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Abstract: Contemporary concerns for sustainability have prompted a move away from fossil fuels, with 
hydrogen being a promising alternative. In the automotive field, Type III hydrogen tanks allow for high 
pressures to be achieved while being lightweight and small. Their size makes them particularly sensitive to 
small changes in inlet diameter, which is crucial to ensuring the strict regulatory requirements for internal 
tank temperatures are met. However, there remains a lack of understanding of the effect of inlet diameter on 
the internal temperature of Type III hydrogen tanks, needed for the next generation of gaseous hydrogen 
regulations for land vehicles. Consequently, this paper employs computational fluid dynamics to quantify the 
effect of the inlet diameter for values ranging from 5 mm to 15 mm on the temperature of Type III hydrogen 
tanks, of internal diameter 354 mm, to comply with current automotive regulations. Here, we show that (i) an 
increase in inlet diameter results in a monotonic increase in internal tank temperature; (ii) a linear 
interpolation between the mass flow rates investigated in this study may be employed to estimate the 
temperature at a given inlet diameter; and (iii) pre-cooling has an impactful effect and enables control of the 
internal tank temperature to avoid exceeding regulatory maximum temperature, irrelevant of inlet diameter. 
Lastly, we provide recommendations on analysing thermal results to ensure the safety of hydrogen tanks by 
design, with a particular emphasis on temperature hotspots forming upstream of the inlet. These results 
provide novel insights into the effect of inlet diameter and pre-cooling on the temperature of hydrogen tanks 
for automotive applications and inform their design to meet relevant regulations inherent to their filling. 
Moreover, these findings are anticipated to contribute to future regulatory development and the wider 
adoption of hydrogen as a sustainable fuel.
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1. Introduction

Alternative fuels for both on and off-highway industries have received continuous interest in their 
development as governing bodies worldwide entertain solutions for reducing vehicle exhaust emissions to 
steer away from fossil fuel usage [1,2]. Alongside hybrid and electric solutions, hydrogen fuel technologies 
are increasingly viable, particularly in the automotive sector, as evidenced by the growing commercial 
transportation applications such as buses and lorries [3–5].

At ambient pressure, hydrogen gas has a volumetric energy density of 3.5 kWh/m3, in contrast to 
9000 kWh/m3 for gasoline [6]. Consequently, hydrogen gas is compressed to a maximum pressure of 70 MPa, 
as dictated by the Society of Automotive Engineers (SAE) J2601 standard [7], thereby resulting in a 
volumetric energy density of 1500 kWh/m3 [6]. Three main solutions have been proposed to alleviate the 
comparatively lower volumetric energy density of hydrogen, namely high-pressure hydrogen tanks, liquid 
hydrogen tanks and materials that absorb and store hydrogen [8]. However, high-pressure tanks appear as the 
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most viable solution at present and thus are found on currently operating vehicles [3–5]. In contrast, liquid 
hydrogen needing to be stored at 25 K (circa −248 °C) requires a significant amount of energy, which acts as 

a cost and infrastructure deterrent, while storing hydrogen in a solid state thanks to absorbent materials still 
faces critical challenges [9]. High-pressure hydrogen tanks are, therefore, seen as the most relevant present 
solution for automotive applications [10].

The design and manufacturing of compressed hydrogen gas tanks are governed by the International 
Standard of Organisation (ISO) 19881: 2018 [11], while the SAE J2601 [7] governs its operational usage. 
Both standards are compatible with each other and make references to their counterpart. This will remain true 
for the revised ISO 19881, to be published in 2025. Both taxonomies categorise hydrogen tanks into four 
types (Type I – IV), each with increasing complexity of material structure representing the transition of 
traditional aluminium/steel tanks to carbon fibre/polymer tanks. Owing to the automotive focus of this paper, 
its scope is restricted to Type III hydrogen tanks, defined as constructed of composite with a metallic liner. 
The operation is further divided into two categories of nominal working pressures (NWP): 35 MPa and 
70 MPa.

During filling, the inlet pressure is ramped from 0 MPa (empty) or 2 MPa (almost empty) up to the 
NWP of either 35 MPa or 70 MPa, as relevant. The pressure increase rate needs to adhere to the J2601 
standard, with a linear increase employed in both experimental and numerical studies [12–17]. As the high-
pressure hydrogen is jettisoned through the inlet, it compresses the gas directly opposite to the inlet against 
the tank wall. Consequently, Charles’s law is observed as the temperature increases as a result of the increase 
in pressure. This leads to heat transfer into the liner and subsequent wall materials, as experimentally 
confirmed by [18].

