EFFECTS OF THE INJECTOR DIRECTION ON THE TEMPERATURE
DISTRIBUTION DURING FILLING OF HYDROGEN TANKS

D. Melideo®”, D. Baraldi®, N. De Miguel Echevarria®, B. Acosta Iborra®
@ Joint Research Centre of the European Commission - Directorate for Energy, Transport and
Westerduinweg 3, 1755 LE Petten, Netherlands

(")Contact author: daniele.melideo@ec.europa.eu

ABSTRACT

The development of the temperature field in hydrogen tanks during the filling process has been
investigated with Computational Fluid Dynamics (CFD). Measurements from experiments undertaken
at the JRC GasTef facility have been used to develop and validate the CFD modelling approach. By
means of the CFD calculations, the effect of injector direction on the temperature distribution has been
analysed. It has been found that the dynamics of the temperature field, including the development of
potentially detrimental phenomena like thermal stratification and temperature inhomogeneity e.g. hot
spots, can be significantly affected by the injector orientation.

1.0 INTRODUCTION

During the filling process of hydrogen tanks of a fuel-cell powered vehicle, the gas pressure is
increased significantly, typically from pressures as low as 2 MPa to more than 70 MPa. Because of the
compression, the gas temperature increases and consequently the tank material temperature grows due
to the heat transfer from the gas to the tank wall. The tank design temperature range is between -40°C
and +85°C [1-4] and temperatures outside that range can potentially affect the mechanical behaviour
of the tank materials. Moreover, the final temperature of the gas inside the vessel has a direct effect on
the state of charge of the tank.

In this context, many studies especially in the last decade have been performed to investigate the
temperature histories of the gas during the filling [5-27]. Many parameters affect the temperature
histories e.g. the initial conditions of pressure and temperature, the pressure rise rate, the final
pressure, the hydrogen pre-cooling temperature, the type and volume of the tank, and the injector
configuration. Among these studies one parameter related to the injector configuration has not been
thoroughly investigated, and that is the injector direction. To the authors’ knowledge, only Terada and
co-workers addressed that issue in the available scientific literature [29]. In their paper, they concluded
that the jet direction has no effect on the gas temperature for the specific conditions that they had
considered in their experimental campaign. They investigated the case where no thermal stratification
occurred with a straight injector.

The objective of this paper is to enlarge Terada’s investigation, by means of CFD (Computational
Fluid Dynamics) simulations, and verify whether their observation could be extended to the other
conditions, and more specifically to the conditions for which thermal stratification occurs already with
a straight injector.

Thermal stratification inside the vessel is a phenomenon that should be avoided for several reasons.
The first one is that in the case of stratification, the maximum temperature in the gas could exceed the
threshold of the 85°C in the upper part of the tank e.g. hot spots, even when the average gas
temperature is well below that limit. Moreover with thermal stratification, it becomes much more
difficult to control and monitor the gas temperature inside the vessel compared to the case with
uniform temperature distribution where one sensor is sufficient to describe the whole temperature
field.



Moreover, the calculation and prediction of a stratified temperature field requires the use of 3D models
(e.g. CFD) that are much more expensive and time-consuming to run compared to 0D or 1D models.
The latter models can be applied only when uniform temperature fields occur to provide an almost
instantaneous prediction of the temperature history. Since 0D/1D models are inherently not capable of
describing the thermal stratification, avoiding the conditions for which a stratified temperature field
can occur, would allow the use of the 0D/1D models in industrial environments like hydrogen re-
fuelling stations.

The investigation in this paper is based on CFD simulations. A validation case has been included in
the paper to assess the model accuracy in describing the relevant phenomena by comparison of
experimental measurements to simulation results.

2.0 SIMULATION SET-UP

The simulations have been performed with the commercial CFD software ANSYS CFX V15.0 [30].
The CFD modelling approach has been developed and validated in a series of previous studies [31-37].
In order to capture the thermal conduction through the solid material and the changing temperature in
the gas, the conjugate heat transfer model in CFX has been used.

For the advection terms the high-resolution scheme was used, while for the transient terms the 2nd
order backward Euler was employed. Further details on the numerical scheme can be found in the
ANSYS CFX manual [30]. A residual convergence criterion for RMS (root mean square) mass-
momentum equations of 10™ has been applied to ensure numerical convergence.

