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A B S T R A C T

Compressed gas in cylinders is currently the preferred solution for storing hydrogen on board vehicles. Fast-
filling combined with high storage pressures is required to meet competitive targets of long driving ranges
and short refuelling times. Experiments and CFD models have shown that the fast-filling leads to significant
rise in temperature within the hydrogen cylinder, which can lead to its structural failure. Thus, controlling
the rise in temperature is vital during the refuelling process. This paper describes the implementation of a
universal thermodynamic model that determines the gas and structural temperature during the fast-filling
of hydrogen cylinders. It includes the computation of conjugate heat transfer from the gas to the cylinder
structure. The thermodynamic model requires negligible computational time without compromising accuracy
and can used to implement different fast-filling scenarios on a laptop or personal computer. The flexibility
and robustness of the model is shown as it is capable of modelling the fast-filling of cylinders while varying
different key parameters such as fill time, structural material, cylinder volume, final pressure, filling rate,
initial temperatures and pressures.
1. Introduction

Hydrocarbon-based fuel vehicles are a major contributor to air
pollution due to harmful emissions produced during the combustion
process [1]. Increasing restrictions on transport emission regulations
are driving up the demand for cleaner and more environmentally
friendly fuel types. Hydrogen fuel cell vehicles utilize the energy from
the gas to provide a continuous recharging process for the vehicle’s
battery through an electrochemical reaction [2]. This process produces
zero harmful emissions, with the only by-product being water. In order
to achieve a similar driving range to petrol and diesel vehicles, hydro-
gen gas must be stored on-board of vehicles in cylinders at relatively
high pressures (35–70 MPa) [3]. The structure of cylinders on-board
of hydrogen-powered vehicles consists of an inner liner to prevent
leakages and an outer carbon fibre-reinforced polymer (CFRP) laminate
that provides the structural strength of the cylinder [4]. Two different
types of cylinders are currently used in hydrogen vehicles: Type III,
which has a liner made from aluminium alloy and Type IV, whose liner
is made of plastic. One of the main characteristics that needs to be
adopted by hydrogen-based vehicles is a short refuelling time. Conven-
tional vehicles can be filled in approximately three minutes and thus,
hydrogen-based vehicles must provide a similar experience to meet
consumer requirements. However, the fast-filling of hydrogen cylinders
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results in a significant rise in temperature, which can lead to structural
deterioration. The rise in gas temperature is due to the negative Joule–
Thompson effect that occurs upstream across the reduction valve at the
pressures and temperatures involved during refuelling as well as the
compression of the gas within the cylinder. [3,5–7]. Thus, for safety
purposes, the maximum allowed temperature inside the vessel is set at
358 K by the International Standard Organization, while the maximum
allowable pressure is 1.25 times the cylinder’s design pressure [8].

The technological solution to tackle the issue of high temperature
during the hydrogen refuelling process is to decrease the temperature
of the gas going inside the cylinder using a heat exchanger [9,10].
The process is called pre-cooling and may be necessary to obey the
hydrogen refuelling standards outlined in the SAEJ2601 protocol by the
Society of Automotive Engineers. The protocol requires the cooling of
the gas depending on ambient temperatures to 273 K, 253 K and 233 K
throughout the fill of 70 MPa cylinders prior to being delivered on
board of vehicles. [11]. In addition, the SAEJ2601 protocol explicitly
states that the state of charge (SoC), which is defined as the ratio (in
percentage) between the density at the end of the filling process and
the density of hydrogen gas at 70 MPa and 288 K (40.2 kg/m3) should
not be greater than 100%. The SoC indicates the filling degree and
it is strictly related to the temperature and pressure of the gas in the
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Nomenclature