With the short refuelling time of a maximum of 180 s required by the J2601 standard for automotive 
applications, the increase in pressure over a short duration poses a challenge for temperature control in 
ensuring that the tank does not exceed the regulatory 358 K limit (~85 °C). As a result, hydrogen pre-cooling 
is required [13], as repeated thermal stress can accelerate fatigue of the composite materials for certain tank 
types [19, 20], including the Type III tanks under consideration. Pre-cooling is defined as the act of 
intentionally reducing the temperature of the hydrogen gas before the inlet and is an effective means to 
reduce the overall temperature of the tank [21,22], albeit at the cost of added energy consumption [23]. Such 
alteration of the tank operation influences the temperature [24,25], as does the geometry. However, the latter 
has been comparatively less investigated, particularly for small Type III tanks, where the inlet-diameter-to-
tank-diameter ratio becomes significant. Indeed, while some inlet diameters have been considered for 
automotive [12] and marine [15] applications, the effect of a large range of diameters on the internal 
temperature of hydrogen tanks remains to be characterised.

Consequently, this paper aims to provide novel insights into the effect of inlet diameter on the 
temperature of Type III hydrogen tanks for automotive applications by employing computational fluid 
dynamics (CFD). Specifically, because the smaller Type III tanks for automotive applications feature a higher 
inlet-diameter-to-tank-diameter ratio, and temperature is crucial for safety, we aim to quantify how larger 
diameters affect the temperature. This work will enable the enhancement of the regulatory framework for 
land vehicles employing gaseous hydrogen fuel containers, such as ISO 19881 [11].

The remainder of this paper is structured as follows. First, Section 2 details the methodology employed, 
including the governing equations, geometry and materials properties, numerical setup, and verification and 
validation undertaken. Then, Section 3 presents results for the effect of the inlet diameter on the temperature, 
with and without pre-cooling, for different mass flow rates. Finally, Section 4 summarises the main findings 
of this study and their broader impact.

2. Methodology

2.1. Governing Equations

Numerical simulations are undertaken using Ansys Fluent R23, where the Navier-Stokes system of 
equation applies [26], namely:

(1) conservation of mass:
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¶ρ
¶t

+Ñ × ( ρv) = 0 (1)

(2) conservation of momentum:

¶
¶t ( ρv) +Ñ × ( ρvv) =-Ñp +Ñ × (-τ ) + ρg (2)

(3) conservation of energy:

¶
¶t ( ρE ) +Ñ × (v( ρE + p) ) =Ñ × {kgeffÑT + [ -τ × v]} (3)

where t is the time, ρ is the density, v is the Favre average of velocity, p is the static pressure, 
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úúúú is the stress tensor, E is the energy, μ is the dynamic viscosity, I is the unit tensor, and 

kgeff is the effective thermal conductivity.
The rate of energy increase is given by
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where i is the turbulence intensity factor, k is the turbulent kinetic energy, T is the temperature, Φ is the 
dissipation function, and Si is source term relating to turbulence intensity.

Moreover, the present simulations are conducted using the k - ε turbulence model [27]. This has proven 
successful in modelling the rapid charging of hydrogen in storage tanks, was validated against published 
results (See Section 2.3), and has commonly been employed for the numerical modelling of rapid charging 
hydrogen tanks by [28–32], and given as
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and

μt = ρCμ

k 2

ε
 (7)

where μt is the eddy viscosity, Gk is the turbulent kinetic energy generation due to the mean velocity 

gradients, Gb is the turbulent kinetic energy generation due to buoyancy, YM is the contribution of the 
fluctuating dilatation in compressible turbulence to the overall dissipation rate and σ, σε, C1ε, C2ε, C3ε, Cμ 
are constants.

Finally, the heat flux q''
1 for conduction and q''

2 for convection is given as

q''
1 =-λ

dT
dx

 (8)

and

q''
2 = hA(Tw - T¥ )  (9)

where λ is the thermal conductivity, h is the convective heat transfer coefficient taken as 10 W/m2 K [31], A is 
the area of the contact region, Tw is the wall temperature, and T¥ is the surrounding temperature.

Such a numerical approach is justified by the significant advances in the understanding of hydrogen 
tanks achieved thanks to CFD [12–15,17–20,25,27–30,32,33].

