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ABSTRACT

This research concentrates on the problem associated with rapid filling of type III hydrogen
cylinders in hydrogen-powered aerial vehicles. Rapid filling leads to certain temperature rises
in the cylinder due to adiabatic compression and it is jeopardizing the structural integrity.
Existing research mainly focused on the effects of pressure variation and temperature rises
on hydrogen cylinders. However, there is limited research on the effects of temperature ris-
es in Type III hydrogen storage cylinders incorporated with PTFE-coated aluminium liners
under various temperature and mass flow rates related to aerial application. Based on the
previous research gap, a 2D axisymmetric cylinder model was developed in ANSYS R21 for
a 5L, 35 MPa Type III PTFE-coated aluminium liner wrapped in carbon fiber hydrogen cyl-
inder. A model analysed under the real gas behaviours through the Redlich-Kwong equation
with various inlet conditions of temperature (283-323 K), filling pressure (5-35 MPa) and
mass flow rate (0.01-0.05 kg/s). The simulation outcome indicates the increase in internal
gas temperature from 293 K to 417 K and the optimum temperature region near the inlet due
to recirculatory heating. At a maximum temperature of 323 K, the internal temperature rises
up to 600.2K toward the thermal stability limits of PTFE. Due to the insulating properties of
PTFE, it reduces the temperature distribution from the inner layer to the outer layer of the
cylinder and ensures temperature containment. This research work indicates that a minimum
inlet temperature of 283K, a medium filling pressure of 20 MPa, and a moderate mass flow rate
of 0.03 kg/s in 6 seconds provide an enhanced thermal stability of the cylinder. This research
emphasizes the significance of controlling inlet parameters, not just pressure and flow rate but
also temperature, to enhance the safe and efficient lightweight hydrogen storage cylinder used
in UAV applications.
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INTRODUCTION

The global demand for pure and sustainable energy
sources has intensified research into hydrogen as a suit-
able alternative to fossil fuels. Hydrogen fuel properties like
compatible production methods, zero carbon emissivity,
and richer energy density make it a suitable energy source
for transportation purposes in fuel cell-powered automo-
biles and aerial vehicles [1-4]. Hydrogen’s storage possesses
significant safety and thermal management challenges
for storing hydrogen in high-pressure static and dynamic
conditions. High-pressure gaseous storage is the most
popular adopted method due to its simple structure and
higher gravimetric density. The U.S. Department of Energy
(DOE) has focused on volumetric and gravimetric energy
densities of 2.7 kWh/L and 3.0 kWh/kg, respectively, for
onboard working cylinders [5-6]. To attain these targets,
newer hydrogen storage systems depend upon composite
high-pressure cylinders and combine lightweight materials
with high strength. Type III cylinders contain aluminium
liners wrapped with carbon fiber and exhibit a balance of
structural stability and weight reduction, making them
suitable for aerospace and UAV applications [7-9].

Rapid filling of hydrogen cylinders is a most required
process in vehicle refuelling stations during that time.
Temperature increases by adiabatic compression, fric-
tional heating, and real gas effects. Rapid filling of cylin-
ders at high pressures (350-700 bar) within a short span
of time significantly increases gas temperatures to exceed
safe operational limits. To resolve this issue, accurate com-
putational modelling is needed to calculate temperature
changes during filling, specifically when multi-layered
materials and thermal insulators are involved [10-12].
Demonstrated thermal effects in Type III and IV tanks by
considering parameters like inlet pressures, filling times,
and design [13-15]. Adoption of multi-material layering,
ignorance of real gas behaviour, or influence of coatings
like PTFE, which can significantly change heat transfer
within the cylinder materials. Many existing models are
created for automotive-scale tanks with minute concen-
tration on small-capacity systems adopted in UAVs, where
rapid thermal gradients pose a higher cause of limited
thermal mass. The studies elaborated that the tempera-
ture hike during hydrogen refuelling drastically depends
upon parameters like filling rate, inlet temperature, and
pressure [16-20].

By considering all thermal challenges, researchers have
proposed optimized filling methods focused on attain-
ing higher filling rates and short fuelling durations [21].
In addition to investigating the effect of various liner and
wrapping materials on temperature distribution inside
hydrogen storage vessels, addressing material selection as
a thermal protection technique [22]. A unique tempera-
ture-absorbing technique was demonstrated to reduce
excessive thermal hikes with an intense concentration on
mass flow rate and cylinder design [23].