Since at high pressures the ideal gas law is not capable of accurately describing the pressure and the
temperature field, a real gas equation of state has been used (Redlich, Kwong [38]). The gravitational
source term has been included into the momentum equation and in the turbulent kinetic energy and
dissipation equations to consider buoyancy effects.

The selected turbulence model is the k- based Shear-Stress-Transport (SST) model. It was originally
designed to achieve highly accurate predictions of the onset and the amount of flow separation under
adverse pressure gradients by the inclusion of transport effects into the formulation of the eddy-
viscosity [39]. The full transition model is based on two transport equations, one for the flow
intermittency and one for the transition onset criteria in terms of momentum thickness Reynolds
number. It is called 'Gamma Theta Model' and it is the recommended transition model for general-
purpose applications. It uses a new empirical correlation [40] which has been developed to cover
standard bypass transition as well as flows in low free-stream turbulence environments. This built-in
correlation has been extensively validated together with the SST turbulence model for a wide range of
transitional flows [40].

3.0 VALIDATION CASE

Although several validation studies were already carried out in the past with the same CFD code and
with the same modelling approach [31-37], a new experimental case where a strong stratification
occurs has been considered to assess the model capability of accurately reproducing the relevant
conditions for this investigation.

The experiment was performed in the GasTef facility of the Joint Research Centre of the European
Commission [24-27, 41]. The tank is a 36 L type 1V tank, with an internal polymer liner, an external
carbon fiber reinforced polymer (CFRP), and stainless steel bosses. The specific experimental
conditions were selected to produce a significant stratification in the tank temperature. Six positions
were considered for the temperature sensors as illustrated in Figure 1: 2 sensors in the gas (Gtop in the
top region of the tank and Gbot in the bottom one), 2 sensors inside the tank wall and more
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specifically at the liner/CFRP interface (Mtop in the top region of the tank and Mbot in the bottom
one) and 2 sensors on the external surface of the tank (Etop in the top region of the tank and Ebot in
the bottom one). The top and bottom positions for the sensors were selected to provide a clear
indication of the level of temperature stratification in the tank. The histories of the inlet gas conditions
are described in the graphs in Figure 2.

Ebot

Figure 1. Position of the sensors in the gas (black), at the liner/CFRP interface (green), and on the
outer surface of the tank (red).
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Figure 2. Temperature and pressure history of the inlet gas.
The test parameters are reported in Table 1.

Table 1. Test parameters.

Case Injector direction Initial T[°C] Final P [bar] Total time [s]

Validation case Straight 21.75 817.25 730

As described in Figure 3, the agreement between the experiment and the simulation is good until 400 s
for the gas temperature, including the abrupt beginning of the thermal stratification in the gas at about
160 s. In the last 250 s, a progressive discrepancy can be observed between the simulation data and the
experimental measurements and the final difference is within 5 degrees in the gas, and within 2
degrees in the tank material. Although the agreement in the second part of the simulation is not as
good as in the first part, the overall accuracy of the CFD model can be considered sufficient for this
investigation that aims at identifying some clear tendencies in the behaviour of the temperature field.
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Figure 3. Comparison between experiment and simulation for the temperature difference between top
and bottom position in the gas, at the liner/CFRP interface, and on the external wall of the tank.

4.0 SELECTED CASES

The list of the injector orientation cases that are investigated numerically is shown in Table 2
including the values for the relevant parameters. The first letter of the case name indicates the type of
injector: S for the straight injector, D for the downward injector (with an angle of 45°) and U for the
upward injector (with an angle of 45°). The second part of the case name indicates the initial/ambient
temperature. The pre-cooling inlet gas temperature is -20° and the initial pressure is 2 MPa for all
cases. Three initial temperatures have been selected for the gas and the tank: 0°C, 30°C, and 35°C.
The initial temperatures at 30°C and 35°C were selected to investigate cases with longer filling times
where thermal stratification is more likely to occur; the purpose of the initial temperature at 0°C case
is to analyse the effect of the injection direction with lower initial/ambient temperature. The values of
the final pressure and the average pressure rise rate (APRR) have been selected from the SAE tables

[2].