𝐴𝑐 surface area of cylinder (m2)
𝛼 thermal diffusivity (m2/s)
𝐷𝑐 cylinder diameter (m)
𝑑𝑖𝑛 inlet diameter (m)
𝜀 turbulence dissipation rate(m2/s3)
𝐹𝑟 filling rate (MPa/min)
𝐻 specific total enthalpy (J/kg)
ℎ𝑐𝑓 heat transfer coefficient (W/m2.K)
𝑖, 𝑗 spacial index during navigation
𝑘𝑔 gas thermal conductivity (W/m K)
𝑘𝑡 turbulent kinetic energy (m2/s2)
𝑙 tank length (m)
𝑚 time index during navigation
𝑚𝑔 mass of gas (kg)
𝑚𝑖𝑛 mass flow rate at the inlet (kg/s)
𝜇 dynamic viscosity (Pa s)
𝜇𝑡 turbulent viscosity (Pa s)
𝑁𝑢 Nusselt number
𝑝 pressure (Pa)
�̇� heat flux (W/m2)
�̇�𝑜𝑢𝑡 heat transfer rate (W)
𝑅𝑒 Reynolds number
𝑟 internal tank radius (m)
𝜌 density (kg/m3)
𝑇 temperature (K)
𝑡 time (s)
𝑢 velocity (m/s)
𝑢𝑔 specific internal energy (J/kg)
𝑉𝑐 cylinder volume (L)
𝑥 spatial horizontal distance (m)
𝑦 spatial vertical distance (m)

cylinder. A high value very close to 100% is desirable since it provides
a larger driving range. However, pre-cooling of the gas requires energy.
Thus, it imperative to determine the least amount of energy input that
is required to lower the gas temperature for cost savings.

The experimental investigation of the fast-filling process of hy-
drogen gas within cylinders requires vast amounts of resources and
time. Thus, computational fluid dynamics (CFD) models have been
developed to simulate fast-filling of hydrogen cylinders [3–6,9,10,12–
21]. Those computational models include both two-dimensional ax-
isymmetric and fully three-dimensional unsteady Reynolds-averaged
Navier–Stokes simulations. Experiments have shown that fast-filling of
hydrogen cylinders provides a relatively uniform gas temperature. A
maximum temperature variation of 5 K is seen across multiple exper-
iments when the refilling time is below 3 min [10,22]. Extension of
the refilling duration beyond 3 min increases the thermal stratification
of the gas resulting in larger temperature variations [22]. It has also
been shown that larger cylinders lead to increased stratification of the
gas [16]. Thus, fully three-dimensional simulations may be more suited
to extended refilling durations and large cylinders above 74 L. A study
by Suryan et al. [19] showed that the two-equation standard k-𝜀 turbu-
lence model [23] is best suited to simulate the fast-filling of hydrogen
cylinders when considering accuracy, computational time and conver-
gence when compared to different turbulence models. Furthermore,
CFD simulations [3,6,10,12,21] have shown that axisymmetric simula-
tions along with the two-equation standard k-𝜀 turbulence model [23]
accurately predicts the rise in gas temperature throughout the fill.
2

However, multidimensional CFD simulations of the filling process is
computationally expensive due to the unsteadiness of the flow, the
requirement of a real gas equation of state and the calculation of the
conjugate heat transfer from the gas to the structure of the cylinder.
Thus, the computational cost associated with CFD models along with
the requirement of an experienced CFD user motivates the need for a
low-order thermodynamic model that can determine the gas tempera-
ture in the cylinder during the filling without compromising accuracy.
Monde et al. [24] developed a thermodynamic model whereby it was
determined that the heat transfer coefficient should have a constant
value of 500 W/(m2K) throughout the fill to match their experimental
results that involved the fast-filling of a 1.38 L cylinder to 35 MPa. The
size of the cylinder used by Monde et al. [24] is not representative of
actual cylinder sizes in hydrogen-powered vehicles such as the Toyota
Mirai [25] that requires of two cylinders for a total volume of 122.4
L. Similarly, the model developed by Striednig et al. [26] on a 23.5 L
Type I cylinder (all-metal with no laminate) is atypical of real case
scenarios. In their model, Striednig et al. [26] assumed that the heat
transfer coefficient from the gas to the cylinder wall is similar to
turbulent pipe flows and modelled the Nusselt number using a modified
version of the correlation developed by Petukhov [27]. Thermodynamic
models developed by Johnson et al. [15] and Woodfield et al. [28]
included both forced and free convection for heat transfer from the gas
to the structure of the cylinder. However, experiments and the resulting
model performed by Bourgeois et al. [21] showed that free convection
plays a negligible role in heat transfer during the filling process, which
is similar to the assumptions made by Ramasamy et al. [3].