Research gap

o DPrevious research mainly concentrated on Type IV
hydrogen cylinders with various polymer materials but
lagged with modelling of Type III cylinders.

» Research on rapid filling of hydrogen remains unstud-
ied, incorporating a PTFE-coated aluminium Type III
hydrogen cylinder.

o The previous work did not concentrate on thermal
interactions between multi-layered hydrogen cylinders,
especially for smaller-capacity UAV storage applications.

o There is insufficient numerical simulation on the com-
bination of various inlet parameters like filling pressure,
inlet temperature, mass flow rate, and time to determine
the internal temperature rise and thermal safety of a
hydrogen cylinder.

o Lagging of design recommendations by simulation for
optimizing filling strategies in smaller capacity, light-
weight, and high-performance hydrogen cylinders.

Research Novelty

o This research develops a 2D axisymmetric computa-
tional model analysed with real gas effects using the
Redlich-Kwong equation of state.

o This study provides a detailed thermal analysis of a
Type III PTFE-coated aluminium liner and carbon fiber
wrap hydrogen cylinder specially for UAV application.

o The simulation model reveals the thermal insulation
and structural safety effects of a PTFE-coated alumin-
ium cylinder under rapid filling.

o This research provides a validated design procedure for
thermal stability under rapid filling of hydrogen in a
small-scale hydrogen storage cylinder.

o This quantitative research focuses on optimal inlet
parameters such as 20 MPa inlet pressure, 0.03 kg/s flow
rate, 283 K inlet temperature, and 6 sec filling time to
prevent the internal temperature rise.

PROCESS OF HYDROGEN FILLING:
ATHEORETICAL INVESTIGATION

Mechanisms Contributing to Temperature Rise During
Rapid Hydrogen Filling

Rapid filling of hydrogen is accompanied by several
phenomena that contribute to temperature rise inside the
cylinder. Under certain conditions, hydrogen exhibits a
negative Joule-Thomson coefficient, especially at medi-
um-high pressure. This action indicates that while hydrogen
expands more quickly, it cools rather than heats up [24-27].
However, this cooling effect is often overshadowed during
compression-dominant fast-filling operations. If hydrogen
gas is compressed into the cylinder very quickly, with little
heat transfer to or from the surrounding, the compression of
hydrogen gas is called adiabatic compression. The ideal gas
law (PV = nRT) dictates that this compression raises the gas’s
internal energy which in turn raises the temperature [28-32].
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Filling into pipelines, valves and narrow passages,
hydrogen rapidly interacts with the surfaces of the passages
through friction between the molecules, causing further
heat to be generated. This frictional heating is particularly
important for high pressure fueling systems and is respon-
sible for additional heat rising in the cylinder. Hydrogen
gas will also be affected by the surrounding environmental
temperature while being refuelled. Further increases in the
internal cylinder temperature may be caused by the trans-
fer of additional heat into the gas in hot climates or high
ambient temperatures [33]. When the gas is filling rapidly,
external work is done on the gas during the compression
process, increasing both it’s internal energy and tempera-
ture. This effect, called “heat of compression,” can lead to
significant temperature increases in the HSS [34-39].

Impact on Safety and Mitigation Strategies
Together, these mechanisms can cause dramatic

increases in temperature, which can cause internal pres-

sures to exceed limits. This rise can cause severe safety con-
cerns such as possible damage to the storage vessel. Also,
hotter temps may cause the fuelling parts to be less efficient
and less durable.

To reduce these risks, a number of engineering
approaches are usually taken:

« Developing a method to more effectively dissipate heat
through the use of materials with higher thermal con-
ductivity when building tanks, and

 Pre-heating water prior to its compression, and

o Controlling and optimizing the filling rate, to prevent
rapid heat build-up,

Including cooling system into fuelling station or com-

pressor [40-42].

The root cause of the rising temperature
Zhang RY et.al [43] observed the expression for final
temperature during the rapid filling operation.