2.2. Numerical Setup

The sphero-cylindrical geometry adopted is that investigated by [25, 33], omitting the end cylindrical 
bosses for the numerical simulations, as depicted in Figure 1. The inner length of the tank is L = 849 mm, and 
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the inner diameter is D = 354 mm, yielding an internal volume V = 74.3 L. The inlet tube extends by a length 
l = 0.67 mm inside of the tank (l/L = 0.00137), and has an inner diameter ranging from d = 5 mm 
(d/D = 0.0141) to d = 15 mm (d/D = 0.0424), investigated in Section 3.

The tank is a 70 MPa NWP Type III with an inner 10~mm aluminium liner (ρ = 2700 kg/m3, 

c = 902 J/kg K, and λ = 238 W/m K) surrounded by 28 mm of carbon fibre-reinforced polymer (CFRP)        
(ρ = 1570 kg/m3, c = 840 J/kg K, and λ = 0.612 W/m K). A 1 mm thick layer of glass fibre-reinforced polymer 

(GRP) (where ρ = 2050 kg/m3, c = 878 J/kg K, and λ = 0.133 W/m K) further surrounds the CFRP, as is found 

in road vehicles. The GRP is intended to prevent scratches and abrasions. Therefore, we anticipate this to 
have no bearing on the results as the internal fluid region is significantly larger than the GRP region. The tank 
is surrounded by ambient air at T = 293 K.

The tank is filled with a linear increase in pressure from P = 0 MPa at t = 0 s to P = 70 MPa at t = 180  s, 
i. e., the regulatory maximum allowed [7], with the inlet at T = 288 K at t = 0 s. The hydrogen properties 
employed in this study are based on the Redlich-Kwong model [34], as adopted by [12,35].

2.3. Verification and Validation

A structured 2D mesh was applied throughout the computational domain, as shown in Figure 2, with an 
average element size of 4 mm and a minimum edge size of 1 mm. A grid independence study was undertaken 
to demonstrate that convergence was reached. This was conducted in accordance with the Celik et al. error 
estimation [36] and Richardson discretization [37], as recommended by [38].

First, the grid size h from the fine (h1), medium (h2) and coarse (h3) mesh is ascertained as

h =
é

ë
ê
êê
ê 1

N∑i = 1

N

( )DAi

ù

û
ú
úú
ú

1/2

 (10)

where N is the number of elements and DAi is the area of the ith cell.
Then, the refinement factors r21 = h2 /h1 and r32 = h3 /h2, both to be greater than 1.3 [38] are computed, 

followed by the apparent order pa given as

Figure 1.　Comparison between the benchmark hydrogen tank geometry of [25, 33] (top) and that employed in this 
study (bottom).

Figure 2.　Structured mesh employed for this study, with details of the tank’s outer structure comprised of 10 mm 
aluminium, 27 mm carbon fibre-reinforced polymer (CFRP) and 1 mm glass fibre-reinforced polymer (GRP).
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and a grid convergence index

G21
CI =

1.25e21
a

r p
21 - 1

. (15)

The final 2D mesh, adopted following the grid convergence study, comprises 17,774 elements, with an 
average aspect ratio of 1.06, skewness of 0.04 and orthogonal quality of 0.99, and yielded an overall 
uncertainty of ±0.02%, as summarised in Table 1.

Particular attention is given to the inlet mass flow rate ṁ. In the absence of explicit values in [25,33], it 
is first estimated from the mathematical model of [39], based on the experimental results of [13,40], relating 
the mass flow rate to the final temperature. Then, simulations are conducted for iterative values of ṁ to 
identify the integer value yielding the closest results to that of [25,33]. Ultimately, ṁ = 11 g/s is retained, with 
the validation at the thermocouple location previously depicted in Figure 1 presented in Figure 3.

The difference in temperatures for 10 s £ t £ 150 s is attributed to the unknowns associated with the 

Table 1.　Summary of the mesh convergence study outputs, based on [37,38].

r21

1.33

r32

1.55

pa

6.44

f 21
ext

354.8

e21
a

0.07%

e21
ext

0.01%

G 21
CI

0.02%

Figure 3.　Comparison of the present simulation results with the experimental results of [33] and numerical results 
of [25] over the regulatory maximum filling time of 180 s.
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mass flow rate value and any changes in rate through time in [25, 33]. However, the final temperature 
difference being of the order of 0.87%, and the final temperature being the primary metric associated with 
this study, therefore, leads to a good agreement and validation of the proposed numerical approach. This is 
further confirmed by the comparison of the CFD results depicted in Figure 4, where we note a difference in 
jet length associated with the assumptions inherent to the lack of inlet length and mass flow rate provided 
in [25,33].