Table 2. List of the simulated cases with relevant parameters (APRR=Average Pressure Rise Rate).

Case I!1ject.or Initial T [°C] Final P APPR. Total.time
direction [MPa] [MPa/min] [min]
S_T30 Straight 30 73.6 5.0 14.32
S_T35 Straight 35 74.5 3.9 18.59
5_T0O Straight 0 66.4 15.3 421
u_T30 Upward 30 73.6 5.0 14.32
U_T35 Upward 35 74.5 3.9 18.59
u_T00 Upward 0 66.4 15.3 4.21
D_T30 Downward 30 73.6 5.0 14.32
D_T35 Downward 35 74.5 3.9 18.59
D_T00 Downward 0 66.4 15.3 421

5.0 SIMULATION RESULTS AND DISCUSSION

Given the same initial conditions, the average gas temperature is very similar even if the injector
direction is different as described in Figure 4 for the cases with the 30°C initial temperature: the
average gas temperature differs by only few degrees in the 3 cases. Despite the similar average gas



temperature, the temperature distribution and stratification change significantly with the injector
configuration as described in Figure 5.

The temperature difference between the top positions and the bottom positions (in the gas, at the
liner/CFRP interface and on the outer surface of the tank) for the cases with initial temperature of
30°C, 35°C, and 0°C is illustrated in Figure 5, Figure 9, and Figure 10 respectively.

As shown in the left-hand side of Figure 5 for the cases with initial temperature of 30°C, the gas
temperature is almost uniform for about 150 s, for about 180 s, and for about 300 s with the downward
injector, with the straight injector and with the upward injector respectively. The first effect of a
downward injector is to anticipate the beginning of the thermal stratification compared to the straight
configuration while the opposite occurs with the upward injector. In the latter configuration, the cold
jet results in lower temperature in the upper section of the tank up to almost 500 s. The thermal
stratification is strongly enhanced by the downward injector while it is significantly reduced by the
upward shape as demonstrated by the final gas temperature difference of about 62°C, 26°C, and 7°C in
the downward, straight and upward configuration respectively. From the qualitatively point of view, a
similar effect of the injector direction on the final temperatures can be found at the liner/CFRP
interface and on the outer surface at the end of the filling process.

An interesting behaviour can be identified by comparing the temperature difference histories in the gas
and at the liner/CFRP interface in Figure 5. Contrary to the other configurations, for the upward
configuration the temperature difference is negative in the gas in the first 500 seconds, while it is
positive for most of that time at the interface liner/CFRP. That means that in the first 500 s the
temperature is smaller in the upper region than in the lower region for the gas while the opposite
occurs for the tank material. The behaviour in the gas temperature can be explained with the effect of
the changing direction of the cooling jet as illustrated in Figure 8. The reason for the counter-intuitive
behaviour in the material can be found in the heat transfer process from the warm gas to the colder
material. The heat transfer depends on the temperature difference between the gas and the liner and on
the heat transfer coefficient. The upward jet impinging on the top surface of the liner creates a region
in the top part of the tank where the flow velocity and turbulence is larger than in the lower part. That
causes a larger heat transfer coefficient between the gas and the liner in the upper region than in the
lower region for the first 500 s as shown in the heat transfer coefficient history for the upward
configuration in Figure 6.

In Figure 7, the flow velocity at the exit of the injector is described for the straight configurations. The
inlet flow velocity (at the exit along the centreline of the injector) is driven by the ratio between the
compressor pressure and the tank pressure and it does not depend on the direction of the injector.
Since the pressure ratio decreases with time during the filling, the flow velocity at the inlet decreases
as illustrated in Figure 7. The effect of buoyancy tends to bend downward the direction of the
incoming cold jet and that effect becomes more relevant with the decreasing jet velocity. That effect is
clearly shown at 500 s in Figure 8. Both the decreased velocity and the bent direction of the jet affect
the wall heat transfer coefficient and at about 500 s the heat transfer coefficients in the bottom wall of
the tank and in the top wall have similar values for the upward configuration (Figure 6).

