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� Modeling of gas temperature development inside hydrogen tanks during pressurization.

� Inhomogeneous gas temperature distribution occurs inside large hydrogen tanks.

� Important to understand how heat transfer in tank wall affects heating of the gas.

� Monitoring of the gas temperature at the end of large tanks is recommended.
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a b s t r a c t

This paper studies fast fueling of gaseous hydrogen into large hydrogen (H2) tanks suitable

for maritime applications. Three modeling methods have been developed and evaluated:

(1) Two-dimensional computational fluid dynamic (CFD) modeling, (2) One-dimensional

wall discretized modeling, and (3) Zero-dimensional modeling. A detailed 2D CFD simu-

lation of a small H2-tank was performed and validated with data from literature and then

used to simulate a large H2-tank. Results from the 2D-model show non-uniform temper-

ature distribution inside the large tank, but not in the small H2-tank. The 1D-model can

predict the mean temperature in small H2-tanks, but not the inhomogeneous temperature

field in large H2-tanks. The 0D-model is suitable as a screening tool to obtain rough esti-

mates. Results from the modeling of the large H2-tank show that the heat transfer to the

wall during fast filling is inhibited by heat conduction in the wall which leads to an un-

acceptably high mean hydrogen temperature.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

Hydrogen (H2) is a promising alternative fuel for short-range

and near-coastal maritime transport operations, such as

ferries, supply ships, and bulk transport carriers. However, if
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these maritime vessels are to be operated on gaseous

hydrogen it will be necessary to store pressurized hydrogen in

H2-tanks that aremuch larger than those typically used in fuel

cell vehicles. Furthermore, fast fueling of large H2-tanks will

(similarly to smaller H2-tanks) be limited by the maximum
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possible temperature increase in the H2-tank during fast

refueling. It is, therefore, necessary to study this in more

detail.

The H2-tank wall material properties determine the oper-

ating temperature limit. The temperature rise can take place

due to the following: (1) Dispenser throttling work (compara-

tively small) [1], (2) Conversion of kinetic energy into internal

energy, and/or (3) Compression of the gas inside the tank

caused by the inflow of high-pressure gas [2]. Suryan et al. [3]

showed in a CFD study that the flow velocity gradually de-

creases with an increase in pressure as the density of gas in-

creases during tank filling. Bourgeois et al. [4] showed that the

convective heat transfer coefficient between gas and the

tank's inner surface gradually changes while filling. Inhomo-

geneous temperature distribution can occur in the tank, such

as thermal stratification. Melideo et al. [5] showed that there

can be colder regions due to jet expansions and that the dif-

ference between the coldest and hottest regions in the tanks

can be up to 30 �C. Johnson et al. [6] investigated the buoyancy

effect, which can influence the uneven temperature distri-

bution in the inner surface wall of the tank. A CFD studymade

by Kim et al. [7] showed that the upper gas temperature is

higher than the lower gas temperature due to the buoyancy

effect. There are also other studies on the filling of smaller

(fuel cell vehicle size) pressurized hydrogen tanks [8e10].

Standard hydrogen pressure vessels (i.e., H2-tanks) for fuel

cell vehicles and buses have a volume of 50e150 L [11,12].

However, there is limited knowledge on the refueling of large

H2-tanks that would be suitable for use in maritime applica-

tions. The fluid dynamics associated with the H2-tank refu-

eling will depend on the H2-tank size. A small H2-tank for a

light-duty fuel cell vehicle or a bus typically contains 2e5 kg

of hydrogen (@ 350e700 bar) while large H2-tanks suitable for

distribution of gaseous hydrogen and storage systems in

maritime applications typically will have a capacity of about

30e40 kg (@ 200e350 bar). The lengths of the pressurized gas

hydrogen storage tanks can vary from 1 to 2 m in small tanks

to 5e6 m in large H2-tanks. The jet formation in the H2-tanks

occurs in the longitudinal direction. This means that the fluid

dynamic behavior inside a large and long H2-tank will be very

different to that in a small and short H2-tank.

This study focuses on themodeling and numerical analysis

of the fast fueling of large H2-tanks. A key objective with the

study was to assess the need for detailed and complex

computational fluid dynamic (CFD) H2-tank simulations in the

modeling of hydrogen refueling processes and to investigate

how simplified non-dimensional H2-tank models can be used

in more high-level hydrogen refueling system models. Hence,

three types of modeling and simulation methods with

different degrees of complexity and areas of application were

developed, analyzed, and validated in this study.
Model description

The three modeling methods developed and evaluated in this

studywere based on: (1) Two-dimensional (2D) CFD-modeling,

(2) One-dimensional (1D) wall discretized modeling, and (3)

Zero-dimensional (0D) modeling. The main goal of the

modeling in all the three cases is to predict the temperature
and pressure increase inside a H2-tank during a refueling

process. In the detailed 2D CFD-model the temperature field is

computed for both solid and fluid computational zones, while

in the 1D and 0D models no fluid dynamics effects are

accounted for. In the 1D-model the heat transfer through the

tank wall is based on a 1D discretization of the wall and

temperature distribution through the wall, while in the 0D-

model there is a more simplified approach for estimating the

heat transfer. More details on the three different modeling

approaches are provided in sections below.