_ M (Ty + aPy) — a(AR T, —PT)
B aliP PTy (1)
P

T,
T, +aP; +

A rise in temperatures and filling rate have an expo-
nentially related. On the other hand, a straight line exists
between temperature growth and beginning pressure or
temperature. It shows that the entry temperature and the
surrounding temperature were equal. Developed an empir-
ical formula using modelling and experimental studies [44]
as.

Ty=1.01 - 1.52¢ 5% (—6.81 x 0.9™ 5
+0.3T, —2.2P, + 68+ T, @
Where m is the filling rate in g/s, T, and T, are the entry
and exit temperatures of hydrogen in the cylinder in K and
P,, P, are the entry and exit pressures of hydrogen in the
cylinder in MPa.

Mathematical examination of rising temperatures
For open systems, the following the first law of thermody-
namics [45-46]

dU = dH;, — dH,,; + 6Q — W (3)
Where dQ is the heat generated by the system expressed

in kJ, dH;,, and dH_, are the enthalpy in entry and exit of
the system. The system’s work is denoted by dW and kJ.

Formulating above equation with dH_,, = 0 and dW =
0 is as follows:
dU = dH;, + 6Q (4)
The final energy is expressed as
U, = U; +dU (5)

Where U, and U, are initial and final internal energy
of cylinder expressed in kJ and the resultant energy is as
follows:

U, = U, +dH;, + 6Q (6)

The relationship between temperature and the specific
internal energy of hydrogen is shown as

u= aT—-b (7)

Where u is specific internal energy in kJ/kg, T is the
hydrogen’s temperature K.

U; = my(aT; —b) (8)

U,

m,(aT, —b) 9)

Where m, and m, are initial and final mass of hydrogen
in kilograms. In terms of expression, the final mass is
m, = mlfr'ndt (10)
Where (rh) is mass flow rate in kg/s. An expression for
the enthalpy of the system is
dHin = hin f mdt (11)
Where h,, is specific enthalpy of hydrogen at the input
temperature expressed in kJ/kg [47].

8Q = fth (12)

Where q is the power in kW, heat transmission to the
surrounding. The above equations allow us to express the
final temperature as follows:

_my(aT; —b) +h;, [radt + [qdt b

2 a(m, + [h dt) a (13)
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Geometrical Framework

The PTFE-coated metal layers and insulating layer make
up the liquid hydrogen transit storage device. Carbon fibre
and epoxy are combined to create insulation, which is placed
between the environment and the metal’s exterior. A draw-
ing of the hydrogen transfer tank under design is shown in
Figure 1. The PTFE coating thickness is T;, and the layer
thicknesses are T, and T, and dimension are listed in Table 1.

CFD Simulations

« A 2D axisymmetric model was developed in ANSYS
Fluent for a 35 MPa, 5L Type III hydrogen cylinder to
improve computational efficiency and accuracy.

o Buoyancy effects were neglected due to the dominance
of high-speed axisymmetric flow.

Key Assumptions

o Inlet valve allows high-pressure gas entry with minimal
heat exchange; modelled as a time-dependent pressure
boundary.

o The PTFE-coated aluminium liner minimizes heat
transfer to the outer carbon fiber wall due to its low
thermal conductivity (0.3 W/mK).

o PTFE is assumed to be isotropic, with constant thermal
conductivity and specific heat capacity.

o Inlet temperature is considered constant, based on sta-
ble pre-filling conditions in experiments.

o Before hydrogen filling, nitrogen is purged, allowing
initial hydrogen and wall temperatures to be equal.

o Convective heat transfer at the outer wall is negligible
due to PTFE insulation.

o Mechanical deformation of the cylinder is ignored; all
solids are treated as rigid bodies.

Governing Equations
Above assumption gives the basics for creating the flow
and heat transfer 2D axisymmetric. Below is a description of
the governing equations. The equations for mass conservation:
dp

2o+ ZenP=0
7% (pu) 7% (pv) o=

3t (14)

where x represents the horizontal distance, r the radial dis-
tance, pthe gas density, t the filling period, and u the filling
linear velocity and v the radial velocity. As the axisymmet-
ric model’s momentum transit,

9 ow) + 2L (rpuw) + =2 (rpuvy)
ac P+ gy ) F oo (rpuw

ou 2 _ |
T(p+ 1) Za—§(v-v) (15)