A review of the thermodynamic models [3,15,21,24,26,28] show
that each model has only been tested for a specific cylinder size,
structure, final pressure and fill time. The objective of this present
study is to develop a thermodynamic model that is valid for cylinders
of different sizes, materials, final pressures and fill times. Initially, a
two-dimensional axisymmetric analysis of the filling process of a 74 L
Type III cylinder from an initial pressure of 9.36 MPa to a final value
of 35 MPa is performed, which will be validated using experimental
data [12]. The CFD analysis will be used to model the Nusselt number
based on the inlet Reynolds number. Following the CFD simulation,
a zero-dimensional thermodynamic filling model coupled with a one-
dimensional heat transfer across the structure will be used to validate
the Nusselt number relationship for different filling conditions.

2. Methodology

2.1. CFD simulation

Governing equations
The CFD model assumes that buoyancy is negligible when compared

to the inertial effects during the filling process. Thus, a two-dimensional
axisymmetric CFD model is used to simulate the fill using the FLU-
ENT software package. The unsteady compressible Reynolds-Averaged
Navier–Stokes (RANS) equations (Eqs. (1)–(3)) are used to determine
the flow field and gas temperature throughout the fill.
𝜕�̄�
𝜕𝑡

+
𝜕(�̄��̃�)
𝜕𝑥𝑖

= 0 (1)

𝜕(�̄��̃�𝑖)
𝜕𝑡

+
𝜕(�̄��̃�𝑖�̃�𝑗 )
𝜕𝑥𝑗

= −
𝜕�̄�
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

(

𝜏𝑖𝑗 − 𝜌𝑢′𝑖𝑢′𝑗
)

(2)

𝜕(�̄��̃�𝑖)
𝜕𝑡

+
𝜕(�̄��̃� �̃�𝑗 )

𝜕𝑥𝑗
= −

𝜕�̄�
𝜕𝑡

+ 𝜕
𝜕𝑥𝑗

(

𝑞𝑗 − 𝜌ℎ′𝑢′𝑗 + �̃�𝑖𝜏𝑖𝑗 + 𝑢′𝑖𝜏𝑖𝑗
)

(3)

where �̃� is the Favre-averaged velocity, �̄� is the ensemble-averaged
density and 𝜏𝑖𝑗 is the stress tensor. Unclosed terms that appear in either
the momentum equation (Eq. (2)) or energy equation (Eq. (3)): 𝜌𝑢′𝑖𝑢

′
𝑗 ,

𝜌ℎ′𝑢′𝑗 and 𝑢′𝑖𝜏𝑖𝑗 are modelled using the k-𝜀 turbulence model [23]. The
k-𝜀 model uses the partial differential equations of the transport of the
turbulent kinetic energy per unit mass (k ) and the dissipation rate per
t
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unit mass (𝜀). The two-transport equations implemented in FLUENT are
as follows:
𝜕(𝜌𝑘𝑡)
𝜕𝑡

+
𝜕(𝜌𝑘𝑡𝑢𝑖)
𝜕𝑥𝑖

= 𝜕
𝜕𝑥𝑗

[(

𝜇 +
𝜇𝑡
𝜎𝑘

)

𝜕𝑘𝑡
𝜕𝑥𝑗

]

+ 𝜇𝑡𝑆
2 − 𝜌𝜀 − 2𝜌𝜀

𝑘𝑡
𝑐𝑠2

(4)

𝜕(𝜌𝜀)
𝜕𝑡

+
𝜕(𝜌𝜀𝑢𝑖)
𝜕𝑥𝑖

= 𝜕
𝜕𝑥𝑗

[(

𝜇 +
𝜇𝑡
𝜎𝜀

)

𝜕𝜀
𝜕𝑥𝑗

]

+ 𝐶1𝜖
𝜀
𝑘𝑡
𝜇𝑡𝑆

2 − 𝐶2𝜀𝜌
𝜀2

𝑘𝑡
(5)

where 𝜇 is the dynamic viscosity, the terms 𝜎𝑘 and 𝜎𝜀 are the turbulent
randtl numbers for kt and 𝜀 respectively. The values of 𝜎𝑘 and 𝜎𝜀 were

respectively set to 1 and 0.85. 𝐶1𝜀 and 𝐶2𝜀 are constants with given
values of 1.44 and 1.92 respectively. 𝑐𝑠 is the speed of sound, S is the
modulus of the mean rate-of-strain tensor and 𝜇𝑡 is the eddy viscosity
(Eq. (6)).

