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ABSTRACT 
For fast and effective simulation of filling processes of 

pressure vessels with compressed gaseous media the governing 
equations are derived from a mass balance equation for the gas 
and from energy balance equations for the gas and the wall of 
the vessel. For simplicity the gas is considered as a perfectly 
mixed phase and two heat transfer coefficients are introduced. 
The first one is the mean heat transfer coefficient between the 
gas and the inner surface of the pressure vessel and the second 
one is the heat transfer coefficient between outer surface of the 
vessel and the surroundings. Although the process is transient, 
steady-state heat transfer coefficients for free convection are 
used between outer surface of the vessel and the surroundings. 
The use of available correlations for steady-state heat transfer 
coefficients to describe transient processes is common practice, 
e.g. in the modelling of the transient behaviour of heat 
exchangers [1]. But no correlations – neither steady-state nor 
transient – are available for the heat transfer coefficient 
between inflowing gas and inner surface of the vessel. To solve 
this problem a CFD tool is used to determine the gas velocities 
at the vicinity of the inner surface of the vessel for a number of 
discrete surface elements. The results of a large amount of 
numerical experiments show that there exists a unique 
relationship between the tangential fluid velocities at the 
vicinity of the inner surface of the vessel and the gas velocity at 
the inlet. Once this unique relationship is known the complete 
velocity distribution at the vicinity of the inner surface can be 
easily calculated from the inlet velocity of the gas. The near-
wall velocities at the outer limit of the boundary layer are 
substituted into the heat transfer correlation for external flow 
over flat plates. The final heat transfer coefficient is the area-
weighted mean of all local heat transfer coefficients. The 
method is applied to the special case of filling a 70 MPa 
composite vessel for fuel cell vehicles with hydrogen. Because 

of the heat capacity of the composite wall consisting of an inner 
aluminium liner wrapped with carbon fibre, heat transfer from 
the compressed gas to the vessel wall strongly influences the 
temperature field of the gas which is predicted by the model 
and confirmed by experiments. 

 
INTRODUCTION 

During filling of pressure vessels with compressed gaseous 
media, the pressure of the gas and the temperature of the gas 
and the vessel walls are transient. The shorter the duration of 
the filling process the larger is the increase of temperature of 
the gas during the process. This is especially important for 
composite vessels of fuel cell vehicles operated with hydrogen 
[2]. Figure 1 shows such a vessel connected to a filling station 
of the single buffer bank type. More advanced types of filling 
stations can be found in [2]. 
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Figure 1 Pressure vessel charged with compressed gas at a 

filling station. 
 
The duration of the filling process is in the range of minutes 

resulting in a steep increase of temperatures, being relevant for 
safety aspects of design, especially for composite vessels [3] 
[4]. According to pressure vessel codes and pressure equipment 
directives the maximum gas temperature is the relevant design 
temperature [5] [6]. Therefore, it is desirable to predict the 



   

transient temperature distribution of high-pressure composite 
vessels by a simple calculation procedure during the design 
process. 

NOMENCLATURE 
 
A m2 surface area 
a m2/s temperature diffusivity 
cp J/(kg K) specific isobaric heat capacity 
h W/(m2 K) heat transfer coefficient 
k W/(m K) thermal conductivity 
Lc m characteristic length, i.e. length of the vessel 
m kg mass 
m&  kg/s mass flow rate 
Nu - Nusselt number, Nu = (h Lc)/ kF 
n - exponent, n = 1 for cylindrical vessel walls, 

n = 2 for spherical vessel walls 
Pr - Prandtl number, Pr = υF/aF 
p bar pressure 
Re - Reynolds number, Re = wW Lc/υF 
r m spatial coordinate perpendicular to the vessel wall 
T K temperature 
u J/kg specific internal energy 
V m3 volume 
w m/s velocity of the gas 
 
Greek letters 
υ m2/s kinematic viscosity 
ρ kg/m3 density 
τ s time coordinate 
ϑ  °C temperature 
 
