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ABSTRACT 

Thermodynamic modeling of hydrogen tank refueling, i.e. 0 dimension (0D) model, considers the gas 

in the tank as a single homogeneous volume. Based on thermodynamic considerations, i.e. mass and 

energy balance equations, the gas temperature and pressure predicted at each time step are volume-

averaged. These models cannot detect the onset of the thermal stratification, nor the maximum local 

temperature of the gas inside the tank. 

 

For safety reasons, the temperature must be maintained below 85 °C in the composite tank. When 

thermal stratification occurs, the volume-averaged gas temperature predicted by 0D models can be 

below 85 °C while local temperature may significantly exceed 85 °C. Then, thermally stratified 

scenarios must be predicted to still employ 0D models safely. 

 

Up to now, only computational fluid dynamics (CFD) approaches can predict the onset of the thermal 

stratification and estimate the amplitude of thermal gradients. However, CFD approaches require much 

larger computational resources and CPU time than 0D models. This makes it difficult to use CFD for 

parametric studies or a live-stream temperature prediction for embedded applications. Previous CFD 

studies revealed the phenomenon of jet deflection during horizontal refueling of hydrogen tanks. The 

cold hydrogen injected into the warm gas bulk forms a round jet sinking down towards the lower part 

of the tank due to buoyancy forces. The jet breaks the horizontal symmetry and dumps the cold gas 

towards the lower part of the tank.  

 

The jet behavior is a key factor for the onset of the thermal stratification for horizontally filled tanks. 

Free round jets released in a homogeneous environment with a different density than the jet density were 

extensively investigated in the literature. A buoyant round jet modeling can be applied to predict the jet 

deflection in the tank. It requires initial conditions that can be provided by 0D refueling models. 

Therefore, 0D models coupled with a buoyant round jet modeling can be used to predict the onset of the 

thermal stratification without CFD simulation. This approach clarifies the validity domain of 0D models, 

and thus improves the safety of engineering applications 

 

1.0 INTRODUCTION 

 

As presented in the last Intergovernmental Panel on Climate Change (IPCC) report [1], human activities 

are responsible for an increase of the global temperature of 1.1°C compared with temperatures during 

the pre-industrial area, principally due to greenhouse gases emissions. Thanks to its ability to generate 

electricity via a fuel cell without CO2 emissions, hydrogen when produced with renewable sources, 

appears as an interesting energy carrier to help decarbonizing the mobility industry. 

For mobility application, the hydrogen is mostly used in a gaseous state stored at high pressure. 

Refueling protocols have been designed to safely used hydrogen as fuel to power light-duty [2] and 

heavy-duty vehicles [3]. A maximum of embedded mass of hydrogen is desirable to improve the driving 

range. Then, the nominal working pressure in the tank can reach 700 bar to obtain a density about 40 

kg/m3 at standard temperature (15 °C).  
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During refueling of hydrogen tanks, due to the gas compression, the gas temperature will rise. As 

recommended in the J2601 standard from the Society of Automotive Engineers (SAE) [4], at any time, 

the temperature in the tank must be kept between -40 °C and 85 °C. Consequently, the temperature in 

the gas during the refueling process must be controlled. The temperature at the end of a refueling is a 

result of different factors: 

 The temperature of the injected hydrogen: The final temperature is impacted by the injected 

temperature [5]. To limit the rise of the temperature, the injected temperature can be cooled 

down to -40 °C. 

 The tank materials: Generally, a type III and type IV tanks are used when the pressure is 

reaching 700 bar. Type III has a metallic liner whereas plastic liner is used in type IV. The 

thermal conductivity of walls plays a key role in the heat exchanged by the gas with the ambient 

environment. 

 The refueling time:  The total heat exchanged by the gas with walls depends on the refueling 

time [6-8]. 

 The injection velocity: The total heat exchanged by the gas with walls depends on gas velocities 

in the tank due to the heat transferred by convection. The gas velocities in the tank depend on 

the injection velocity.  

 

Taking into account all above, to predict the gas temperature at the end of the refueling, 0D models have 

been widely developed in the literature [9-13]. Based on thermodynamical considerations, i.e. mass and 

energy balance equations, applied to the total volume of the gas, 0D models can predict volume-

averaged thermodynamical properties in the gas.  