𝜇𝑡 = �̄�𝐶𝜇
𝑘2𝑡
𝜀

(6)

here 𝐶𝜇 is a default constant of the k-𝜀 turbulence model and has a
alue of 0.09.

quation of State

An equation of state is required to close the governing and turbu-
ence model equations (Eqs. (1)–(5)). Real gas effects are significant
t the pressures and temperatures involved during the fast-filling of
ydrogen cylinders and the gas is expected to deviate from ideal gas
ehaviour. The real gas equation chosen for the simulation in this study
s the Helmholtz equation of state for hydrogen [29], which is obtained
rom the NIST database: REFPROP 10.0.

olecular viscosity & Thermal conductivity

Gas properties such as molecular viscosity and thermal conductivity
re not constant throughout the filling process due to the effects of
ompressibility. The values of those properties are updated throughout
he fill and are also obtained from REFPROP 10.0. The empirical
orrelations of Muzny et al. [30] and Assael et al. [31] are used to
espectively determine the viscosity and thermal conductivity of the
as throughout the filling process.

ylinder geometry & Computational grid

The dimensions and material properties of the cylinder are ob-
ained from Dicken and Mérida [12] (Tables 1 & 2). Isotropic material
roperties are assumed for the structure of the cylinder. In addition,
t is assumed that both the liner and the laminate have a uniform
hickness and that their respective thermal properties are unaffected by
hanges in temperature. The two-dimensional axisymmetric geometry
f the cylinder is divided into a fluid domain that consists of the
ydrogen gas and a solid domain that includes both the liner and the
aminate (Fig. 1). The simulations employ a hybrid mesh consisting
f both structured and unstructured grids. Structured grids are used
o discretize the liner and laminate, to resolve the viscous sublayer at
he interface between the gas and liner such that the maximum non-
imensional y+ value is less than one. In a addition, a refined structured
esh is used to capture the incoming jet into the cylinder, while the

est of the fluid domain is discretized with an unstructured mesh.

umerical set-up

Initial conditions of pressure and temperature of the hydrogen gas
re assumed to be uniform throughout the cylinder and have values of
.36 MPa and 293.4 K respectively, which are similar to experimental
alues of Dicken and Mérida [12]. It is also assumed that the structural
aterials of the cylinder are initially in thermal equilibrium with the

as. The no slip boundary condition (v = 0 m∕s) is employed at the
nterface between the gas and the liner. The total temperature and
3

Table 1
Dimension of the cylinder [12].

Description Dimension (m)

Length of tank 0.893
Inner radius of tank 0.179
Outer radius of tank 0.198
Liner thickness 0.004
Laminate thickness 0.015
Inner diameter of inlet tube 0.005
Thickness of tube wall 0.002
Length of tube protruding into tank 0.082

Table 2
Material properties of the cylinder [12].

Liner Laminate

Density (kg/m3) 2730 1494
Specific heat (J/kg K) 900 938
Thermal conductivity (W/m K) 167 1.0

Table 3
Coordinate location of local gas temperature measurements 20 s
into the fill.

Location 𝑥∕𝑙 𝑦∕𝑟

T1 0.2 0.77
T2 0.46 0.89
T3 0.83 0.81
T4 0.84 0.33

pressure profiles at the inlet (Fig. 2(a)) are loaded as text files to match
the experimental data of Dicken and Mérida [12]. At the outer wall of
the laminate, adiabatic conditions are applied since it assumed that the
fast-filling coupled with the relatively low thermal conductivity of the
laminate will lead to negligible heat transfer to the atmosphere. The
axis boundary condition is applied to the centreline of the cylinder due
to its axisymmetric geometry.

The CFD simulation is carried out using the pressure-based solver
with an implicit scheme. Convergence of the solution at each time step
is monitored by ensuring that the average heat flux from the gas to the
structure of the cylinder no longer changes for each time step. A time
step of 10−4 s is chosen after confirming that reducing the time step to
10−5 s no longer changes the solution.

