, it became 7.229 x 1073 g/s to 8.776 x 1073 g/s. In the present
analysis, the lower fuel consumption rate of 7.229 x 10~3 g/s was applied to predict the
maximum pressure of the tank.

The size of the fuel tank was set so that the fuel cell could be loaded with enough
fuel to operate for one hour. As shown in Figure 4, the tank was cylindrical, and it had a
diameter (D) of 80 mm and a height (H) of 120 mm. Liquid hydrogen filled 80% of the tank
volume, and the remainder was filled with gaseous hydrogen at a pressure of 150 kPa. The
mass of hydrogen contained in the tank was 33.857 g of liquid hydrogen and 0.201 g of
gaseous hydrogen, which was a total of 34.055 g. This could supply the fuel cell for more
than one hour, based on the maximum fuel consumption rate.

~N
A

:

Gaseous

Liquid H/_
iq

Figure 4. Geometry of cryogenic liquid fuel tank.

The heat transfer of the tank was considered to be the heat conduction through the
tank wall. The ambient temperature was set at 15 °C. The structural thickness of the tank
was ignored because it was very thin and its materials had a higher thermal conductivity
compared to the insulation. The thickness of the insulator was set to 60 mm. The thermal
conductivity of the insulator was applied as 0.037 W/m-K.

4.2. Analysis Results

The transient analysis was performed with respect to the analysis conditions. The
analysis was conducted for three cases: (1) storage without fuel emission after fuel charging,
(2) fuel consumption immediately after fuel charging, and (3) 30 min delay before fuel
consumption after refueling.

The first case was a scenario in which fuel was stored without fuel emission after
fuel charging. The total mass of hydrogen inside the tank remained constant, as shown in
Figure 5a, because hydrogen was not discharged to the outside. The dotted line represents
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the total mass of hydrogen inside the tank, the blue solid line represents the mass of liquid
hydrogen, and the red solid line shows the mass of gaseous hydrogen. The mass of liquid
hydrogen decreased over time because it was vaporized by heat transferred from the
outside of the tank. The mass of gaseous hydrogen was increased by the mass of vaporized
liquid hydrogen. The temperature of gaseous hydrogen rose due to heat transfer from the
outside, as displayed in Figure 5b. The pressure in the tank increased rapidly, as shown in
Figure 5c, because the specific volume of the vaporized hydrogen was much larger than
that of liquid hydrogen. The pressure was 7.62 MPa when the storage time reached 30 min,
and 12.0 MPa when the storage time reached 1 h.
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(a) Mass of hydrogen. (b) Gaseous temperature.

10

20 30 40 50 60
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(c) Tank pressure.

Figure 5. Analysis results for cryogenic fuel tank without fuel consumption.

The second case reflected a scenario of fuel consumption immediately after fuel
charging. In this case, the total mass of hydrogen inside the tank was constantly reduced,
as shown in Figure 6a, because hydrogen was discharged to the outside at a constant
fuel consumption rate. The change in the mass of liquid hydrogen in the tank displayed
behavior similar to that seen in case 1. The mass of gaseous hydrogen increased at the
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beginning, and then decreased. This was because the amount of heat transferred to the
liquid hydrogen gradually decreased. When the amount of liquid hydrogen was reduced,
the heat transfer area of the liquid hydrogen was decreased, and thus, the amount of
vaporization eventually decreased. The gaseous temperature was higher than that of case 1,
as shown in Figure 6b, because the mass of hydrogen in the gas region was reduced (i.e.,
the density of the gas region was reduced) due to fuel consumption. However, the tank
pressure was increased initially and then gradually decreased, as represented in Figure 6c,
as gaseous hydrogen was continuously discharged to the outside. The pressure reached a
maximum of 2.30 MPa at about 37 min.
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(c) Tank pressure.

Figure 6. Analysis results for cryogenic fuel tank with fuel consumption.

The final cases (case 3) represented scenarios of 5 min (case 3a), 10 min (case 3b),
and 30 min (case 3c) delays before fuel consumption after fuel charging. In these cases,
the initial 5, 10, and 30 min after charging showed the same behavior as in case 1 when
there was no fuel emission. After that, as fuel consumption started, differences appeared
in the mass, temperature, and pressure behavior. As shown in Figure 7a, the mass of
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gaseous hydrogen in cases 3a and 3b increased as fuel consumption began. On the contrary,
in case 3¢, it gradually reduced. This was because the evaporation of liquid hydrogen
occurred consistently regardless of delayed time, and the amount of evaporation decreased
as time passes.

