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Abstract
Using the geometry of the supply and test vessels and the history
of the pressure at the inlet feed line, the model is able to predict
the mass flow rate and gas temperature in both the supply and
test vessels. The present investigation expands on previous
studies [1-4] of the hydrogen vessel filling problem by a
simultaneous consideration of the thermal behaviour of supply
and test vessels.
Introduction
Hydrogen gas has been proposed as the energy carrier of the
future. Ideally, natural or environmentally friendly energy
sources will be used to produce hydrogen, for example, via
electrolysis of water during periods of low demand for electrical
power from consumers. The hydrogen will then be used to power
vehicles or to store the energy for later use in other fuel cell
applications. In keeping with this vision, hydrogen fuel cell
vehicle demonstration projects are currently underway in Japan,
Europe and North America. In order to fit the desired 3 to 5 kg of
hydrogen onboard a fuel cell passenger vehicle, commercially
available carbon-fibre reinforced plastic (CFRP) vessels are
being used with pressures from 35 MPa to 70 MPa. The CFRP
material is lightweight and very strong but it has a limitation that
the temperature is not allowed to exceed 85 °C to conform to
current safety legislation. Meeting this requirement is a challenge
because it is possible for the gas to approach the limiting
temperature during the semi-adiabatic compression process of
filling the vessel. Moreover, a lower gas temperature is also
desirable to reduce the compression work input and avoid underfilling of the vessel. For public acceptance of the technology the
refuelling time is very important and efforts are being made to
develop optimized ‘fast-filling’ systems [1]. Conflicting
requirements of a short filling time and lower gas temperatures
have been the motivation for thermal experimental investigations
on filling of hydrogen vessels [2, 3].
Experiment
A series of experiments were conducted using commercially
available CRFP hydrogen pressure vessels for validation of the
proposed thermodynamic model for the filling process. As shown
in Fig. 1, the supply system consisted of three separate banks of
cylinders at different pressures. Filling takes place in a threestage process to improve the efficiency. The test vessel is partly
filled from a low-pressure supply bank (Bank 1) then the supply
line is switched to a moderately high pressure supply bank (Bank
2) and then the vessel is finally topped up by the highest pressure
supply bank (Bank 3). This procedure is commonly used in
demonstration hydrogen filling stations [1]. Note here that Bank
2 in Fig. 1 has the same nominal maximum pressure as Bank 3

but it can be adjusted for the purpose of the experiment.
Alternatively, the empty vessel could be filled directly from a
single high-pressure source, but more energy would be lost
through the non-isentropic throttling process since the pressure
drop would be greater on average. The gas temperatures and
pressures of the supply banks and test vessel being filled were
monitored simultaneously with the environment temperatures and
hydrogen gas flow rate. Each vessel consists of an aluminium
alloy liner and the load-bearing CFRP material. The liner serves
the purpose of sealing the compressed gas and also plays the role
of preventing catastrophic failure since the liner is designed to
break and release the gas at pressure loads much lower than the
upper limit for the reinforced fibre material.
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Figure 1. Experimental set up for pressure vessel filling system

Table 1 gives the specifications of the test vessels. The labels ‘A’
and ‘B’ represent the two different test vessels considered in this
paper. The CFRP material was assumed to have a density of 1530
kg/m3, a thermal conductivity of 0.55 W/(m⋅K) and a thermal
diffusivity of 0.45×10-6 m2/s. These values correspond to
measured properties of CFRP samples from similar pressure
vessels analysed in the second author’s laboratory.
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A

B

dmsupply

Nominal pressure (MPa)

35

70

dt

Volume (L)

205

130

Inside surface area (m )

2.33

1.32

Liner thickness (mm)

4.25

5.25

CFRP thickness (mm)

17

43.5

2

=−

dmtest
dt

(2)

Neglecting heat transfer between the flowing gas and the pipe
line, and treating the regulator as an isenthalpic device gives

hsupply out = htest in = ha

(3)

Note that the supply outlet temperature is lower than the test
vessel inlet gas temperature due to the negative Joule-Thomson
coefficient and the pressure decrease between the inlet and outlet
of the regulator.