Grid independence is determined by considering the mass-averaged
gas temperature during the fill. The grid distances within the fluid
domain are adjusted such that the total cell counts are 20,000, 36,000,
50,000 and 100,000. Following the mesh sensitivity analysis, 36,000
cells are used for the discretization of the axisymmetric domain of
the cylinder, since further increasing the cell count no longer signifi-
cantly changes the mass-averaged gas temperature throughout the fill
(Fig. 2(b)). Data for the local gas temperatures is only available at 20 s
into the fill as opposed to its entire duration. The CFD model is further
validated by comparing the local gas temperatures that were obtained
from the CFD model to the experimental data 20 s into the fill at four
different locations within the cylinder [22]. Those particular locations
are shown in Fig. 1 (T1, T2, T3 & T4) and the coordinates provided in
Table 3.

2.2. Thermodynamic model

The thermodynamic model is coded in the MATLAB software. The
governing equations used in the model are the mass conservation and
energy equations (Eqs. (7) & (8)).
𝑑𝑚𝑔

𝑑𝑡
= �̇�𝑖𝑛 (7)

where 𝑚𝑔 is the evolution of the mass of the gas in the cylinder during
the fill, �̇�𝑖𝑛 is the mass flow rate of the gas at the inlet.
𝑑(𝑚𝑔𝑢𝑔) = �̇� 𝐻 + �̇� (8)
𝑑𝑡 𝑖𝑛 𝑖𝑛 𝑜𝑢𝑡
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𝑞

Fig. 1. Axisymmetric computational grid of the cylinder.
Fig. 2. (a) Inlet pressure and temperature boundary conditions [12], (b) Mesh independence test.
where 𝑢𝑔 is the specific internal energy of the gas within the cylinder,
𝐻𝑖𝑛 is the total enthalpy at the inlet and �̇�𝑜𝑢𝑡 is the heat transfer rate
from the gas to the structure of the cylinder.

The model requires the value of the gas temperature at the inlet
before it enters the cylinder. In addition, for cases whereby the mass
flow rate is unknown, its value is determined using the difference
between the upstream inlet pressure and gas pressure. Similar to the
CFD case, the thermodynamic model uses the Helmholtz equation of
state for hydrogen [29] from REFPROP 10.0 to determine gas properties
such as the specific internal energy, temperature, viscosity thermal
conductivity and pressure throughout the fill. The velocity of the gas
entering the cylinder at any point during the fill is determined from the
mass flow rate (Eq. (9)).

𝑢𝑖𝑛 =
�̇�

𝜌 × 𝐴𝑖𝑛
(9)

where 𝜌 is the density of the gas entering the cylinder and is determined
using REPFROP 10.0 since it is a function of the inlet gas temperature
and pressure (Eq. (10)). 𝐴𝑖𝑛 is the cross-sectional area of the inlet.

𝜌 = 𝜌(𝑃0, 𝑇0) (10)

where 𝑃0 and 𝑇0 are the inlet pressure and temperature at any time
during the fill.

The heat transfer rate in Eq. (8) is calculated by multiplying the heat
flux (�̇�) by the internal surface area (𝐴𝑐) of the cylinder (Eq. (11)).

�̇�𝑜𝑢𝑡 = �̇� × 𝐴𝑐 (11)

The heat flux (�̇�) is determined using Eq. (12).

̇ = ℎ (𝑇 − 𝑇 ) (12)
4

𝑐𝑓 𝑤 𝑔
where ℎ𝑐𝑓 is the heat transfer coefficient that is calculated in Eq. (13).
𝑇𝑤 and 𝑇𝑔 are respectively the internal wall and gas temperatures.
𝑁𝑢 is the Nusselt number and its value is updated throughout the fill
using a Reynolds number/Nusselt number relationship that is derived
from the CFD model. The variables 𝐷𝑐 and 𝑘𝑔 in Eq. (13) are the
internal diameter of the cylinder and the thermal conductivity of the
gas respectively.

𝑁𝑢 =
ℎ𝑐𝑓𝐷𝑐

𝑘𝑔
(13)

A one-dimensional heat transfer model is applied normal to the
structure of the cylinder (Fig. 3). The structural material of the cylinder
consists of layers of the liner and laminate, with uniform thickness and
constant material properties throughout the fill. The one-dimensional
heat equation (Eq. (14)) is used to determine the temperature of across
the structure.
𝜕𝑇
𝜕𝑡

= 𝛼 𝜕
2𝑇
𝜕𝑥2

(14)

where 𝑇 is the structural temperature and 𝛼 is the thermal diffusivity,
which is given in Eq. (15).