N 10 4 (2 Jdu N av)
ror [r(“ M\2 50+ 5% ]

Where p- Absolute pressure, y-Dynamic viscosity, and t
Turbulence viscosity. The energy equation is

a E+6 E+ )_6 K 6t+ + (6u+6v)
a(P) &(U(P p) _E[ eff 51 u(p+py) ar ' ox

2 du (16)
—zult+pd o

Table 1. Characteristics of the cylinders’ structural integrity

Parameter Dimension Unit
Type of cylinder 11
Volume of cylinder 5 L
Working pressure 350 MPa
Internal Diameter of cylinder, D; 140 mm
Total length of cylinder, L 395 mm
Inlet diameter of cylinder, D, 18 mm
Carbon fibre layer thickness, T, 4 mm
aluminium liner thickness, T, 1.5 mm
PTEE coating thickness T, 0.5 mm
Maximum weight of cylinder 1.85 kg
Application (UAV hydrogen
storage tank)
UAVHST

215

=0

385

Figure 1. Geometrical structure of type-III hydrogen storage vessel.
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where E is: and k¢ stands for effective heat conductivity.

uz
E=h-24+—
p

5 (17)

where the hydrogen’s h-specific enthalpy is.

While analyzing several turbulent models, concluded
that the Realizable k model is best suited for the hydrogen
rapid filling process and that the TKE dissipation follows an
equation [48-50].

0 k+a k —a<+”t)ak+G Y
a(p) a(P u)—a[u G—ka] k—Pe—Ym (18)

a +6 _a(+ut)as+cs
a(PS) a(psu)—a[u ag] pCySe

o (19)
—pC
P oe
G = . ,av
Kk = —pu'v 7% (20)

Where —pu'v' -Reynolds stress, u’ and v'-fluctuating
quantities

Yy = 2peM¢ 1)
Where M, -turbulent Mach number
k
M, = Iy (22)

Where “a” indicates the sound speed. The vicinity at tur-
bulence t is
k2
e = pCu? (23)
Table 2 listed properties of materials used in PTFE-
coated aluminium wrapped with a carbon fiber cylinder.
The low thermal conductivity of PTFE, 0.304 W/m-K, pro-
vides insulation for reducing heat transfer to the outer lay-
ers. High conductivity of aluminium is 238 W/m-K more
heat distribution, while carbon epoxy fiber offers struc-
tural strength with reasonable thermal conductivity of 3.72
W/m-K. These layered properties dominate the tempera-
ture distribution during rapid filling [51-52].
The Table 3 shows the comparative study in various
parameters of different material, used to select the best

Table 2. Properties of material

Layers Density (kg/m?) Specific heat (J/kgK) Thermal conductivity (W/mK)
Teflon 2200 1.5 0.304

Aluminium 2700 902 238

Carbon epoxy fiber 1513 920 3.72

Table 3. Comparison of various cylinder materials properties

Property PTFE-Coated Aluminium Stainless Steel Fiber-Reinforced
Aluminium (Uncoated) Polymer (FRP)
Thermal Conductivity ~ 0.25-0.3 200 16 Low
(W/m K) (Low, better insulation) (Very high, poor (High, rapid heat (0.2-1)
insulation) transmission)
Corrosion Resistance Excellent Good Excellent Good
(PTFE exhibits better (But liable to (High corrosion (Resistant to corrosion but

protection against corrosion under resistance) less durable than stainless
hydrogen embrittlement certain conditions) steel)
and corrosion)
Hydrogen Highly compatible (non- Highly compatible Highly compatible Moderate (requires
Compatibility reactive with hydrogen) (But can corrode (non-reactive, but special resin for hydrogen
under certain higher risk of hydrogen  compatibility)
conditions) embrittlement)
Insulation Superior Poor Poor Moderate
Effectiveness (Prevents rapid heat (Requires additional (Requires additional (Low thermal conductivity
transfer, reducing thermal  insulation layers) insulation) but less effective than
stress) PTFE)
Durability (Under High Moderate (requires Very High (extremely Moderate
High Pressure) (Aluminium provides reinforcement for high ~ durable under pressure,  (Good for light applications

strength, PTFE prevents
thermal damage)

pressure)

but less effective
thermally)

but requires additional
structural support)
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Table 4. Comparison of various input parameter

Parameter Current Study Zhao et al. [53] Li et al. [56] Kim et al. [57]
Filling Pressure (MPa) 5-35 5-35 20-70 20-50

Inlet Temperature (K) 283-323 283-323 283-303 283-303

Mass Flow Rate (kg/s) 0.01-0.05 0.01-0.05 0.02-0.1 0.01-0.1

Filling Time (s) 0.5-12 0.5-12 1-5 1-5

materials based on the performance requirements and
operational conditions.