Table 1. Model input data for test vessels

The thickness of the liners of the supply bank pressure vessels
was 4.25 mm. For banks 2 and 3 the CFRP material had a
thickness of 34 mm while for bank 1 the thickness was 15.5 mm.
Thermodynamic Model
Figure 2 shows a pictorial representation of the model. At any
point in time the test vessel is connected to only one supply bank,
thus it is sufficient to model the system shown in Fig. 1 as a
transfer of mass and energy between two vessels and heat
exchange with the surroundings as shown in Fig. 2. At all times
perfectly stirred conditions are assumed for the gas in each
vessel. Convection heat transfer to or from the wall is based on
the temperature difference between the perfectly stirred gas (i.e.
space-averaged gas temperature) and the inside wall surface
temperature.

Hydrogen is treated as a real gas using data generated by the
principle of corresponding states [6]. This data varies within a
few percent of the tabulated data for hydrogen gas in Ref. [7] for
the pressure and temperature range of interest. Equation (4) is
used where the compressibility, Z, is a least-squares polynomial
fit to the corresponding states data.

ρ (P, Tg ) =

P
Z (P, Tg )RTg

(4)

Heat transfer through the wall of the vessel is treated as onedimensional unsteady heat conduction as in

∂Ts
∂ 2T
= as 2s
∂t
∂x

(5)

Where Ts is the temperature of the solid material, as is the thermal
diffusivity and x is the distance from the inside surface. It is
worth mentioning here that including the curvature of the vessel
wall in Eq. (5) made only a small difference to the final
calculated gas temperatures. The boundary condition for Eq. (5)
at the inside wall is given by Eq. (6)

− λs

∂Ts
|x = 0 = hin (Tg − Ts |x = 0 )
∂x

(6)

In Eq. (6) Ts|x=0 is the same as Tw in Eq. (1). A similar convection
heat transfer boundary condition is specified for the outside of
the vessel.

− λs

Tg

Tw

liner CFRP To

hin (Tg − Tw )

Te

hout (To − Te )

Nu D = 0.56 Re 0d.67 + 0.104Ra 0D.352

(8)

In Eq. (8) Red is the Reynolds number based on the inlet diameter
and inlet gas velocity and RaD is the Rayleigh number. Transport
properties for hydrogen used in Eq. (8) were based on the
correlations by Assael et al [8].

Figure 2. Schematic diagram of thermodynamic model

For either the supply vessel or the test vessel, conservation of
energy is represented by an equation in the form of

dm
d
ha = (mu (P, Tg ))
dt
dt

(7)

For the test vessel during charging, the following empirical
correlation [4] for the Nusselt number was used to estimate the
heat transfer coefficient hin. The characteristic dimension of the
vessel D was taken to be the inside diameter of the vessel.

1D unsteady heat transfer through wall

hin A(Tw − Tg ) +

∂Ts
|x =l = hout (Ts |x =l −Te )
∂x

(1)

where m is the mass of hydrogen in the vessel, t is time, Tg is the
gas temperature, P is the pressure, u is the specific internal
energy, ha is the specific enthalpy of the gas leaving or entering
the vessel, Tw is the inside wall temperature, A is the total inside
surface area of the vessel and hin is a convection heat transfer
coefficient.
Neglecting the accumulation of mass in the connecting pipeline,
mass conservation gives

During discharging, our previous study [4] suggested that
including a term for the forced convection in the relation showed
no improvement with respect to correlation of the experimental
data than simply using the natural convection relation developed
by Daney [5]. Thus for discharging from the supply vessel the
following empirical relation [5] was used to determine the inside
heat transfer coefficient hin.