This gives a uniform gas temperature, pressure and density during the refueling. The advantage of this 

numerical approach is to allow rapid calculation of tank refueling, i.e. some minutes on a laptop 

computer. With this numerical approach, the injection temperature can be estimated rapidly in order to 

avoid having an average gas temperature over 85 °C at the end of the refueling.  

 

The limit of this approach is to not consider thermal heterogeneities during the refueling, i.e. situations 

where local gas temperatures differ substantially from the gas average temperature. However, refueling 

scenarios leading to thermal heterogeneities exist.  

Merida et al. [6] experimentally found a link between the thermal heterogeneity of the tank and the 

refueling mass flowrate. The injection velocity is responsible for the thermal mixing of the gas inside 

the tank. Terada et al. [14] found that for a type IV 65 L tank filled until 350 bar, a vertical thermal 

gradient is occurring when the injection velocity is below 5 m/s.  

This criterion was confirmed for a type IV 36 L tank and a type III 40 L tank during HyTransfer project 

[15,16]. Using different injectors and mass flowrates, it was demonstrated that a vertical thermal 

gradient occurs when the injection velocity is below 5 m/s. 

Nowadays, the CFD approach is the only numerical approach able to predict the onset of the thermal 

stratification [17-20,23]. This numerical approach can take into account the three-dimensions nature of 

the flow, which is essential to capture the thermal heterogeneities in the gas. 

However, the CFD approach requires large computational resources. Hence, this approach cannot be 

used for engineering application such as real-time temperature predictions or large-range parametrical 

studies. 

Up to now, only the Terada criterion [14] is available to predict vertical thermal stratifications: velocity 

of the gas at the injector must be maintain above 5 m/s to avoid vertical thermal stratification. It is an 

empirical criterion. When the refueling conditions are far from the experimental conditions of Terada, 

for instance, tanks with larger aspect ratio (inner length over inner diameter, L/D>3) or gases different 

from hydrogen, the Terada criterion cannot to be applied.  

 

The objective of this study is to suggest a criterion that predicts the onset of the thermal stratification 

for horizontally filled tank based on physical considerations. By using the buoyant round jet theory [21], 

a jet trajectory model is developed. From this model, a dimensionless Froude number is constructed, 

equal to 1 when vertical thermal stratification occurs. This Froude number can be calculated with data 

from 0D models or measured data. 
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2.0 PHYSICAL SYSTEM DESCRIPTION 

 

The refueling of a hydrogen tank consists in injecting a mass of hydrogen inside a closed volume. The 

increase of the mass of the gas in a constant volume induces a rise of the gas pressure and the temperature 

due to the compression.  

Fig. 1 presents a tank geometry configuration. The tank has a circular symmetry around its main axis, 

the x-axis. The hydrogen is injected via an injector device, the pipe. 

This study concerns tanks laying in horizontal position with a pipe injecting axially the gas, i.e. along 

the x-axis.  The gravity �⃗� is pointing along the y-axis. 

In this study, the origin of the coordinate system is taken at the pipe outlet.   

The tank real geometry is approximated and is considered as a perfect cylinder. The internal radius of 

the tank is named 𝑅𝑡𝑎𝑛𝑘 [𝑚] and the internal length of the tank is named 𝐿𝑡𝑎𝑛𝑘 [𝑚].  
The pipe is considered cylindrical. Its length is named 𝐿𝑖𝑛𝑗 [𝑚] and its the inner radius is named 𝑟0 [𝑚]. 

 

 

Figure 1. Scheme of a hydrogen tank. View through the plane (x,y). Main geometrical lengths are 

reported onto the scheme. 

 

3.0 BUOYANT JET MODEL 

 

The buoyant jet model is used for many applications, e.g. to model a discharge of wastewater into the 

receiving water bodies or to model smokestacks [21]. This study aims to apply this model to the refueling 

of hydrogen tanks. Despite the bounded nature of the environment surrounding the jet (presence of the 

tank walls), the model is able to give insights on the jet trajectory inside the tank and this allows 

predicting the onset of the thermal stratification.  