3. Results

3.1. Inlet Diameter

First, the effect of inlet diameter ranging from 5 mm to 15 mm (0.0141 £ d/D £ 0.0424) in 1 mm 
increments is studied at ṁ = 11 g/s. An increase in inlet diameter is associated with a monotonic increase in 
final temperature, as evidenced in Figure 5.

For ṁ = 11 g/s, an increase in d/D leads to a monotonic increase in the final temperature, albeit always 
remaining comfortably below the SAE J2601 threshold [7]. Indeed, for the maximum tested value of 
d = 15 mm, the temperature does not exceed 353.50 K, thus ensuring the tanks investigated are safe. 
However, an increase in temperature can also be caused by an increase in mass flow rate [41]. Consequently, 
simulations were performed at ṁ = 13 g/s, with the aim being to yield non-compliant temperature to later 
ascertain the effect of pre-cooling.

For a mass flow rate ṁ = 13 g/s, the results in Figure 6 evidence an identical trend of monotonic increase 
in temperature with inlet diameter as shown for ṁ = 11 g/s. However, d ³ 9 mm now exceeds the T = 358 K 

Figure 4.　Comparison of the numerical results of [25] (top) with the present simulation results (bottom) at t = 180 s for 
d = 5 mm and ṁ = 11 g/s.

Figure 5.　Effect of the inlet diameter on the temperature for 5 mm £ d £ 15 mm at ṁ = 11 g/s.
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threshold, by 0.66 K for d = 9 mm, and by 3.94 K for d = 15 mm. This is significant because it allows the 

identification of combinations of inlet diameters and mass flow rates that would lead to a breach of 

automotive regulations, albeit at the expense of computational time. Consequently, in order to minimize 

computational effort, whether linear interpolation between mass flow rates is effective at predicting 

temperature is to be ascertained.

3.2. Interpolation

A 3rd-order polynomial regression best captures the monotonic increase in temperature for increasing 

inlet diameter. Here, we hypothesised that a linear interpolation between ṁ = 11 g/s and ṁ = 13 g/s may be 

used to predict the temperature. This is investigated by comparing a linearly interpolated curve for ṁ = 12 g/s 

between d = 5 mm and d =15 mm with numerical results for ṁ = 12 g/s at d = 5 mm, 7.77 mm, 10 mm and 

15 mm, as shown in Figure 7. The values d = 5 mm, 10 mm and 15 mm were chosen to cover the entire 

parameter space under investigation, while d = 7.77 mm was arbitrarily chosen at the lower end of the 

parameter space as results at ṁ = 13 g/s indicated d ³ 9 mm would exceed the temperature threshold.

Thanks to the agreement between the linear interpolation and CFD data at ṁ = 12 g/s, we conclude that a 

Figure 6.　Effect of the inlet diameter on the temperature for 5 mm £ d £ 15 mm at ṁ = 13 g/s.

Figure 7.　Variations in temperature with inlet diameter for 5 mm £ d £ 15 mm at ṁ = 11 g/s, ṁ = 12 g/s and ṁ = 13 g/s.
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linear interpolation may, therefore, be employed. This is significant as it allows to estimate the temperature at 
varying mass flow rates to ensure compliance with regulatory thresholds, at a much lesser computational cost. 
However, it is noted that the mass flow rates under consideration remain well below the SAE’s maximum 
limit of ṁ = 60 g/s [7]. As such, for a given tank design and materials [42], pre-cooling is required [13,43]. 
Consequently, we next evaluate the ability of pre-cooling to reduce the tank temperature at ṁ = 13 g/s below 
the T = 358 K threshold.

3.3. Pre-Cooling

In this section, instead of the fixed inlet temperature T = 288 K, as defined in Section 2.2, pre-cooling is 
utilized. Here, pre-cooling is defined as the intentional act of reducing the temperature of the hydrogen gas to enter 
the inlet. To yield compliant final temperatures for the range of diameters investigated, the necessary precooling was 
3 K for d = 5 mm, 5 K for d = 6 mm, 6 K for d = 7 mm, 7 K for d = 8 mm, 8 K for d = 9 mm, 9 K for d = 10 mm, 
11 mm and 12 mm, and 10 K for d = 13 mm, 14 mm and 15 mm. Such pre-cooling by 3 K £T £ 10 K is shown to 
effectively reduce the final temperature as evidenced in Figure 8.