Nu D = 0.104Ra 0D.352

(9)

To close the model it is necessary to specify the initial state
(pressures and temperatures) and either the mass flow rate into
the test vessel or the pressure as a function of time. For the
purpose of validating the model we used the measured pressure

Figure 3 shows examples of measured and calculated
temperatures in the supply and test vessels. There is a clear
correlation between the time for switching the banks (t = 360.5 s;
438 s) and the temperature of the gas in the test vessel. After the
vessel has been filled (t = 461 s), the flow stops and the gas cools
slowly towards the environment temperature. Conversely the
supply banks warm after initially cooling. Generally the
agreement is quite good between the model and experimental
results (within a few Kelvin for the supply banks and within 10K
for the test vessel). The over-estimate of the temperature rise in
the test vessel is attributed to the additional heat capacity of the
thicker material at the ends of the cylinders and uncertainties in
the thermal properties of the CFRP.
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Figure 5. Measured and predicted mass of H2 gas in test vessel ‘A’
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Figure 3. Measured and predicted temperatures of H2 gas in test
vessel ‘A’ (35 MPa vessel) and supply banks

Figure 4 shows the gas temperature in the supply line. The effect
of switching the supply banks is very clear in this figure.
Differences between the measured temperature and the model
temperature may be attributed to heat exchange between the gas
and the pipe and to the time response of the thermocouple. In
general the trend is well predicted by the model and may be
adequate for hydrogen fuel system design.
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Figure 4. Measured and predicted temperatures in gas line

Figure 5 gives a comparison of the measured and predicted mass
of hydrogen in test vessel ‘A’. The measured value is integral of
the flow meter reading during the experiment. The pressure

Figure 6 gives results for the nominal 70 MPa vessel. For the run
shown, the vessel was filled in approximately 10 minutes. The
lines show calculated results while the symbols represent
experimental temperature data at different positions in the vessel.
The dark solid line is the calculated gas temperature. For this
case, the predicted temperature is significantly higher (up to 20K)
than all of the measured temperatures. This may in part be
attributed to effects of the thicker ends of the vessel since the
extra heat capacity of these ends is not included in the model. In
the lower part of Fig. 6 the calculated outside surface temperature
for the vessel is compared with experimental data. The
agreement is well within a few K. Although no experimental data
are available, calculations of the liner temperature are also shown
in Fig. 6. The liner temperature tends to be somewhat lower than
the gas temperature. This shows that setting a maximum
allowable gas temperature during filling is a conservative
restriction since the CFRP material is certainly at a lower
temperature.

temperature / (°C), pressure / (MPa)

Gas Temperature / (°C)

70

Temperature / (°C)

6
5.5

pressure / (MPa)

Results

(dashed line) in Fig. 5 is used as input data for the model. The
under prediction of the mass of hydrogen in the vessel
corresponds to the over-prediction of the gas temperature shown
in Fig. 3 for the test vessel. The mass in the vessel becomes
constant after about t = 450 s because the gas flow to the vessel is
switched off. The pressure in the vessel decreases slowly after
this time while the system is cooling.

mass in vessel / (kg)

history of the test vessel. In our previous study [2] we also used
the measured inlet temperature. In the present investigation it is
calculated.
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Figure 6. Measured and predicted temperatures of H2 gas in test
vessel ‘B’ (70 MPa vessel)

Figure 7 shows a comparison of the predicted and measured mass
in the nominal 70 MPa pressure vessel for the same test run

shown in Fig. 6. The deviation between the predicted and
measured mass of hydrogen is slightly larger in Fig. 7 than for
the case shown in Fig. 5. This is consistent with the larger overprediction of the gas temperature comparing Figs. 6 and 3.
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Figure 7. Measured and predicted mass of H2 gas in test vessel ‘B’
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Figure 8. Measured and predicted temperatures in the supply system
during filling of vessel ‘B’ (70 MPa vessel)
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Conclusions
In spite of the presence of many simplifications and uncertainties
in properties of the CFRP material and uncertainties in heat
transfer coefficients, the proposed thermodynamic model
successfully approximated the thermal behaviour of a highpressure hydrogen gas filling system. The largest deviations
between model and experiment were for the gas temperature
during filling of the nominal 70 MPa vessel. Generally the model
over-predicted the gas temperature and consequently underpredicted the mass of hydrogen in the vessel.
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Since the model uses only the test vessel pressure as input
pressure data, a further point for comparison is the pressures in
the supply banks. Figure 9 shows all of the pressures in the
system for the case of filling the nominal 70 MPa test vessel. The
apparent good agreement in Fig. 9 between experiment and
calculation is partly helped by the scale of the figure. Typically
there is a deviation of about 0.5 MPa between the experimental
result and the calculations in Fig. 9.
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