Table 4 shows the initial parameter comparison with
existing research work; listed parameters are freeze for con-
duct the simulation to optimize the hydrogen cylinder. By
understanding the different to help to selection of influenc-
ing parameters [53-57].

Table 5 indicates the boundary condition for CFD simu-
lation of the rapid hydrogen filling process Initial tempera-
ture of the gas and the ambient temperature are established
as 293 K, which is considered in the simulation as the tem-
perature is in equilibrium. The conventional heat transfer

Table 5. Simulation boundary conditions

Parameters Value Unit
Atmospheric temperature 293 K

the convective coefficient of the air around 10 W/m?K
the cylinder and its outer surface.

Gas inlet pressure 2 MPa
Inlet mass flow rate 0.002  kg/s
Gas initial temperature 293 K

Inlet gas pressure MPa
Initial gas temperature 293 K

Table 6. comparative study of Type III and IV hydrogen cylinder

Parameter Type III Cylinder Type IV Cylinder Remarks
(PTFE-coated Aluminium) (Carbon Fiber)

Material Aluminium liner with PTFE Composite material Type III uses a combination of metal
coating and insulation, whereas Type IV is fully

composite.

Thermal 0.25-0.3 (PTFE), 5-15 (Carbon Fiber) Type IIT has better thermal insulation

Conductivity 200 (Aluminium) due to PTFE coating, while Type IV has

(W/m K) low conductivity but requires additional

thermal management.

Strength Moderate High Type IV offers higher strength and
(Aluminium provides structural (Carbon fiber provides lightweight, better pressure resistance than Type I1L.
integrity) high-strength structure)

Weight Moderate Lightweight Type IV is ideal for applications where
(Aluminium is relatively heavy) (Carbon fiber offers high strength lightweight is essential, such as UAV.

at a lower weight)

Pressure Moderate High Type IV is better suited for high-

Resistance (Withstand up to 35-70 MPa) Designed for high-pressure pressure applications compared to Type

systems (up to 700 bar) 1L

Temperature Can withstand up to 250°C without 200°C-300°C (depends on resin,  Type III has better temperature

Resistance degradation composites) tolerance in extreme conditions.

Thermal Effective with PTFE for insulation, =~ Lower thermal conductivity, Type III offers better thermal insulation

Management aluminium dissipates heat insulation strategies may be naturally, while Type IV may need

needed for efficient thermal additional cooling.
management

Corrosion High Moderate Type III has better corrosion resistance

Resistance (PTFE prevents hydrogen (Carbon fiber is resistant, but due to PTEE, while Type v needs more
embrittlement, corrosion) polymer liner may degrade under ~ attention to resin degradation.

certain conditions)

Hydrogen Highly compatible with hydrogen =~ Highly compatible with hydrogen, Both cylinders are highly compatible

Compatibility (PTFE and aluminium) but composite material may need  with hydrogen, but Type IIT has better

special treatments chemical stability.

Safety More prone to thermal Stronger structural integrity, Type IV offers greater safety due to its

Considerations  deformation, requires effective better resistance to high pressure  strength, while Type III requires careful

thermal management

and thermal stress

thermal management during refuelling.
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coefficient of 10 W/m?K is assigned to the outer surface of
the cylinder; its influence is minimal due to the insulating
PTFE layer. Hydrogen was filled at an inlet pressure of 2
MPa and a mass flow rate of 0.002 kg/s. These conditions
reflect realistic refuelling.

Table 6 provides the comparative analysis of Type III and
Type IV hydrogen cylinders with several key parameters. This
delivers the insights into the operating conditions, material
selection and thermal management in hydrogen cylinder.