Two-dimensional CFD model

A transient CFD-analysis was performed for the filling of a

compressed H2-tank. Two detailed 2D CFD simulations were

conducted as a part of this study. The purpose of the first

simulation (Case 1) was to validate the CFD-model using data

found in the literature. The CFD-results were then compared

to experimental data extracted from Dicken and M�erida [13],

who performed temperaturemeasurements inside a 74-L tank

using thermocouples during the H2-filling process. The vali-

dated CFD-model was then applied in a simulation study of a

large H2-tank (Case 2), where a fast H2-refuling rate (ca. 1 kg/

min) was assumed. The results obtained on flow and tem-

perature fields inside the large H2-tank were then analyzed.

Case 1: 2D CFD simulation of small H2-tank (validation case)
The calculation domain for the 2D CFD-model used in Case 1 of

this study is shown in Fig. 1. The fluid flows into the tank from

a 5 mm nozzle. The nozzle is protruded 82 mm into the tank.

The solid materials (liner with a thickness of 4 mm and

laminate of 15 mm) are included in the model. The di-

mensions of the H2-tank are represented accordingly. An

overview of the materials and additional details about the

geometry and operating procedure used in the experiments

can be found in Dicken and M�erida [13]. It should be noted

here that axisymmetric boundary conditions have been

applied during the simulation, but for the sake of clarity, only

2D geometry images are shown.

The Ansys-Fluent 2020 R1 solver package was used for the

analyses. Transient simulations were performed and the

system of coupled governing equations solved included con-

tinuity, momentum, turbulence, and energy equations. Ex-

pressions of these solved equations are presented in many

classical fluid mechanics textbooks. The Fluent user manual

provides more detailed information regarding the mathe-

matical nature of the equations in this study. A summary of

the parameters used for the Case 1 simulation study is pre-

sented in Table 1.

The computational mesh used for the analysis in Case 1 is

presented in Fig. 2. The mesh consists of quadrilateral and

triangular elements, while the solid materials and the nozzle

weremodeled using only quadrilateral elements. The smallest

element size is 0.1 mm and the largest element is 1 mm. The

small elements were placed very close to the nozzle where

large velocity gradients can be expected due to the turbulent

jet propagation into the tank interior volume. In the 2D CFD-

modeling of the small H2-tank (Case 1) approximately 20,000

computational cells were used in the simulation, with cell

sizes ranging from 1 mm to 5 mm.

https://doi.org/10.1016/j.ijhydene.2023.04.142
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Fig. 1 e Geometry used for the 2D CFD analysis (Case 1: 2D CFD simulation of small H2-tank).
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The SST k -u turbulencemodel was used for this study as it

has the reputation of being robust and accurate enough to

solve industry fluid dynamics problems. The SST k -u model

incorporates an automatic selection mechanism for near wall

turbulence modeling, which depends on the mesh resolution.

When the value of yþ is less than one, the model uses the k -u

model for near wall turbulence, whereas for yþ values greater

than one, a wall function-based approach is employed. The

wall yþ was about 500 in regions where the fluid jet effects

were felt on the wall and around 5 in regions where they were

not felt. The k -ε model was utilized in regions located further

away from the boundary layer.

The compressible real gas behavior was modeled using the

Peng-Robinson equation of state. The equation of state, Pois-

son equation of pressure, momentum, and energy equations

were discretized using a second-order scheme, while the

turbulence conservation equations were discretized using a
Table 1 e Summary of simulation parameters in the 2D
CFD simulation of the small H2-tank (Case 1).

Parameter Value

Software Ansys Fluent, 2020 R1

Mesh type Quadrilateral (majority cells) and

Triangular

Model 2D, Axisymmetric

Solver type Pressure-based (coupled scheme),

implicit solver

Simulation type Transient

Turbulence model SST k -u

Fluid Hydrogen (default Fluent material

properties). Fluid density is

modeled using Peng-Robinson

equation of state model.

Time step Variable (criteria is to have Courant

number <1)
first-order scheme. The pressure-velocity coupling was per-

formed using the coupled algorithm. The pressure and tem-

perature boundary conditions were implemented at the inlet.