Only the essential information concerning the model is presented in this study. More details concerning 

the buoyant jet model can be found in [21]. 

As presented in Fig. 2, the reference frame is a fixed Cartesian coordinate system (𝑒𝑥⃗⃗⃗⃗⃗, 𝑒𝑦⃗⃗⃗⃗⃗, 𝑒𝑧⃗⃗ ⃗⃗ ). A local 

cylindrical coordinate system (𝑒𝑠⃗⃗⃗⃗ , 𝑒𝑟⃗⃗ ⃗⃗ , 𝑒𝑧⃗⃗ ⃗⃗ ) is set to follow the jet centerline, described by a curvilinear 

abscissa 𝑠 [𝑚]. The pipe outlet is the origin of the coordinate system, i.e.  𝑠 = 0 𝑚. The jet radius is 

named b [m] and is equal to 𝑟0 [𝑚] at the origin. The jet deviation angle 𝜃 [rad] measures the angle 

between the x-axis and the jet trajectory. 

 

𝑒𝑥⃗⃗ ⃗⃗  

0 

𝑒𝑦⃗⃗⃗⃗⃗ 

𝐿𝑡𝑎𝑛𝑘 𝑅𝑡𝑎𝑛𝑘 

𝐿𝑖𝑛𝑗 �⃗� 𝑟0 
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Figure 2. Scheme of the buoyant jet model. Coordinate systems and local variables are reported onto 

the scheme. 

 

 

The injection pipe is cylindrical and then the hydrogen released at the pipe outlet is assumed to be a 

round jet, i.e. circular-symmetric along the x-axis. The flow is assumed turbulent at the outlet and then 

a uniform velocity value 𝑢0 [𝑚/𝑠] and density 𝜌0 [𝑘𝑔/𝑚
3] is assumed at the pipe outlet. In the tank, 

out of the jet, the gas is considered at rest, i.e. no velocity, and all properties are considered uniform. 

The density 𝜌𝑟𝑒𝑓 [𝑘𝑔/𝑚
3] is a reference density. 

The buoyant jet model is constructed using balance equations of mass, momentum and buoyancy flux 

(divided by the reference density), Q [𝑚3/𝑠], M [𝑚2/𝑠2] and J [𝑚2/𝑠2] respectively, applied to a plane 

perpendicular to the jet curvilinear abscissa. Then the mass, momentum and buoyancy flux can be 

defined as:  

Q = ∫ ∫ 𝑢𝑠𝑟𝑑𝑟𝑑𝜙 ,
+∞

0

2𝜋

0
 (1) 

M = ∫ ∫ 𝑢𝑠
2𝑟𝑑𝑟𝑑𝜙

+∞

0

2𝜋

0
, (2) 

J = ∫ ∫ 𝑔′𝑢𝑠𝑟𝑑𝑟𝑑𝜙 
+∞

0

2𝜋

0
. (3) 

As presented in Fig. 2, for a released jet, two area can be identified: a transition area called Zone of Flow 

Establishment (ZFE) [22] followed by an established flow area where the jet is assumed self-similar.  

At the origin, starting point of the ZFE, the velocity and density profiles are assumed to be uniform, 

then: 

{
𝑄(0) = 𝜋𝑢0𝑟0

2

𝑀(0) = 𝜋𝑢0
2𝑟0
2. (4) 

The length of the ZFE, 𝐿𝑍𝐹𝐸  [𝑚], is found proportional to the pipe radius [22], 

𝐿𝑍𝐹𝐸 = 9.79 𝑟0. (5) 

The mass fluxes at the beginning and at the end of the ZFE are linked [22], 

Q(𝑍𝐹𝐸) = 1.72 𝑄(0). (6) 

In the ZFE, the momentum flux decreasing is assumed negligible, 

𝑀(𝑍𝐹𝐸) =  𝑀(0) . (7) 

After the ZFE, a Gaussian profile is established for the velocity and density radial distributions. A 

dimensionless parameter 𝜆 [1] is introduced to allow different variances between the velocity and 

density Gaussian profiles. A reduced gravity 𝑔′ [m/𝑠2] is introduced, 

𝑔′ =
𝜌𝑟𝑒𝑓−𝜌(𝑠)