Subsequently the jet is bent even further down towards the lower wall of the tank as depicted at 859 s
in Figure 8 and the heat transfer coefficient is larger at the bottom wall than at the top one.
Consistently with that, the temperature difference at the liner/CFRP interface changes sign in the
second half of the process as shown in Figure 5.

The temperature field history in the gas and in the tank material can be explained with the interactions
of the jet velocity and direction, the buoyancy effects, and the heat transfer coefficient/process also for
the other cases. The direction of the jet is driven by the injector geometry and by 2 competing factors:
the jet speed and the buoyancy effect. The jet increases the heat transfer coefficient on the wall on
which it is impinging and the increased heat transfer generates higher temperature in the tank material.



A similar behaviour is confirmed also for the cases with 35°C initial temperature as depicted in Figure
9. For the cases with 0°C initial temperature, the filling time is much shorter, the APRR (and the jet
velocity) is much larger than for the other 2 cases, and the temperature differences are smaller as
illustrated in Figure 10. Remarkably for that case the gas stratification is almost completely eliminated
with the upward injector.

The different temperature fields that are generated by the upward, straight, and downward injector at
the end of the filling process with initial temperature of 30°C can be appreciated in Figure 11.

Fluctuations are typical features of the jet flow pattern that is characterized by flow instabilities [28].
The flow fluctuations produce fluctuations in the temperature field (due to the oscillations of the
borders between regions at different temperatures) as shown in all figures with the gas temperature
differences. Obviously, those fluctuations are completely absent for the temperature of the liner/CFRP
interface and on the outer surface of the tank. Flow and temperature difference fluctuations have a
direct impact on the heat transfer coefficient, causing larger fluctuations in the heat transfer coefficient
histories as illustrated in Figure 6.

The findings on the effect of the jet direction in this work are apparently different from the
observations of Terada and co-workers [29]. In their experimental campaign, they changed the jet
direction and they did not record any significant difference in the gas temperature rise for the
difference jet configurations. Several differences in the relevant conditions between the Terada’s set-
up and that in this paper can be identified: the injector diameter (5.2 mm in Terada’s and 6 mm in this
work), the tank volume (65 L in Terada’s, 36 L in this work), the final pressure (35MPa in Terada’s
and ~70 MPa in this work). In Terada’s experiment, no local in-homogeneities occurred with the
straight configuration and for that case, the effect of the jet direction was negligible. In this work, the
conditions have been selected on purpose to analyse cases with stratification occurring with a straight
injector. That is the main difference with Terada’s investigation and that leads to different conclusions.
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Figure 4. History of average gas temperature for the cases with 30°C initial temperature.
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Figure 5. Histories of temperature difference between top and bottom position in the gas (left-hand
side), at the liner-CFRP interface (centre), and on the outer surface (right-hand side) of the tank for the
cases with 30°C initial temperature.
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Figure 9. Histories of temperature difference between top and bottom position in the gas (left-hand
side), at the liner-CFRP interface (centre), and on the outer surface (right-hand side) of the tank for the
cases with 35°C initial temperature.
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Figure 10. Histories of temperature difference between top and bottom position in the gas (left-hand
side), at the liner-CFRP interface (centre), and on the outer surface (right-hand side) of the tank for the
cases with 0°C initial temperature.
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6.0 CONCLUSIONS

CFD simulations of the filling process of a hydrogen tank were performed for different initial
conditions and for different directions of the gas injector. The conditions of the simulated cases were
selected from the SAE tables with the purpose to generate and investigate a stratified temperature field
as temperature in-homogeneities are not desirable during the filling. Three different injector
configurations were considered in the analysis: a straight injector, an upward injector and a downward
injector.

When stratification occurs with the straight injector, the temperature in-homogeneities increase
significantly with the downward injector and their onset is anticipated. On the contrary with the
upward configuration the onset of the stratification is strongly delayed or completely averted, and the
temperature difference between the top and the bottom part of the tank are strongly reduced or
eliminated, depending on the case.

The above finding is not consistent with Terada’s work [29] where no effect of the jet direction on the
temperature distribution was observed. Significant differences for the conditions of the filling between
Terada’s work and this investigation justify the discrepancy between the conclusions in the 2
investigations. On the contrary to Terada’s study, the conditions in this investigation were selected to
create a significant thermal stratification.
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