Nozzle inlet pressure and temperature measurements were

made by Dicken and M�erida [13]. The data from these exper-

iments were used to make polynomial curve fits for the

pressure and temperature developments at the nozzle inlet

(Fig. 3). These polynomial functions were then used to model

the inlet pressure and temperature at the inlet boundary as a

function of time, which made the simulated boundary con-

ditions similar to the experiment.

The simulation time step was initially set to a very low

value of 1E-6 s while carefully monitoring the critical param-

eters such as the CFL number, fluid velocity, pressure, and

temperature. The residuals of mass, momentum, and energy

equations were also closely monitored to ensure that the

calculations converged. As the simulation progressed the time

step was gradually increased to 1E-4 s to ensure a CFL number

of 1. It should be noted here that in the 2D CFDmodeling of the

large H2-tank (Section 2.1.2) a time step of 1E-4 s was kept for

the first 10 min of the simulation, after which it was adjusted

to 5E-4 s and 1E-3 s to speed up the simulation while main-

taining the CFL criteria. It is also worth noting here that as the

filling time increased, the maximum fluid velocity inside the

domain decreased, making it possible to increase the time

step and speed up the simulations.

Case 2: 2D CFD simulation of large H2-tank (Maritime case)
Data from a commercial provider of pressurized hydrogen

tanks was used as a basis for the 2D CFD simulations made in

Case 2 (large H2-tank for the maritime). The large H2-tank

analyzed has a length of 5.77 m and a diameter of 650 mm

which gives an internal volume of about 2000 L (i.e., more than

25 times larger than the small H2-tank in Case 1). The H2-tank

analyzedwas assumed to have two layers of insulation, a liner

with a thickness of 3 mm, and a glass fiber layer with a

https://doi.org/10.1016/j.ijhydene.2023.04.142
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Fig. 2 e Computational mesh for the 2D CFD analysis (Case 1: 2D CFD simulation of small H2-tank).
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thickness of 63 mm. The insulation material properties

assumed are described in Table 2. The H2 inlet flow was

assumed to enter the tank via a single nozzle with a 4 mm

diameter.

The CFD-simulations performed in Case 2 was assumed to

be axisymmetric (as in Case 1). It should be noted here that the

ends of the H2-tank are spherical shapes (with curved ends in

2D). The curved ends of the H2-tank are modeled in the 2D

CFD simulations but are not shown in full detail in the

simplified 2D (square) figures below. The geometry of the

calculation domain used in the 2D CFD-simulations of the

large H2-tank is shown in Fig. 4. A simplified schematics

showing the main calculation domain analyzed and the mesh

used for the 2D CFD simulation is shown in Fig. 5. Only

quadrilateral elements are used, with the minimum and

maximum cell sizes of 1 mm and 20 mm, respectively. The

smaller elements are placed in the region where velocity

gradients are expected to be the largest. The size of the cells in

these simulations were fixed at 1 mm near the walls and in

regions where large velocity gradients were expected. The

total number of computational cells used in the 2D CFD sim-

ulations of the large H2-tankwas approximately 11,000, with a

wall yþ of around 300 in regions where fluid jet effects were
Fig. 3 e Nozzle inlet pressure and temperature as a function of t

experimental data) used in 2D CFD simulation of the small H2-
felt on the wall and a wall yþ of around 5 where fluid jet ef-

fects were not felt on the wall.

A fast-filling scenario was assumed in the 2D CFD simu-

lation of the large H2-tank. The tank pressure was in this

scenario increased linearly from 20 bar (initial pressure) to

350 bar over 20 min (ca. 1 kg H2 per minute), while the inlet

temperature of the hydrogen gas was kept at a constant value

of 20 �C. The ambient temperature was set to 27 �C (300 K) and

a heat transfer coefficient of 6 W m�2 K�1 was assumed (both

in Case 1 and Case 2), to ensure that the heat transfer rate

from the system to the surroundings remained low. The CFD

methodology applied in the 2D CFD simulations of the large

H2-tank was similar to that of the smaller H2-tank (Section 0).

One-dimensional model for wall heat transfer

A model for studying the heat transfer in the tank wall was

developed for this study. This model was based on a one-

dimensional (1D) discretization of the wall (cylindrical co-

ordinates) and a zero-dimensional (0D)model for the hydrogen.

The non-dimensionalmodelwas presented byMolkov et al. [10]

and has been validated for smaller tank volumes for hydrogen

up to 700 bar and is shown in Equation (1):
ime (boundary conditions). Polynomial functions (based on

tank (Case 1).

https://doi.org/10.1016/j.ijhydene.2023.04.142
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Table 2 e Properties for the insulation materials use in
the simulations of the large H2-tank (Case 2).