𝜌𝑟𝑒𝑓
𝑔, (8) 

and then  
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{
𝑔′(𝑠, 𝑟) = 𝑔𝑐(𝑠)𝑒

−(
𝑟

𝜆𝑏
)
2

 

𝑢𝑠(𝑠, 𝑟) = 𝑢𝑐(𝑠)𝑒
−(

𝑟

𝑏
)
2 , (9) 

with 𝑔𝑐 [𝑚/𝑠
2]  and 𝑢𝑐  [𝑚/𝑠], the reduced gravity and the velocity at the jet centerline.  

After the ZFE, using equations (1), (2), (3) and (9), the link between local variables and integral variables 

can be found: 

{
 

 
 𝑄 = 𝜋𝑏2𝑢𝑐

𝑀 =
1

2
𝜋𝑏2𝑢𝑐

2

𝐽 =
𝜆2

1+𝜆2
𝜋𝑏2𝑢𝑐𝑔𝑐

. (10) 

Mass balance equation applied to a plane perpendicular to the jet centerline allows linking the growth 

of mass flow with the entrained mass. The entrained mass is modeled using a mass entrainment 

rate 𝛼 [1], the velocity at the jet centerline and the jet width, 
𝑑𝑄

𝑑𝑠
= 2𝜋𝑏𝑢𝑐𝛼, (11) 

A buoyant jet transits between two opposite behaviors: a pure jet behavior, where the flow is driven by 

the momentum and a pure plume behavior where the flow is driven by the natural convection. The 

typical mass entrainment rate for a pure jet is 𝛼 = 0.055 [21] while for a pure plume it is 𝛼 = 0.083 

[21].  

Momentum balance equations applied to a plane perpendicular to the jet centerline allows completing 

the equations system describing the jet trajectory: 

{
 
 
 
 

 
 
 
 

𝑑𝑄

𝑑𝑠
= (8𝜋𝑀)1/2𝛼

𝑑𝑀

𝑑𝑠
= (𝜆2 + 1)

𝐽𝑄

2𝑀
sin (𝜃)

𝑑𝐽

𝑑𝑠
= 0

𝑑𝜃

𝑑𝑠
= (𝜆2 + 1)

𝐽𝑄

2𝑀2 cos (𝜃)

𝑑𝑥

𝑑𝑠
= cos (𝜃)

𝑑𝑦

𝑑𝑠
= sin (𝜃)

, (12) 

with as initial conditions, 

{
 
 
 
 

 
 
 
 

𝑄(𝐿𝐿𝐹𝐸) = 1.72𝜋𝑟0
2𝑢0

𝑀(𝐿𝐿𝐹𝐸) = 𝜋𝑟0
2𝑢0

2

𝐽(𝐿𝐿𝐹𝐸) =
𝜆2

1+𝜆2
𝑄(𝐿𝐿𝐹𝐸)

𝜌𝑟𝑒𝑓−𝜌0 

𝜌𝑟𝑒𝑓
𝑔

𝜃(𝐿𝐿𝐹𝐸) = 0
𝑥 ( 𝐿𝐿𝐹𝐸) = 𝐿𝑍𝐹𝐸

                      = 9.79 𝑟0
𝑦 ( 𝐿𝐿𝐹𝐸) = 0

. (13) 

Previous CFD simulations [17, 23] have shown that the jet deflection is a key factor of the vertical 

thermal stratification. The vertical thermal stratification appears when the jet is so deflected due to 

buoyancy forces that it hits the lower part of the tank. Simulations [17, 23] have shown that, at this 

instant of the refueling, the oscillations of the jet are negligible and its trajectory remains deflected 

toward lower part of the tank. This breaks the horizontal symmetry and favors the cooling of the lower 

part of the tank to the detriment of the upper part of the tank. Fig. 3 presents CFD results issued from 

[23]. The upper frame shows that velocity streamlines remain into the lower part of the tank. The lower 

frame shows that a vertical thermal stratification occurs.  
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Figure 3. CFD results with a presence of vertical thermal stratification issued from [23]. The upper 

frame presents the velocity streamlines while the lower frame presents the thermal field. 