𝛼 = 𝑘
𝜌𝑐

(15)

where 𝑘 is the thermal conductivity, 𝜌 is the density and 𝑐 is the
specific heat of either the liner or laminate. The material properties
of the cylinders that are used in both the CFD simulation and the
thermodynamic model are shown in Table 4.

The one-dimensional heat equation (Eq. (14)) is solved using the
explicit forward Euler scheme (Eq. (16)) to determine the temperature
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Table 4
Material properties of the liner and laminate [5].

Cylinder Cylinder Material Specific Thermal Density, kg/m3

structure heat, J/kg K conductivity, W/m K

Type III Liner Aluminium 900 167 2730
Laminate CFRP 938 1 1494

Type IV Liner Plastic 1880 0.36 947
Laminate CFRP 1400 1.5 1600
Table 5
Hydrogen fast-filling case studies.

Case Cylinder Cylinder Initial Final Initial Inlet
volume, L type pressure, MPa pressure, MPa temperature, K diameter, mm

1. Johnson et al. [15] 36.9 IV 0.14 13.79 296.5 5
2. Melideo et al. [16] 28.9 IV 2 77.5 288 3
3. Zheng et al. [10] 74.3 III 5.5 63.3 289 5
Fig. 3. One-dimensional heat transfer schematic representation.

cross the structure of the cylinder.

𝑚+1
𝑖 = 𝑇 𝑚

𝑖 + 𝛼𝛥𝑡
(𝛥𝑥)2

(

𝑇 𝑚
𝑖−1 − 2𝑇 𝑚

𝑖 + 𝑇 𝑚
𝑖+1

)

(16)

here 𝛥𝑡 and 𝛥𝑥 are the respective temporal and spatial discretization.
q. (16) is only valid if the stability criteria (0 ≤ 𝛼𝛥𝑡

(𝛥𝑥)2 ≤ 0.5) is satisfied.

2.3. Case studies

The thermodynamic model is calibrated using the relationship that
is obtained from the CFD model between the inlet Reynolds number
(Eq. (17)) and Nusselt number (Eq. (13)) to determine heat transfer
from the gas to the structure of the cylinder. The same Reynolds Num-
ber/Nusselt number relationship will used for three different filling
scenarios, which are outlined in Table 5 to validate the thermodynamic
model. The inlet pressure and temperature boundary conditions for all
three cases are displayed in Fig. 4.

𝑅𝑒 =
𝜌𝑢𝑖𝑛𝑑𝑖𝑛

𝜇
(17)

where 𝑢𝑖𝑛 is the velocity of the gas at the inlet and 𝑑𝑖𝑛 is the inlet
iameter.

. Results

.1. CFD

Results from the CFD simulation show that the two-equation stan-
ard k-𝜀 turbulence model is capable of predicting the mass-averaged
as temperature profile during the fill (Fig. 5). The CFD model accu-
ately predicts the sharp rise in the gas temperature at the start of
5

Table 6
Local gas temperatures 20 s into the fill.

Location Expt gas temp (K) [22] CFD gas temp (K)

T1 339.2 337.5
T2 336.1 337.6
T3 337.2 337.6
T4 337.3 337.4

the fill, which is mainly due to the negative Joule–Thompson effect.
The model slightly over-predicts the mass-averaged gas temperature
from five seconds onwards into the fill and the final gas temperature is
344.5 K according to the simulations as opposed to 342 K from the ex-
periment. This represents a percentage error of 5% in the determination
of the final gas temperature based on a baseline temperature of 293.4 K
that is similar to the initial conditions. A comparison of the local gas
temperatures at four different locations within the cylinder (Fig. 1) at
20 s into the fill shows a strong conformity between the experimental
and CFD results (Table 6). The highest deviation is 1.7 K at location
T1, which represents a percentage error of 3.5% and leads to further
validation of the CFD model.