Property Value Unit

Liner density 945 (kg,m�3)

Liner specific heat 1580 (J,kg�1K�1)

Liner thermal conductivity 0.48 (W,m�1K�1)

Glass-Fiber density 2051 (kg,m�3)

Glass-Fiber specific heat 878 (J,kg�1K�1)

Glass-Fiber thermal conductivity 0.113 (W,m�1K�1)

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 3 0 8 0 4e3 0 8 1 730808
dmt

dt
¼

1
g�1

�
ðVt � b mtÞ dpt

dt

�
� dQ

dt

1
g�1

�
bpt

�þ cp;eTe
(1)

where pressure ramp function dpt
dt is an input parameter to the

model.

The convection heat transfer rate from hydrogen to the

inner wall of the tank dQ
dt is given by Equation (2):

dQ
dt

¼Aslhg

�
Tsl �Tt

�
(2)

The model for convective heat transfer coefficient dQ
dt ac-

counts for the natural and forced convection between the gas

and the inner tank wall (A more detailed description of this

model can be found in Ref. [10]). The heat transfer through the

tank wall is discretized to include the temperature gradient

through the wall during filling and to account for several

different layers of materials such as liner and fiber-reinforced

polymer. The tank wall heat flow is modeled as a pipe wall

heat flow, neglecting the hemispherical shape effects of the

end sections of the tanks. The transient heat transfer equa-

tions solved in cylindrical coordinates can be expressed by

Equation (3):

vT
vt

¼ 1
Cp;wallmwall

1
r

v

vr

�
kr

v

vr
T

�
(3)

In Equation (3), the time derivative is discretized with the

forward Eulermethod, and the spatial derivative is discretized

with the second-order central-difference scheme. Fig. 6 illus-

trates the discretization of the walls (cylindrical) used in the

1D modeling, including the inner and outer walls, details on

the calculation domains, surface and ambient temperatures,

and volume interface radiuses. MATLAB was used for the 1D

modeling.
Fig. 4 e Geometry and dimensions (Ca
Zero-dimensional model

A simplified zero-dimensional (0D) model was also developed

in this study. The 0D model was implemented in the Engi-

neering Equation Solver (EES) program to make it possible to

perform quicker calculations and rapid screening of the

average temperature development during the tank filling. The

EES model solves a set of equations that describe the system

and a set of non-linear and differential equations that repre-

sent the mass and energy balance for the bunkering process.

In the 0D model the following two main simplifications

weremade: (1) No fluid dynamics effects were included and (2)

The heat transfer to the wall was based on an average heat

capacity for the entire tank wall. In the 0D model in EES a

simplified approach for estimating the heat transfer from the

gas to the tank wall is assumed. Hence, the 0D model did not

include discretization of the tank wall nor any calculations of

the heat transfer from gas to inner wall surface, through wall,

and from the outer wall surface to the surroundings, as was

the case in the 1Dmodel (Section 2.2). Instead, therewasmade

a crude assumption that the part of the wall with heat ca-

pacity has the same temperature as the hydrogen gas and that

the rest of the wall material is unaffected. In other words, in

the 0D model the mass of the wall material was assumed to

work as a heat sink, resulting in a gas temperature that is

lower compared to pure adiabatic conditions. The real gas

model by Leachman et al. [13] (included in EES) was used for

the thermodynamic state calculations. The model describes

the filling of a hydrogen tank from a constant source at a

pressure of 45 MPa and a temperature of 293.15 K.

The mass and energy balance for the tank-filling process

can be expressed by the following equations:

dUt

dt
¼ _me$he (4)

where the total internal energy in the tank at time ¼ 0 can be

calculated by:

Utank;t¼0 ¼mH2;t¼0$ut¼0 þ Cwall$Tamb;t¼0 (5)

and the internal energy in the tank at time ¼ 2 can be calcu-

lated by:

U2 ¼m2$u2 þ Cwall$T2 (6)

In the equations Ut denotes the internal energy of the gas

inside the tank, me the mass of hydrogen in the tank, and he
se 2: Large H2-tank for maritime).

https://doi.org/10.1016/j.ijhydene.2023.04.142
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Fig. 5 e Computational mesh (Case 2: Large H2-tank for maritime).
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denotes the enthalpy of the hydrogen inlet flow. It should also

be noted that in Equation (6) the total heat capacity of the wall

Cwall is assumed to have the same temperature as the

hydrogen gas. The value of Cwall (kJ/K) is calculated by multi-

plying the mass of the wall material with the specific heat

capacity of the wall material.

A graphical user interface (GUI), or a so called EES Diagram

Window, was developed for the EES model (Fig. 7). In the GUI it

is possible for the user to choose either a constant mass flow

rate or a mass flow rate that decreases as a function of time.