Subscripts 
a  outer surface of vessel wall 
e  entrance, inlet 
F  fluid 
forced  forced convection 
free  free convection 
i  inner surface of vessel wall 
lam  laminar 
sur  surroundings 
total  total 
turb  turbulent 
W  vessel wall 
0  initial 
 
Abbreviations 
MBWR  modified Benedict-Webb-Rubin 
 

GOVERNING EQUATIONS 
 

Figure 2 shows a sketch of a pressure vessel with the system 
boundary for the gas. 
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Figure 2 Sketch of a pressure vessel with the system boundary 
for the gas. An important property of the considered system is 

the constant control volume of the gas .constVF =  

The mass balance of the gas inside the control volume is 
given by equation 1. 
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Equation (2) describes the energy balance. Due to high 
velocities of the gas at the inlet the specific kinetic energy 
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ew  cannot be neglected. 
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The focus of this work is the determination of an 

appropriate mean heat transfer coefficient ih  between gas and 

the inner surface of the vessel. In general ih  refers to heat 

transfer by forced and free convection and by radiation, 
respectively. For the considered hydrogen pressure vessels 
radiation is negligible because hydrogen is non-radiating and 
the inner surface of the pressure vessel is nearly isothermal [2]. 
At the beginning of the filling, heat transfer by forced 
convection dominates. At the end free convection is 
determining, equation (3). 
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Equations (1) and (2) have to be solved for the initial 
condition 

( ) 00 FF mm ==τ .      (4) 

The transient mass flow rate of the gas into the pressure 
vessel ( )τem& , its temperature ( )τeT  and pressure ( )τep , Figure 

2, result from the consideration of the coupled system 
consisting of pressure vessel and filling station, Figure1 [2]. 

The energy balance for the composite wall of the vessel is 
given by equation (5) taking into account heat conduction 
perpendicular to the vessel wall. 
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The boundary conditions at the inner surface of the vessel 
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and at the outer surface of vessel 
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have to be fulfilled. 

In equation (7) the mean heat transfer coefficient ah  

between the outer surface of the vessel and the surroundings 
refers to free convection and radiation and is obtained from [7]. 

Due to high pressures and temperatures during the filling 
process thermal and caloric equations of state for real gases are 



   

required. For compressed hydrogen a MBWR equation is 
appropriate [8]. For pure gases the specific internal energy not 
only depends on temperature but also on pressure [8] [9] 

( )pTuu ,= .       (8) 

The initial conditions with respect to the specific internal 
energy to solve equation (2) are given by initial temperature 
and pressure. 

( ) 00 FF TT ==τ       (9) 

( ) 00 FF pp ==τ       (10) 

NUMERICAL EXPERIMENTS APPLYING CFD 
 

In contrast to freeih ,  [7] no correlations can be found in 

literature for forcedih ,  of the considered filling process. Therefore, 

numerical experiments applying a CFD code with high 
Reynolds number turbulence model and standard wall function 
[10] are carried out. Figure 3 shows a typical velocity 
distribution. Compressed hydrogen is filled into a composite 
pressure vessel [2]. 
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Figure 3 Velocity profile of the gas during filling. The actual 

gas velocity at the inlet is 30 m/s. 
 
The tangential fluid velocities in the vicinity of the vessel 

wall wW are decisive for the heat transfer coefficient forcedih , . 

The numerical experiments reveal that there is a unique 
relationship between these velocities and the fluid velocity at 
the inlet. Figure 4 presents this relationship for a typical filling 
process. Each column of Figure 4 shows the fraction of the total 
inner surface where the velocity ratio wW/we lies in a specific 
interval. This distribution is calculated by dividing the velocity 
range [0, we] into 400 intervals. The CFD calculations refer to 
the filling of a 70 MPa composite vessel for fuel cell vehicles 
with hydrogen. The maximum inlet velocity of hydrogen is 60 
m/s. At no point of the surface the tangential velocity at the 
vicinity of the inner surface exceeds 4 % of the inlet velocity, 
i.e. the maximum fluid velocity at the outer limit of the 
boundary layer is 2.4 m/s. 
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Figure 4 Statistical velocity distribution of the gas at the 

vicinity of the inner surface of the vessel. 
 