Fig. 6 shows the flow-field superimposed over contours of the gas
temperature at different times throughout the fill. The gas entering the
cylinder impinges on the surface opposite to the inlet and recirculates.
The recirculating pattern is similar at different times during the fill and
results in large-scale mixing, which explains the homogeneity of the
gas temperature in the cylinder. This is consistent with the findings
of Ramasamy et al. [6] who found that the recirculating flow field is
self-similar throughout the fill when the length to inner-diameter ratio
of the cylinder is less than 3. When the length to inner-diameter ratio
exceeds 3, there is a lack of flow recirculation further downstream that
leads to hot spots near the end of the cylinder. A sharp rise in the mass
flow rate of the gas entering the cylinder is observed during the first
two seconds of the fill (Fig. 7(a)). Following the initial two-second time
period, the mass flow rate decreases throughout the rest of the filling
process. In addition, the CFD model shows that the profile of the area-
averaged heat flux at the inner surface of the cylinder during the fill is
quasi-similar to that of the mass flow rate. This finding suggests that
the convective heat transfer coefficient at the inner wall is dependent
upon the mass flow rate. The Nusselt number, which is representative
of the convective heat transfer at the interface between the gas and
the inner surface of the cylinder is plotted against inlet Reynolds
number (Fig. 7(b)). A power relationship (Eq. (18)) is obtained between
the Reynolds number and the Nusselt number that will enable the
calculation of the heat transfer coefficient in the thermodynamic model.

𝑁𝑢 = 𝑎𝑅𝑒𝑏 0 ≤ 𝑅𝑒 ≤ 2.5 × 106 (18)

where 𝑎 = 3.3 × 10−4 and 𝑏 = 1.18.
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Fig. 4. Inlet pressure and temperature boundary conditions.
Fig. 5. Comparison of the mass-averaged gas temperature (CFD v/s Expt [12]).

3.2. Thermodynamic model

The thermodynamic model is calibrated using the power relation-
ship between the Reynolds number and Nusselt number (Eq. (18)).
Fig. 8(a) shows that the thermodynamic model (T-Model) overestimates
the gas temperature throughout the fill. The highest overestimation
occurs at 3 s into the fill whereby the T-model over-predicts the
gas temperature by 4 K. However, the profile of the gas temperature
obtained from the T-Model is similar to the profiles of both the CFD and
experiment. A sharp rise in the gas temperature is obtained at the start
due to the negative Joule–Thomson effect at the corresponding filling
pressure and temperature of hydrogen gas. As the filling proceeds, a
gradual increase in the gas temperature is observed, which is mainly
due to the compression of the gas in the cylinder. The final gas
temperature according to the T-Model is 345.5 K, compared to 344.5 K
from the CFD and 342 K according to the experiment of Dicken and
Mérida [12]. Moreover, while a difference of 1 K is observed in the final
gas temperature, the computational time of the T-Model is significantly
lower at 18 s when compared to the CFD, which required 272 h
(Table 7). An adiabatic filling scenario using the T-Model whereby no
heat is transferred from the gas to the structure, shows that the gas
temperature of the gas significantly higher and has a final value of
381.5 K (Fig. 8(b)). This further confirms that the fast-filling process is
non-adiabatic and its modelling requires conjugate heat transfer from
the gas to the structural material of the cylinder.

Fig. 9 shows the progression of the gas temperature according to
the thermodynamic model for the different fast-filling case studies
that are described in Table 5. In all 3 cases, the T-model, shows a
rise in the gas temperature in the cylinder throughout the fill, which
is in accordance with the respective experimental data. The largest
discrepancy in the gas temperature profiles is observed at the start of
6

Table 7
Final gas temperature and computational time comparison.

Final avg. Computational
temperature, K time, h

1. Experiment [12] 342 –
2. CFD 344.5 272
3. Thermodynamic Model (T-Model) 345.5 0.005

the fill between the T-Model and the experimental data of Johnson
et al. [15] (Fig. 9(a)). However, as the filling proceeds, the temperature
curves coincide and a difference of only 1 K is observed at the end of
the 45 s fill. Comparison of the final gas temperatures for each case and
the respective percentage errors and computational times are shown in
Table 8. The maximum percentage error in determining the final gas
temperature is 3.5%, which occurs when modelling the 200 s filling
case of Melideo et al. [16]. According to Melideo et al. [16], their
3D CFD model required several weeks for completion as opposed to
a computational time of 222 s for the T-Model. The range of relevant
parameters for which the T-Model has been tested and validated is
outlined in Table 9.