 

The beginning of the thermal stratification corresponds to the moment when the jet trajectory hits this 

lower part of the tank.  The impact coordinates are: 

{
x = Ltank − Linj
y =  −Rtank

. (14) 

The equations system (12) does not admit a simple analytic solution able to link 𝑥 and 𝑦. Some 

assumptions are performed to simplify the equations system (12). The jet deviation angle 𝜃 is assumed 

small enough to linearize the sine and cosine functions. Consistent with the hypothesis of a small jet 

deviation angle, the gain of momentum due to the negative buoyancy is assumed negligible compared 

to the jet inertia. Then, the equation system (12) can be reduced to 

{
 
 
 
 

 
 
 
 

𝑑𝑄

𝑑𝑠
= (8𝜋𝑀)

1

2𝛼

𝑑𝑀

𝑑𝑠
= 0

𝑑𝐽

𝑑𝑠
= 0

𝑑𝜃

𝑑𝑠
= (𝜆2 + 1)

𝐽𝑄

2𝑀2

𝑥 = 𝑠
𝑦 = 𝜃

. (15) 

The equation system (15) can be integrated analytically, and then it links 𝑥 and 𝑦, 

𝑦 = (𝜆2 + 1)
𝐽(𝐿𝑍𝐹𝐸)

2𝑀(𝐿𝑍𝐹𝐸)
2
(𝑥 − 𝐿𝑍𝐹𝐸) [𝑄(𝐿𝑍𝐹𝐸) + 4𝜋𝑀

1

2𝛼(𝑥 − 𝐿𝑍𝐹𝐸)]. (16) 

At the impact point given in (14), using the initial conditions (13) and by introducing the reduced 

length �̃� [𝑚] defined as 

�̃� = 𝐿𝑡𝑎𝑛𝑘 − 𝐿𝑖𝑛𝑗 − 𝐿𝑍𝐹𝐸 , (17) 

the equation (16) can be written such as, 

𝑅𝑡𝑎𝑛𝑘 = (𝜆
2 + 1)

𝜌𝑟𝑒𝑓−𝜌0 

𝜌𝑟𝑒𝑓

𝑔�̃�2

𝑢0
2 
 (0.37 + 0.23

𝐿

𝑟0

̃
𝛼) . (18) 

The equation (18) can be rearranged to obtain a Froude number: 

𝐹𝑟 =
u0

√(𝜆2+1)
𝜌𝑟𝑒𝑓−𝜌0 

𝜌𝑟𝑒𝑓
𝑔

�̃�2

𝑅𝑡𝑎𝑛𝑘
(0.37+0.23

𝐿

𝑟0

̃
𝛼)

 .  (19) 

When the jet impacts the lower part of the tank, i.e. at beginning of the vertical thermal stratification, 

the Froude number defined equation (19) equals 1.  

It has been found that with 𝛼 = 0.055 and 𝜆 = 1, the jet trajectory given by the buoyant jet model and 

previous CFD results [17, 23] are in good agreement. Then (19) is simplified to 

𝐹𝑟 =
u0

√
𝜌𝑟𝑒𝑓−𝜌0 

𝜌𝑟𝑒𝑓
𝑔

�̃�2

𝑅𝑡𝑎𝑛𝑘
(0.74+0.0223

𝐿

𝑟0

̃
)

  . (20) 
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4.0 MATERIAL FOR VALIDATION 

 

To perform the validation of the Froude number defined equation (20), experimental data from two 

sources [14, 15] are used.   

Terada et al. [14] detected the thermal stratification for a type IV 65 L tank during a 600 s refueling 

scenario from 2 MPa to 35 MPa using an axial injector of 10 mm. Terada found that for this refueling 

configuration, when the injection velocity is below 5 m/s, the thermal stratification occurs.  