RESULTS AND DISCUSSION

The thermal and flow behaviour of 5 L and 35 MPa
PTFE-coated hydrogen cylinders was simulated during the

Turbulent KinaSic Energy (k) [ m*2/s*2 |

rapid filling process, and the outcomes show the character-
istics with various inlet pressures, temperatures, and mass
flow rates.

The temperature distribution of the hydrogen cylinder
at various filling durations of 0.5, 1s,3s,6s, and 12 s are
shown in Figure 2. The peak temperature of gas is attained
near the inlet due to recirculatory flow and compression
effects. The flow is thermally stable with a high-duration
filling process because of significant heat transmission
within the flow region and from inside to the surrounding
cylinder. But at lower filling times, the temperature is con-
centrated in a particular region and leads to reduced struc-
tural stability of the cylinder.

16Be-04

5. 79e-03 194e-02 281e-02 387e-02 4 Ble-02

5 Ble-02 B.78e-02 T 72e-02 8 5%e-02 4 65e-02

12 sec

6 sec

3 sec

1 sec

0.5 sec

Figure 2. Temperature distribution of inner vessel in various filling time.
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The Figure 3 shows the temperature distribution
throughout the length of the cylinder with different ini-
tial gas temperatures of 283 K, 303 K, and 313 K in the
fast-filling process. The simulation outcomes indicate that
the internal gas temperature is raised with increasing ini-
tial gas temperature, specifically towards the inlet region,
due to adiabatic compression and recirculatory flow. At a
lower gas temperature, 283 K has less impact on internal gas
temperature rises due to high temperature distribution; on
the other side, at 313 K, accelerating the recirculatory flow
with high pressure leads to increased thermal stress on the
PTFE layer.

The internal gas temperature profile within the Type
II hydrogen cylinder in the rapid filling process with

Static Temperature [ K |

3.02e+02 3.28e+02 3.54es02 3.79e+02 4.05e+02 4.31e+02

Initial temperature at 303K

Initial temperature at 283K

4.56e+02

different inlet temperatures is shown in the Figure 4. The
high-pressure rapid filling process creates optimum recir-
culatory flow causes for accumulation of high-temperature
gas at the inlet zone. During the rapid filling process, most
of the thermally affected zone occurs at the central axis of
the cylinder, so emphasize the potential precooling strategy
to enhance the thermal stability of the cylinder. Figure 5
shows the profile of turbulent kinetic energy distribution
throughout the length of the cylinder. The highest TKE is
attained at maximum inlet gas temperature due to adiabatic
compression and recirculatory flow within the system. The
localized heat occurs near the inlet zone due to low recir-
culation of gas, accelerating the thermal load on the PTFE
layer.

4.82e+02 5.08e+02 5.33e+02 5.50e+02

Initial temperature at 313K

Figure 3. Temperature distribution of inner vessel in various hydrogen entry temperature.

Figure 4. Hydrogen gas interior temperature profile.
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Figure 5. Hydrogen gas interior turbulent kinetic energy profile.

Effects of Filling Timing
The Figure 6 depicts that the variation of static tempera- ?mperat”re at0.5s
K X . 5 e Temperature at 1s
ture throughout the axis length of the cylinder with differ- = Temperature at 3s
ent filling times is 0.5 s, 1 s, 3 s, 6 5, and 12 s. Initially the 480 Temperature at 6

== Temperature at 12s

all-static temperature curves are uniform and maintain a
temperature of about 298K up to 0.15m, and further follow
steep temperature rises along the axis of the cylinder, indi- 420
cating that the hydrogen gas under the compression leads
to rapid heating due to adiabatic effects beyond 0.15m from
the inlet. The temperature magnitude is increased with
increasing filling time, as at 0.5 s the maximum temperature
is above 360 K, and at 12 s it exceeds 480 K. This progressive
rise indicates that the greater thermal accumulation within
the cylinder at optimum filling duration, even at lower
pressure rises. The temperature rises are mainly located
between the inlet region of 0.15-0.25 m beyond the taper, 006 000 006 012 o418 o024 o030 oz
indicating the limited thermal stress in the downstream. Length (m)

The overall thermal analysis of 5L and 35 MPa type
III hydrogen cylinders in rapid filling with various filling ~Figure 6. Variation of static temperature along the cylinder
durations is shown in the Figure 7. The maximum final length.