The gas temperature profiles of the T-Model in Fig. 9 assume that
no heat transfer occurs at the outer wall of the cylinders during the
fast-fill. Further simulations of the 3 cases are performed using the
T-model whereby isothermal conditions are considered on the outer
walls of the cylinders. The outer wall temperatures are kept a constant
value, similar to the respective initial ambient conditions throughout
the fill. An isothermal wall condition is chosen, since it represents the
extreme case for maximum heat transfer to the atmosphere. Fig. 10
shows that in all 3 cases, the boundary condition at the outer wall of
the laminate does not influence the gas temperature during the fast-fill.
The relatively low thermal conductivity of the laminate acts as a barrier
for heat transfer from the structure of the cylinder to the atmosphere
during the fast-fill (Fig. 11). Case 3 involves the fast-filling of a type
III cylinder and a uniform temperature in the aluminium liner occurs
throughout the duration of fill (Fig. 11(c)). This is due to its relatively
high thermal conductivity as opposed to the laminate (167 W/m K v/s
1 W/m K). A type IV cylinder is used for the fast-filling in cases 2 and
3. A temperature gradient is observed along the thickness of the plastic
liner throughout the fill due to its relatively low thermal conductivity.
A similar gradient in the material temperature can be noticed across
the thickness of the laminate.

4. Conclusions

The following conclusions can be drawn from this current study:

• The standard k-𝜀 turbulence model accurately predicts the rise
in gas temperature during the fast-filling of a Type III hydrogen
cylinder and is used to develop a relationship between the Nusselt
number and the inlet Reynolds number.
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Fig. 6. Flow-field superimposed over gas and structural temperature at different times during the fill.
Fig. 7. (a) Mass flow rate and heat flux computation during the fill, (b) Reynolds number/Nusselt number relationship.
Fig. 8. (a) Comparison of the mass-averaged gas temperature profiles, (b) Comparison of the mass-averaged gas temperature in the cylinder with conjugate heat transfer and
adiabatic wall conditions.
Table 8
T-Model results.

Case Final avg. Final avg. Percentage Computational
temperature (Expt), K temperature (T-Model), K error, % time, s

1. Johnson et al. [15] 360 361 1.5 45
2. Melideo et al. [16] 330.5 332 3.5 222
3. Zheng et al. [10] 332 332 0 202
7
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Fig. 9. Comparison of the mass-averaged gas temperature profiles: (a) T-Model v/s Johnson et al. [15], (b) T-Model v/s Melideo et al. [16], T-Model v/s Zheng et al. [10].
Fig. 10. Comparison of the gas temperature profiles with adiabatic and isothermal outer wall boundary conditions.
Fig. 11. Comparison of the profiles of the structural temperature using the T-Model for the different case studies during the respective fills.
Table 9
Tested and validated parameters of T-Model.

Parameters

Cylinder type III, IV
Cylinder volume (𝑉𝑐 ), L 28.9 ≤ 𝑉𝑐 ≤ 74
Final pressure (𝑃 ), MPa 13.79 ≤ 𝑃 ≤ 77.5
Filling time (𝑡), s 37 ≤ 𝑡 ≤ 200
Filling rate (𝐹𝑟), MPa/min 18.2 ≤ 𝐹𝑟 ≤ 41.6
Inlet Reynolds number (𝑅𝑒) 0 ≤ 𝑅𝑒 ≤ 2.5 × 106

• The CFD model shows the development of a self-similar recircu-
lating flow field within the cylinder, that mixes the gas during
refuelling, resulting in a uniform gas temperature throughout the
cylinder.

• The Reynolds number/Nusselt number relationship is
implemented in a thermodynamic model, which has shown its
ability to predict the gas temperature profiles in both Type III
and IV cylinders that have different volumes. In addition to those
parameters, the T-Model has shown its flexibility in predicting
the gas temperature for different fill times, fill rates and final
pressures.

• The 0D T-Model significantly reduces the computational time to
the order of tens/hundreds of seconds as opposed to days/weeks
for conventional CFD models. The T-Model is tool that can be used
8

to determine the average gas temperature in the cylinder during
the fast-filling. However, the T-model cannot determine local gas
temperatures as opposed to CFD.

• Heat transfer from the structure of the cylinder to the atmosphere
is negligible during the fast-fill, due to the relatively low thermal
conductivity of the laminate.
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