To perform the buoyant jet model, the average temperature of the gas 𝑇𝑎𝑣  [°𝐶] is approximated using 

the temperature from the probe T2, see Fig. 4, D). A pressure probe allows obtaining an average pressure 

𝑝𝑎𝑣  [𝑀𝑃𝑎] in the gas. The temperature probe T4 allows detecting when thermal stratification occurs.  

In the European funded project HyTransfer [15], for three different tanks, refueling scenarios leading to 

thermal gradient occurrences were identified and reported in [24]. In table 1, the three tanks properties 

are listed.  

Table 1. List of the tanks used during the HyTransfer project [15] with their geometrical and material 

specificities. The different experimenters were the Joint Research Centre to the European Commision 

(JRC), Energie Technologie (ET) and Air Liquide Advanced Technologies (ALAT). 

Type Volume [L] Ratio L/D 

III 40 2.7 

IV 36.7 2.4 

IV 531 5.6 

 

For the type IV 36 L tank, using ALAT measurements, 10 temperature probes were installed in the gas 

volume. This allows detecting precisely the presence of thermal gradients. Six refueling scenarios, 

leading to different level of thermal stratifications, are selected in this study. The probe locations are 

shown in Fig. 4, frame B). 

For the type III 40 L tank, using EC measurements, 6 temperature probes were installed in the gas 

volume. Two refueling scenarios are selected in this study: one leading to a homogeneous thermal 

behavior and one leading to a thermally stratified behavior. Type III tank uses a metallic liner, which is 

a good thermally conductive material. Then, for this tank, the thermal stratification in the gas was 

detected earlier via temperature probes set at the interface between the liner and the composite wrap 

than with the temperature probes in the gas. The probe locations are shown in Fig. 4, A). 

For the type IV 531 L tank, using ALAT measurements, 5 temperature probes were installed in the gas 

volume at the rear tank area. Due to those scarce locations of gas probes, the thermal stratification 

occurrence in the gas was detected earlier via the temperature probes set at the interface between the 

liner and the composite wrap than with temperature probes in the gas. Four refueling scenarios are 

selected: two leading to a homogeneous thermal behavior and two leading to a thermally stratified 

behavior. The probe locations are shown in Fig. 4, C). 

For all HyTransfer refueling scenarios considered, the average gas temperature 𝑇𝑎𝑣  [°𝐶] is obtained by 

an arithmetical averaging of the gas temperature probes. The minimal and maximal temperature 

measured in the gas are named as 𝑇𝑚𝑖𝑛 [°𝐶] and 𝑇𝑚𝑎𝑥 [°𝐶]. The pressure measured in the tank is taken 

as the average pressure 𝑝𝑎𝑣  [𝑀𝑃𝑎]. For probes at the interface between the liner and the composite wrap, 

arithmetical averages of the uppermost probes 𝑇𝑙−𝑐 𝑎𝑣𝑆𝑢𝑝 [°𝐶], all probes 𝑇𝑙−𝑐 𝑎𝑣  [°𝐶], and the 

lowermost probes 𝑇𝑙−𝑐 𝑎𝑣𝐼𝑛𝑓 [°𝐶] are performed to detect the thermal stratification from wall 

temperatures. The reference density 𝜌ref and density at the pipe outlet 𝜌0 are calculated using the real 

gas density of hydrogen using coolProp [25]. The average temperature and pressure in the gas are used 

to calculate the reference density, 

𝜌𝑟𝑒𝑓 = 𝜌(𝑇𝑎𝑣 , 𝑝𝑎𝑣), (21) 

the injection temperature and the average pressure in the gas, 𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 [°𝐶] and 𝑝𝑎𝑣  [𝑀𝑃𝑎] 

respectively, are used to calculate the density at the pipe outlet, 

𝜌0 = 𝜌(𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛, 𝑝𝑎𝑣) . (22) 

To obtain the velocity at the pipe outlet, the mass flowrate at the injection, named �̇� [𝑘𝑔/𝑠], is needed. 