Pre-cooling the inlet is shown to be an impactful strategy towards reducing the final temperature of the tank 
regardless of the mass flow rate or inlet diameter. For ṁ = 13 g/s and a range of diameters 5 mm £ d £ 15 mm, it also 
noted that pre-cooling results in a smaller spread in temperatures across the range of diameters investigated. 
Furthermore, pre-cooling does not retain the monotonic increase in temperature for increasing inlet diameter, 
as evidenced in Section 3.1. In contrast, a near-constant temperature can be achieved with pre-cooling, 
thereby alleviating the increase in temperature associated with an increase in inlet diameter. This may, 
therefore, prove crucial to Type III automotive tanks, which feature higher inlet-diameter-to-tank-diameter 
ratio than larger tanks, and thus may rely more heavily on pre-cooling to meet existing regulations.

3.4. Temperature Distribution

While pre-cooling has proven a reliable strategy, we further identify the need to investigate temperature 
hotspots in hydrogen tanks. Final temperature distributions, i. e., at t = 180 s are depicted in Figure 9, where the 
custom temperature scale is set such that any temperature over the SAE temperature limit [7] is clearly identified. 
The descending rows in Figure 9 show the temperature distribution for the increasing diameters, namely d = 5 mm, 
10 mm and 15 mm, while columns show the two mass flow rates, ṁ = 11 g/s and ṁ = 13 g/s, respectively.

At the end of the filling process (t = 180 s), there are localised temperature hotspots upstream of the exit 
of the inlet pipe, as depicted in Figure 9c, and shown to grow for increasing diameter, see Figure 9e. This is 
consistent with the temperature distribution plots previously observed by [15]. These local temperature 
hotspots, located upstream of the inlet’s exit, are the result of the separation of the boundary layer, which 

Figure 8.　Effect of pre-cooling (PC) on temperature at for 5 mm £ d £ 15 mm at ṁ = 13 g/s.
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causes the formation of vortices, thus leading to a higher temperature region. As the diameter increases and 
inlet flow velocity decreases for a constant mass flow rate, the lack of mixing between settled and newly 
filled hydrogen is further responsible for temperature hotspots.

We also observe an increase in the length and thickness of the jet associated with the increase in mass flow rate 
from ṁ = 11 g/s to ṁ = 13 g/s, leading to a higher temperature, as previously evidenced in Section 3.1. The presence 
of temperature hotspots, revealed through the temperature distribution across the tank, therefore showcases 
the importance of flow visualisation during the filling period to identify any such local temperature hotspots, 
ensuring temperature remains within regulatory limits.

Finally, it is noted that, while the SAE regulatory threshold of T = 358 K [7] has been employed for the 
purpose of this study, a slightly lower threshold could be seen as appropriate in order to provide a reaction 
margin for internal temperature control systems to warn the user and initiate relevant safety shutdowns.

4. Conclusions

With heightened interest in Type III hydrogen gas tanks for automotive applications, characterised by a 
high inlet-diameter-to-tank-diameter ratio, a numerical investigation into the design parameter affecting the 
temperature and, therefore, regulatory compliance was undertaken using computational fluid dynamics.

Firstly, our results showed that an increase in inlet diameter results in a monotonic increase in final 
temperature, which is significant given the small size of Type III automotive tanks, and thus their 
comparatively large inlet diameter. The analysis allowed to identify combinations of inlet diameters and mass 
flow rates to comply with the maximum regulatory temperature.

In this work, we further evidenced that a linear interpolation between the mass flow rates tested is a 

Figure 9.　Temperature distribution at t = 180 s for d = 5 mm at (a) ṁ = 11 g/s and (b) ṁ = 13 g/s, d = 10 mm at (c)      
ṁ = 11 g/s and (d) ṁ = 13 g/s, d = 15 mm at (e) ṁ = 11 g/s and (f) ṁ = 13 g/s. 
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valid hypothesis, validated with additional numerical simulations. This is crucial to reduce the computational 
expense of ensuring regulatory compliance for land vehicles.

Moreover, we demonstrated that pre-cooling can yield a near-constant final temperature irrelevant of the 
inlet diameter. This is critical to alleviate the effect of large inlet diameters while remaining below the 
maximum temperature threshold for automotive vehicles. However, we identified the need to examine 
temperature distribution across the whole tank to help locate temperature hotspots. These have been shown to 
form upstream of the inlet and increase in size for both inlet diameter and mass flow rate.

These findings provide novel insights into the effect of inlet diameter at high inlet-diameter-to-tank-
diameter and pre-cooling on the temperature of Type III hydrogen tanks for automotive applications. The 
results further support the design of tanks containing gaseous hydrogen to meet relevant regulations inherent 
to their filling and temperature. Ultimately, it is anticipated these findings may contribute to future regulatory 
developments, under the SAE J2601 and ISO 19881, and the wider adoption of hydrogen as a sustainable fuel.
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