360

Static temperature (K)

300 —

|—=— Final Temperature Rise (K)
|—=—Final Temperature (K)

50

380

N
o
1
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'
N
o
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o
1
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N
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o

Final Temperature Rise (K)

N

o

1
T
S
o
o

Final Temperature (K)

I 360

.
/
|

\

- 340

0 T T T T T T

Filling Time (s)

Figure 7. Variation of final temperature with different filling time.
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temperature rise (AT) of about 40K is attained at a short fill-
ing duration of 0.5 to 1 second sharply. The sudden tempera-
ture rise occurs due to adiabatic compression of hydrogen
gas in the rapid filling process, causing a reduction in heat
transfer with surroundings. At filling times of 6 to 9 seconds,
the heat conduction rate is significantly increased due to low
temperature rises in multi-layered wall cylinders. As well as,
the temperature rise does not continue beyond 10 seconds
due to the concentration of thermal energy near the inlet.
The final temperature variation shows as monotonic rises
with filling time from 340 K to over 450 K up to 12 seconds
filling time. The trend demonstrates that initial gas tempera-
ture and filling rate should be optimized to reduce the tem-
perature rise (AT) and reduce the concentration of thermal
load; otherwise, the integrity of the PTFE-coated hydrogen
cylinder is reduced due to exceeding the thermal limits.

The Figure 8 reveals that the maximum TKE is attained
at 0.25 m from the inlet; the rapid filling of hydrogen causes

e Turbulent Kinetic Energy at 0.5s

=== Turbulent Kinetic Energy at 1s
== Turbulent Kinetic Energy at 3s
=== Turbulent Kinetic Energy at 6s
Turbulent Kinetic Energy at 12s
w6+
N&
£
X
>
=
L2
k]
£
e
€
o
32
5
fi=d
- T
0.0 0.4

Length (m)

Figure 8. Turbulent kinetic energy variation along the cyl-
inder length.

Thermal Stratification
Simulation
450 + Zhao et al.(2022)
420
3
e
2 3904
©
g
'G_EJ 360 -
330 4
300
T T T T T T T
0 30 60 90 120 150 180 210

Time (s)

Figure 9. Thermal stratification of hydrogen cylinder.

the intense flow disturbances and turbulence. TKE attains
a maximum of 6.5 m?/s* at 0.5 sec filling time, indicating a
violent flow behaviour at the initial stage. On the other side,
TKE decreases with increasing filling time, such as 1 m?/
s> at 6 seconds and 0.3 m?/s* at 12 seconds, indicating the
lower filling rate reduces the TKE and exhibits more stable
flow. From the inlet upstream (0-0.18 m) and downstream
(beyond 0.30 m) region. TKE remains close to zero, indi-
cating the minimum turbulence. The presence of transient
eddies and pressure waves during rapid filling induces the
turbulent stress and leads to material degradation.

The internal temperature variation of the hydrogen cyl-
inder during the rapid filling process is shown in the Figure
9. The simulation thermal stratification curve is closely
aligned with Zhao et al. [53], To demonstrate the trustwor-
thiness of the designed model. This temperature gradually
increased as the time progressed, which means that the sys-
tem became thermally stratified. Contrary to this, Zhao et
al. [53], suggest that the temperature increases with time
and that the temperature is lower than the simulated tem-
perature. This can be explained by the differences between
the initial, boundary and other assumptions used in the
models. The graph shows that both Zhao et al. [53] and the
simulation show a similar trend predict similar tempera-
ture trends during the thermal stratification process.

Effects of Initial Pressure

The Figure 10 represents a temperature distribution
along the cylinder axis with different inlet pressures of 50
bar, 100 bar, 200 bar, and 350 bar. The sudden temperature
rise occurs at 0.18 m and 0.22 m from the inlet due to strong
turbulent effects and adiabatic compression. This localized
thermal fluctuation occurs because high-inlet velocity of
gas leads to a reduction in the heat transfer rate to the sur-
roundings. The maximum gas temperature increases from
360 to 415 K with a corresponding inlet pressure of 50 to

—m— |nitial pressure 50 bar
® |[nitial pressure 100 bar
A— |nitial pressure 200 bar
¥ |Initial pressure 350 bar

420

Temperature (K)