The EESmodel is available as a distributable program that can

be downloaded for free by contacting the authors.
Results and discussion

The main objective with this part of the study was to analyze

and compare the performance of the three different models

developed. Since the overall goal in the main project was to

integrate a simplified hydrogen tank model into a larger

hydrogen refueling system model in EES, it was particularly
Fig. 6 e Illustration of 1D wall discretization in a cylindrical

tank, including the inner and outer walls, details on the

calculation domains [ri-1, ri], surface and ambient

temperatures, and volume interface radiuses.
important to investigate how the 0D model (Section 2.3)

compared to the more detailed 1D model (Section 2.2) and the

2D CFD-model (Section 2.1).

Results from modeling of small H2-tank (Case 1)

The mean fluid temperature inside the H2-tank is the key

variable to be validated. A comparison between the three

models developed and the measurements derived from

Dicken and M�erida [13] is shown in Fig. 8. The results show

that there is an excellent agreement between the 2D CFD-

predictions and the measurements, which gives confidence

to apply the CFD-method to larger H2-tanks (e.g., H2-tanks for

maritime applications). The measurements were also

compared to the calculations made using the simpler 1D

model in MATLAB and the even more simplified 0D-model in

EES. The predictions from the two simpler models are

reasonable, both showing trends that are consistent with the

experimental results. The small difference between the

measurements and the predictions are likely to come from the

limited number of thermocouples installed inside the small-

scale experimental H2-tank. Dicken and M�erida [13] made

measurements at 63 locations inside the H2-tank, but this

does not cover the entire volume of the tank. In comparison,

the CFD-model accounts for the entire volume of the H2-tank

and assumes that there is an axisymmetric boundary condi-

tion. The results from the 1D-model match well with the

experimental result for smaller H2-tanks, but the best results

are provided by the 2D CFD-model.

A 2D axisymmetric CFD-simulation of 35 s takes approxi-

mately 8 days of CPU time on an 8-core Intel®Xeon®W-2145

processor (3.7 GHz) with 64 GB of RAM, while the simulation of

the 1D-model in MATLAB only takes a fewminutes. When the

correct input data is supplied to the 1D-model it can be

executed very quickly. The 0D-model in EES takes a while to

set up the first time, since user-defined equations must be

established and integrated with the built-in functions in the

program. However, once this has been done the actual simu-

lation time is relatively short. Hence, both the 1D-model in

MATLAB and the 0D-model in EES are more suitable for more

general studies on hydrogen refueling, while the 2D CFD-

model in Ansys-Fluent is more suitable for detailed studies

on flow and thermal behavior inside the H2-tank.

Fig. 9 shows the velocity and temperature contours inside

the tank for several time steps. The hydrogen gas is in this

case entering the tank through a nozzle as a high-speed jet,

which can result in better gas mixing inside the tank. The

maximum velocity of the jet decreases with an increase in

https://doi.org/10.1016/j.ijhydene.2023.04.142
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Fig. 7 e The graphical user interface (GUI) for the H2-tank 0D model in EES. Note that the green boxes contain input

parameters that can be easily entered by the user. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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filling time. This can be better explained by calculating the

Reynolds number based on hydrogen gas and flow properties

obtained at the nozzle inlet (density, viscosity, velocity, and

nozzle diameter). Fig. 10 shows that the Reynolds number

decreases with an increase in time. (Due to increase in pres-

sure inside the tank over time which leads to a gradual in-

crease in fluid density).

In Fig. 9 it can also be observed how the hydrogen flow jet

propagates into the center of the tank. This has an important
Fig. 8 e Gas temperature development inside the small H2-

tank. Comparison of developedmodels (2D CFD, 1D, and 0D)

against measurements made by Dicken and M�erida [13].
effect on the temperature distribution inside the tank; the

temperature contour plots show a nearly uniform tempera-

ture distribution within the tank, except near the jet region.

(The temperature of the fluid inside the jet depends on fluid

expansion behavior, which in turn is dependent on pressure

ratio). From this it can be concluded that for filling of small H2-

tanks the temperature distribution inside the tank will be

uniform due to the effect of the jet (resulting in better flow

mixing) throughout the entire tank volume. It can also be

observed that the fluid temperature inside the small H2-tank

does not differ significantly from the rest of the tank in any

specific area.