(a) Mass of hydrogen.
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(b) Gaseous temperature.
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Figure 7. Analysis results for cryogenic fuel tank with delay time before fuel consumption.
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The temperature of the gaseous hydrogen slightly decreased as fuel consumption
began, but it is soon rose again, as represented in Figure 7b. As the fuel was discharged out
of the tank, the internal gas expanded and the temperature dropped, but it appeared to
have increased due to heat inflow. The temperature increased rapidly from about 77 min
onwards, at which point the liquid hydrogen was fully evaporated. This was because the
heat that expanded to vaporize the liquid hydrogen also raised the gaseous temperature,
and the mass of gaseous hydrogen inside the tank was reduced due to fuel consumption.
For this reason, the temperature elevated rapidly during this period.

The tank pressure behaviors as fuel consumption began were similar to the tempera-
ture behaviors, as displayed in Figure 7c. The pressure dropped initially, but the pressure in
cases 3a and 3b rose gradually because the mass and temperature of the gaseous hydrogen
increased. In cases 3b and 3c, the maximum pressure occurred just before fuel consumption
began. In contrast, the maximum pressure point of case 3a occurred at a similar time as in
case 2, reaching a maximum of 3.03 MPa at about 39 min.

Comparing these cases, case 2, in which fuel consumption occurred immediately after
filling the tank with liquid hydrogen, had smaller pressure values compared to the delayed
cases. However, in reality, cryogenic fuel tanks are operated in a way that reflects the
delayed cases, as it takes time to begin fuel consumption after fuel charging. In case 3c, the
pressure rapidly decreased from the maximum after fuel consumption started, but in the
other delayed cases, the pressure increased again. In all of the delayed cases, the maximum
pressure was higher than in case 2. For this reason, the delay time before fuel consumption
after fuel filling, along with the fuel consumption rate, should be considered as important
factors in predicting the maximum pressure of a cryogenic fuel tank. Additionally, this
indicates that there could be a large difference in the maximum pressure inside different
tanks depending on various operating factors, and a model that quickly and accurately
predicts this is needed.

Therefore, using the present thermodynamic model developed in this study, it is
possible to rapidly predict the maximum pressure and the pressure behavior of a cryogenic
liquid hydrogen fuel tank under these conditions.

5. Conclusions

A thermodynamic model was developed to predict the maximum internal pressure
of cryogenic liquid hydrogen fuel tanks. The proposed model considers the phase change
from liquid to gas hydrogen due to heat transfer from the outside of the tank. The model
can perform a transient analysis by applying the fuel consumption rate. The accuracy of
the model was verified by dividing it into cases of storing liquid hydrogen and discharging
hydrogen to the outside. The proposed model presented good results.

The pressure in the tank becomes smallest when fuel is consumed immediately after
liquid hydrogen fills the tank. However, in the actual operation of a cryogenic fuel tank, a
time delay occurs between the completion of charging and the consumption of fuel. Since
the behavior of the pressure can be greatly affected by this delay time, it must be taken into
account as a major consideration when designing cryogenic liquid hydrogen fuel tanks.
The proposed model can consider the operating conditions of fuel tanks. Therefore, it can
be concluded that the proposed thermodynamic model is sufficiently usable for predicting
the maximum internal pressure and the pressure behavior of cryogenic liquid hydrogen
fuel tanks.
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Nomenclature

Agas Heat transfer area of gas region (m?)

Alig Heat transfer area of liquid region (m?)

C Specific heat (J/kg-K)

dt Differential time (s)

R Convection coefficient of tank outside (W/m2-K)
hgas Convection coefficient of gas region (W/m?K)
hiig Convection coefficient of liquid region (W /m?-K)

Meatt gas Total heat transfer coefficient of gas region (W/ m?.K)
gai lig Total heat transfer coefficient of liquid region (W/m?-K)

hg Latent heat of vaporization (J/kg)

kwant Conduction coefficient of wall (W/m?2-K)
Levant Wall thickness (m)

Pgs Gas pressure (Pa)

Gpoil Heat transfer rate by boil-off (W)

Gheat,gas Heat transfer rate by gas region (W)
Theat lig Heat transfer rate by liquid region (W)
el gas Heat transfer rate by gas fuel (W)

Qgas Energy transfer of gas (J)

Tomb Ambient temperature (K)

Tgas Gas temperature (K)

Tiig Liquid temperature (K)

Veas Volume of gas (m3)

Viig Volume of Liquid (m3)

Vexpand Virtual expanded volume by fuel consumption (m?)
Mgas Mass of gas (kg)

U Mass of liquid (kg)

Mppil Boil-off mass flow rate (kg/s)

Mryelgas  Gas fuel flow rate (kg/s)
Mfyeltig  Liquid fuel flow rate (kg/s)

Ugas Internal energy of gas (J)
Weas Work energy of gas (J)
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