As can be seen in Figure 5 the statistical velocity 

distribution is nearly independent from the filling time. This 
relationship could be proved by further investigations taking 
into account short and long filling periods of vehicle tanks with 
compressed hydrogen. Figure 6 shows the velocity distribution 
of a 70 MPa tank supplied with hydrogen from filling stations 
without and with a booster [2]. There are nearly no differences 
between the velocity distributions of the various processes. 
Finally it can be stated that the statistical velocity distribution 
can be used to determine the complete velocity distribution at 
the vicinity of the inner surface from the inlet velocity of the 
gas for arbitrary filling processes. It has to be kept in mind that 
the statistical velocity distribution is obtained for a specific 
geometry of the vessel and for a specific gas, i.e. hydrogen. 
Nevertheless, this method is not restricted to the presented case 
but can be extended to vessels containing other gases than 
hydrogen and to vessels of other geometries by CFD 
calculations of new statistical velocity distributions. 
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Figure 5 Statistical velocity distribution of the gas at the 

vicinity of the inner surface of the vessel. 
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Figure 6 Statistical velocity distribution of the gas at the 

vicinity of the inner surface of the vessel. a) fast filling with 
constant inlet mass flow rate in 3 minutes, b) slow filling with 
constant mass flow rate in 8 minutes and c) filling from three 

different pressure banks and final booster in 3 minutes. 

CALCULATION PROCEDURE OF forcedih ,  

For the calculation of forcedih ,  the statistical velocity 

distribution and the inlet velocity are required. This leads to the 
following procedure: 

• Calculate the tangential near-wall velocities from the 
inlet velocity using the statistical velocity distribution, 
Figure 4, Figure 5 and Figure 6. 

• Calculate local Nusselt numbers from the correlation 
for flat plates by substituting the near-wall velocities 
wW into equations (11) – (13) [7]. The fluid properties 
are determined with the actual temperature TF and 
pressure pF, respectively. The curvature of the vessel 
can be neglected because the boundary layers of 
velocity and temperature are small in comparison to 
the dimensions of the vessel. 
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• Calculate the area-weighted mean of all Nusselt 
numbers. 

total

A

A
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=

dNu
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• Calculate forcedih ,  from the mean Nusselt number, 

cFforcedi Lkh /Nu, =      (15) 

Figure 7 shows the mean heat transfer coefficients as a 
function of time for the three filling strategies of Figure 6. The 
contribution of free convection is included according to 

equation (3). The numerical values of ih  are in the range 

between 100 W/(m2 K) and 350 W/(m2 K). 
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Figure 7 Mean heat transfer coefficients between gas and 

inner surface of the vessel for three different filling strategies of 
Figure 6. 



   

RESULTS  
 
For a fuel cell vehicle with a 70 MPa composite vessel, 

pressure and temperature of the hydrogen inside the vessel are 
measured during the filling process and compared with 
simulated data. Figure 8 shows good agreement between 
simulation and experiment, confirming the approach by the 
governing equations and the validity of the determination of the 
mean heat transfer coefficient between gas and inner surface of 
the vessel on the basis of the statistical velocity distribution. 
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Figure 8 Comparison between simulation and experiment 
of gas temperature and pressure. a) process at the filling station 
in Sindelfingen. b) process at a mobile filling facility. Straight 

lines: measurement; dashed lines: experiment. 

CONCLUSION  
 

During the design phase it is desirable to predict the 
transient filling and discharging behaviour of pressure vessels. 
In particular this is valid for vessels of hydrogen-fuelled road 
vehicles in individual traffic. The importance will be underlined 
by the introduction of fuel cell cars with 70 MPa hydrogen 
vessels. With the described method the filling process of such 
vessels can be calculated using the introduced statistical 
velocity distribution for a given vessel geometry. This method 
is not restricted to the presented case but can be extended to 
vessels of other geometries and to vessels containing other 
gases than hydrogen. 
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