The temperature distribution inside the H2-tank is related

to the convection heat transfer. Results from the 2D CFD cal-

culations were therefore used to estimate the internal heat

transfer coefficient (IHTC). The internal heat transfer coeffi-

cient was derived from the following expression:

hg ¼
_Q

Asl

�
Tt � Tsl

� (5)

where _Q is the heat transfer rate, Tt is the mean fluid tem-

perature inside the tank, Tsl is the mean temperature of the

wall surface in contact with the fluid, and the parameter Asl is

the surface area of for the heat transfer. Fig. 11 shows the

internal heat transfer coefficient a as a function of time (time

for a H2-filling), withminimumandmaximumvalues for IHTC

at 402 W,m�2K�1 and 1750 W,m�2K�1, respectively. The re-

sults show how the internal heat transfer coefficient de-

creases over the time of the H2-filling. This is because the

mean fluid velocity inside the tank decreases with time,

resulting in less heat transfer.
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Fig. 9 e Results from the 2D CFD simulations of fluid velocity (m,s¡1) contours (plots on the left) and temperature (�C)
contours (plots on the right) at different times during the fast-filling of a small H2-tank.
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Results from modeling of large H2-tank (Case 2)

The CFD results for the simulation performed on a large H2-

tank geometry are presented in this section. The CFD-model

and methodology validated for the small H2-tank was

applied to a larger H2-tank. A fast-filling scenario with a H2-

filling time of 20 min was assumed in the CFD-simulations.

It took about 24 days of CPU time to perform the CFD-

simulation on an 8-core Intel®Xeon®W-2145 processor
(3.7 GHz) with 64 GB of RAM. Details on the settings for the

CFD-simulation are found in Section 2.1.2.

Fig. 12 shows the mean temperature of the fluid inside

the tank with time and the mean temperature of the wall

surface in contact with the fluid. The simulations in the 1D-

model, which uses a zero-dimensional volume solver for the

hydrogen, were based on a convective heat transfer coeffi-

cient derived from the 2D CFD-simulation and simplified to

be a constant 40 W,m�2K�1. The 2D CFD-simulation

https://doi.org/10.1016/j.ijhydene.2023.04.142
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Fig. 10 e Reynolds number calculated based on inlet fluid

properties at the nozzle inlet.

Fig. 12 e Mean temperature development as a function of

time for filling the maritime-sized hydrogen tank.
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estimated that for a H2-tank filling time of 20 min the mean

fluid temperature of the fluid would reach a value above

100 �C. This temperature is beyond the acceptable

maximum temperature of the liner material. Hence, the

average temperature of the liner material surface was

carefully monitored during the simulation and set to a

maximum of 90 �C. Section 2.2 describes the simple modi-

fications made to the original heat transfer coefficient

model. Further research is needed to develop a more

explicit heat transfer coefficient model that takes tank size

and filling time into consideration.
Fig. 11 e Internal Heat Transfer Coefficient (IHTC)

calculated using the mean temperature of the fluid,

average surface temperature of the wall, heat transfer rate,

and the surface area.
Fig. 13 show the temperature distribution inside the large

H2-tank at different instantaneous times (1, 3, 4, and 20 min)

during the filling. According to the contour plots, the tem-

perature distribution of the fluid inside the larger H2-tanks is

not homogeneous, as opposed to the homogeneous behavior

found in the smaller H2-tanks. The temperature of the fluid at

the far end of the H2-tank is much higher than elsewhere. It

should be noted here that the 2D models do not consider

natural convection effects, which can have a significant

impact on fluid flow and thermal distribution in the azimuthal

direction. Three-dimensional simulations are required to fully

capture these effects. However, since natural convection ef-

fects are more pronounced for slow filling it can be justified to

use 2Dmodels for simulation of fast filling of hydrogen. In any

case, the heating taking place at the end of long H2-tanks

during fast-filling should be confirmed in future 3D CFD sim-

ulations that also include natural convection effects.

It is possible to explain the inhomogeneous temperature

distribution inside the H2-tank by looking at the velocity

contours shown in Fig. 14, e.g., the velocity contour at the

20-min simulation time instance. Here it can be noticed that

the high velocity jet effect is not influencing the behavior of

the gas at the far end of the large and long H2-tank. It can be

observed that the gas is moving at a velocity of about

0.01 m s�1 at the far end of the tank. It is also possible to

observe the mixing region to explain the temperature dis-

tribution in the tank. This can be achieved by plotting the

stream function, as shown at the 20-min time instance in

Fig. 15. The region adjacent to the nozzle where fluid mixing

occurs is shown in the plot. This contour plot indicates that

fluid mixing occurs for approximately 28% of the tank

length. In other words, the mixing of the gas is weaker

further out in the longitudinal direction of the H2-tank. This

will affect heat transfer from the H2-tank to the surround-

ings. A similar temperature profile has been observed by

Carrere et al. [14].
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Fig. 13 e Result from 2D CFD simulation of a large H2 tank. Temperature (�C) distribution inside the tank at four different

time intervals: 1, 3, 10, and 20 min.
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It may be possible to enhance heat transfer if there is suf-

ficient mixing at the far end of the tank. Here it should be

noted that the outer material assumed in this study (glass

fiber) has a greater capacity to absorb heat. Fig. 16 shows the

internal heat transfer coefficient calculated from the simula-

tions of the large H2-tank, where the maximum and mini-

mum heat transfer coefficient values were calculated to be

90 W,m�2K�1 and 36 W,m�2K�1, respectively. The heat

transfer coefficient value for the small H2-tank is very low
Fig. 14 e Result from 2D CFD simulation of a large H2 tank. Velo

instance. Velocity values are shown in m/s.
compared to the large H2-tank. This result also explains the

presence of high temperature zones inside the large H2-tank.