The mass flowrate can be approximated using time-evolution of the average density, which multiplied 

by the tank volume 𝑉𝑡𝑎𝑛𝑘 [𝑚
3], leads to 
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�̇� = 𝑉𝑡𝑎𝑛𝑘
Δ 𝜌𝑟𝑒𝑓

Δ𝑡
 . (23) 

Then the velocity can be deduced, 

𝑢0 =
�̇�

𝜋𝑟0
2𝜌0
 . (24) 

 

 

Figure 4. Probe locations from the 4 selected tanks: A) type III 40 L tank, B) type IV 36 L tank, C) 

type IV 531 L tank, D) type IV 65 L tank.  

 

 

5.0 RESULTS 

 

 

 

Figure 5. Data from Terada et al. [14]: type IV 65 L tank. The velocity at the pipe outlet divided by 5 

m/s is reported in blue with a “bullet” marker. The Froude number defined equation (20) is reported in 

blue with a “star” marker. The tank and injector geometrical properties are reported above the legend 

of the figure. 

𝐀) 

𝐂) 

𝐁) 

𝐃) 
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Figure 6. Data from HyTransfer [24]: type IV 531 L tank. The velocity at the pipe outlet divided by 5 

m/s is reported in blue with a “bullet” marker. The Froude number defined equation (20) is reported in 

blue with a “star” marker. The tank and injector geometrical properties are reported above the legend 

of the figure. 
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Figure 7. Data from HyTransfer [24]: type IV 36 L tank. The velocity at the pipe outlet divided by 5 

m/s is reported in blue with a “bullet” marker. The Froude number defined equation (20) is reported in 

blue with a “star” marker. The tank and injector geometrical properties are reported above the legend 

of the figure. 

 

Fig. 5, 7 and 8 show that the criterion of Terada [14] and from equation (20) are similar for small aspect 

ratio tanks (L/D<3). Hence, it can be seen that when 𝐹𝑟 = 1 or when 𝑢0 = 5 𝑚/𝑠 a vertical thermal 

stratification occurs. In Fig. 8, the vertical thermal stratification is visible earlier from the probes located 

at the interface between the liner and the composite wrap (in green) than from probes located in the gas 

(in red) due to the metallic liner. 

 

 

 

 

Figure 8. Data from HyTransfer [24]: type III 40 L tank. The velocity at the pipe outlet divided by 5 

m/s is reported in blue with a “bullet” marker. The Froude number defined equation (20) is reported in 

blue with a “star” marker. The tank and injector geometrical properties are reported on above the 

legend of the figure. 

 

Thermal gradients in walls are a direct consequence of thermal gradients in the gas. Since the 

temperature probes at the interface between the liner and the composite wrap (in green) detected a 

vertical thermal stratification before probes in the gas (in red), it can be assumed that the vertical thermal 
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stratification occurred even earlier in the gas. Then, Fig. 6 shows that the criterion 𝐹𝑟 = 1 is more 

efficient for detecting the occurrence of thermal stratifications for a tank with a larger aspect ratio 

(L/D>3) than the criterion of Terada [14].  

 

6.0 CONCLUSION 

 

To conclude, this study suggests a new criterion which predicts the thermal stratification for horizontal 

tank filled axially according to the refueling conditions. It is defined via a dimensionless Froude number, 

see equation (20). 

 

Experimental data concerning different tanks and refueling scenarios are used for its validation. This 

new criterion takes into account the gas properties and the dimensions of the tank and the pipe injector. 

It appears more efficient for larger aspect ratio tanks (L/D>3) than Terada [14] criterion to detect the 

occurrence of thermal gradients in the gas. 

  

0D models are limited when thermal heterogeneities occur in the gas because they can only predict an 

average gas temperature. The Froude number defined in equation (20) can be evaluated with results 

from 0D models to control whether the thermal behavior in the gas is homogeneous and thus, whether 

the average temperature predicted in the gas is representative of temperatures in the gas.  

 

A longer refueling time reduces the final temperature in the gas. Hence, it can be tempting to save 

precooling energy by reducing the mass flowrate. However, limiting the mass flowrate can lead to 

vertical thermal stratifications and difficulties to estimate gas temperatures without a CFD approach.  

The Froude number coupled to a 0D model could help designing a low energy and safe refueling 

protocol for vehicles or for hydrogen tube trailers. The refueling time could be safely reduced in order 

to use less pre-cooling for the injected gas.   
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