The results in this study confirm the need to pre-cool the

hydrogen during the fast filling of H2-tanks, which is common

practice inhydrogen refueling stations for road transport. It can

also be confirmed that for large H2-tanks the convection heat

transfer coefficient must be modeled based on fluid dynamics

phenomena. The results from the 2D CFD simulations show

how the internal flow in large H2-tanks will only mix the fluid
city magnitude distribution inside the tank at 20 min time
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Fig. 15 e Result from 2D CFD simulation of a large H2 tank. Fluid mixing region at 20 min time instance illustrated using

stream function (kg,s¡1) in Ansys-Fluent.
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(H2) locally and herby influence the heat transfer. Finally, it

should be noted that no buoyancy effects were included in the

2DCFDsimulations.Thismighthavea significanteffectonboth

mixing and heat transfer, especially for slow filling processes.

Effect of heat transfer in the tank wall
The one-dimensional model was used to study the effect of

heat transfer in the wall on the fluid temperature during

filling. The convective heat transfer coefficient of
Fig. 16 e Internal Heat Transfer Coefficient (IHTC)

calculated for the large H2-tank simulation, where:

p1 ¼ �6:267e� 13, p2 ¼ 2:106e� 09, p3 ¼ �2:636e� 06, p4 ¼
0:001537, p5 ¼ �0:4081, p6 ¼ 75:7.
40 W,m�2K�1 was taken from the CFD simulation, while the

higher coefficients were included as a parameter study. Fig. 17

shows how convective the heat transfer coefficient values (40,

200, and 1000W,m�2K�1) affects the heat transfer through the

tank wall during filling of the large H2-tank and how these

coefficients control the heat transfer between the hydrogen

gas and the inner tank wall surface. The results from the 1D-

model show that by increasing the convective heat transfer

coefficient, the inner wall temperature increases. If the tem-

perature difference between the hydrogen gas and the wall

decreases (middle figure), the heat transfer will be reduced.

Another observation that can be made is that there is no sig-

nificant heating of the wall, i.e., the heat capacity of the H2-

tank itself cannot be utilized for effectively cooling of the

hydrogen. The low thermal conductivity of the tank wall

material and the relatively lower heat transfer area compared

to the tank volume will hinder effective heat transfer and

cooling of the hydrogen during filling (bottom figure).

Finally, when comparing the results from the simulations

and modeling of the small and large H2 tanks it is also

important to have in mind the slight physical difference in

materials used in the tanks. The small H2-tank studied (with

data from Ref. [13]) was a Type III tank with aluminum liner

with a high thermal conductivity and heat capacity, while the

large H2-tank had a polymer liner. A closer look at the wall

temperature profile shows that the internal energy is accu-

mulated in regions close to the liner and fluid. In a H2-tank

with an inner aluminum liner this heating effect will be

smaller since it will contribute to the cooling of the hydrogen

gas by keeping the inner wall temperature lower compared to

a tank with a polymer liner.
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Fig. 17 e Results from 1Dmodeling of a large H2-tank using

different convection heat transfer coefficients Top figure:

Mean hydrogen temperature in the tank during filling,

Middle figure: Temperature difference between hydrogen

gas and inner tankwall. Bottom figure: Temperature profile

through the wall at 20 min.
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Conclusions & recommendations

The main objective with this study has been to establish a set

of numerical simulations tools suitable for modeling of the

fast fueling of compressed gaseous hydrogen, with focus on

estimating the temperature development inside large

hydrogen tanks suitable for maritime applications. Three

numerical models with different dimensions and complexity

have been developed, validated, and compared: (1) 2D CFD

model in Ansys-Fluent (2) 1D-model in MATLAB, and (3) 0D-

model in EES.

The results show that 2D CFD simulations can be used to

calculate the flow and thermal field inside a H2-tank. Based on

the two detailed CFD simulations performed in this study, one

for a small H2-tank (Case 1) and one for a large H2-tank (Case

2), it can be concluded that the effective fluidmixing caused by

the turbulent jet flowwill enhance heat transfer and achieve a

nearly uniform temperature distribution in the entire volume

in a small H2-tank. However, this is not the case with fast

filling of gaseous hydrogen in a larger H2-tank.

For the large H2-tank the CFD results suggest that fluid

mixing is only confined to 28% of the tank length (measured

from the nozzle inlet). The temperature distribution of the

fluid inside the tank was not homogeneous in this case, as

opposed to the homogeneous behavior found in the smaller

H2-tank. In the large H2-tank the temperature of the fluid at

the far end of the tank was found to be much higher than

elsewhere. Hence, the CFD simulations performed in this

study indicate that it will be important to monitor tempera-

ture in the during fast filling of hydrogen. In actual systems, a

temperature sensor should be placed at the end of the tank to

monitor the temperature where the heat transfer rate is likely

to be low.

The 2D CFDmodels in this study do not consider buoyancy

or natural convection effects, which can have a significant

impact on fluid flow and thermal behavior in the tank. Three-

dimensional CFD simulations would be required to fully cap-

ture these effects. The heating taking place at the end of large

and long H2-tanks during fast-filling should be confirmed in

future 3D CFD simulations that also include natural convec-

tion effects. However, since natural convection effects are

more pronounced for slow filling it can probably be justified to

use 2D CFD models for simulation of fast filling of hydrogen.

It was also demonstrated in this study that the 0D and 1D-

models developed can predict the overall temperature and

pressure development during the fast-filling of H2-tanks. The

1D wall discretization model can capture important effects

that control the main cooling of hydrogen during filling.

However, the 1D model will not be able to capture the local

high temperature regions (hot spots) since it assumes a mean

(bulk) temperature for hydrogen in the tank. A detailed anal-

ysis of the fast-filling of a large H2-tank showed how the in-

ternal heat transfer coefficient in the tank can limit the

cooling of the gas.

Finally, a recommendation for future work is to set up an

experimental campaign to study flow and thermal fields
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during a fast-filling process of a large H2-tank. The experi-

mental data could then be used to validate 2D and 3D CFD

models and to develop a better internal heat transfer coeffi-

cient model that can be incorporated into the 1D-model. The

results from such experiments and model validations would

be very useful when generating recommendations and prac-

tices on how to perform safe and energy efficient fast filling of

large H2-tanks suitable for maritime applications.
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Abbreviations

Ansys-Fluent Fluid simulation software

CFD Computational Fluid Dynamics

CFL CouranteFriedrichseLewy

CPU Central processing unit

EES Engineering Equation Solver program

GUI Graphical User Interface

H2 Hydrogen

IHTC Internal Heat Transfer Coefficient

MATLAB Multi-paradigm programming language

RAM Random-Access Memory

SST Shear Stress Transport

0D, 1D, 2D, 3D Zero-Dimensional, One-Dimensional, Two-

Dimensional, Three-Dimensional

Nomenclature

A Surface area, (m2)

b Correction coefficient of specific volume in the Abel-

Noble equation, 7:691� 10�3 (m3kg�1) [15,16]

cpwc
Specific heat capacity of composite material, (J,kg�1

K�1)

cpwc
Specific heat capacity of liner material, (J,kg�1 K�1)

cp;e Specific heat capacity of gas at the inlet, (J,kg�1 K�1)

cv;t Specific heat capacity of gas at the tank, (J,kg�1 K�1)

de Nozzle diameter, (m)

hg Convective heat transfer coefficient of hydrogen,

(W,m�2K�1)

He Enthalpy of inlet flow, (J,Kg�1)

me Tank inlet mass, (kg)
_me Tank inlet mass flow rate, (kg,s�1)
_ne Tank inlet molar flow rate, (kmols�1)

kwl
Conduction coefficient of liner wall, (W,m�1K�1)

kwc Conduction coefficient of composite wall,

(W,m�1K�1)

pt Tank pressure, (MPa)
pt0 Initial tank pressure, (MPa)

pt0 Final tank pressure while filling, (MPa)

Q Heat transfer, (J)

r Tank radius, (m)

RH2 Gas constant, 4124.2 (J,kg�1K�1)

Dt Time step, (s)

Te Inlet gas temperature, (K)

Tt Tank gas temperature, (K)

U Internal energy, (J)

b Coefficient of thermal expansion, (K�1)

g Specific heat ratio

re Density of inlet hydrogen, (kg,m�3)

rwc
Density of composite material, (kg,m�3)

rwl
Density of liner material, (kg,m�3)

Subscript c Carbon fiber/epoxy composite wall, the middle

layer

Subscript e Inlet or inject

Subscript g Glass fiber/epoxy composite wall, the outer layer

Subscript l Liner wall

Subscript s Surface

Subscript t Inside the tank

Subscript w Wall

Subscript ∞ Tank outside atmosphere

Subscript 0 Initial condition
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