350 H

280 4

T T T T 1
0.0 0.2 0.4

Length (m)

Figure 10. Variation of temperature along the cylinder
length with different filling pressure.
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Table 7. Initial parameters for various entry pressure of hydrogen gas

Initial pressure (Mpa) Filling Temperature (K) Filling rate (Kg/m?) Time step (sec) Filling time (sec)
5 293 0.02 0.1 10
10 293 0.02 0.1 10
20 293 0.02 0.1 10
35 293 0.02 0.1 10

350 bar, reflecting more aggressive adiabatic compression
with optimum inlet pressure. The outcome shows higher
inlet pressure filling produces a uniform thermal distribu-
tion along the length; in other cases, thermal concentration
occurs towards an inlet region, leading to thermal insta-
bility in the PTFE layer, and these effects are prevented by
pressure ramping or pre-cooling strategies.

Table 7 presents the simulation setup for various hydro-
gen gas inlet pressure (5-35 MPa) effects on internal gas
temperature rise. The input parameters of hydrogen gas fill-
ing are maintained at a filling temperature of 293 K and a
10-second filling time with a constant filling rate.

The Figure 11 shows the static pressure distribution
throughout the length of the cylinder at various filling times:
0.5s,158,3s,6s,and 12 s. The plot elaborates the highest
static pressure in the inlet and gradually drops toward the
center and stabilizes downstream. At 0.5 s, the static pres-
sure research was about 45 bars towards the inlet and then
stabilized due to adiabatic compression and pressure shock
during ultra-fast filling. As the filling time increases, the
pressure profile becomes more uniform and less extreme.
This behaviour reflects smoother pressure gradients and
minimizing the mechanical stress on the cylinder walls.
Additionally, the convergence of the pressure curves at the
center and downstream sections indicates a steady-state
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Figure 11. Variation of static pressure throughout length of
the cylinder.

behaviour that develops more clearly with extended filling
durations.

The comparison of simulation maximum temperature
and Zhao et al. [53] outcome with different inlet pressure
is shown in Figure 12. Both plot line trends indicate that as
high inlet pressure increases, internal gas temperature rises
during the rapid filling process. However, the simulation
outcome enhances the internal temperature rises compared
with Zhao et al. [53]. due to different modelling assump-
tions, boundary conditions, and material properties used
for simulation. Overall, the trend line indicates the strong
correlation between the existing and simulation data, con-
firming the accuracy of the model used in the simulation.

Effect of Initial Temperature

Figure 13 shows the effects of initial temperature on the
internal temperature rise of a hydrogen Type III cylinder in
a rapid filling process. The initial temperature from 283 to
323 K and corresponding internal temperature rise is 416
to 525 K. The plot curve indicates the strong correlation in
the initial gas temperature in terms of final gas tempera-
ture. The linear temperature rises up to 310 K, and beyond
that point, temperature nonlinear acceleration occurs due
to enhanced internal energy and less heat dissipation. This

= Simulation

¢ Zhao et al.(2022)
450 |
420

390

360

Maximum Temperature (K)

330

300

1 2 3 4 5 6 7 8 9 10 11
Inlet gas pressure (MPa)

Figure 12. Maximum temperature variation with different
gas inlet pressure.
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Figure 13. Variation of final gas temperature with different
inlet gas temperature.

behaviour clearly shows the contribution of adiabatic com-
pression and limited cooling in the rapid filling process.
The results underscore the importance of controlling inlet
gas temperature, as elevated pre-fill conditions can lead to
critical thermal loads that may exceed the material limits of
the PTFE liner and composite structure. Therefore, imple-
menting pre-cooling strategies or thermal regulation pro-
tocols is essential to ensure structural safety and prolong
cylinder life in high-pressure hydrogen storage systems
[54-55].

Axial static pressure variation along with different inlet
gas temperatures of 283 K, 303 K, and 313 K is shown in
the Figure 14. All three curves show a U-shaped profile
with maximum pressure attained at both ends of the cyl-
inder and minimum static pressure attained at the center
zone. Near the inlet region, the pressure attains up to 2.8
bar and gradually tapers towards the center to 0.5 bar and
again rises towards the end of the cylinder. This behaviour
is expected because pressure is primarily governed by the
imposed boundary conditions and filling dynamics. Energy
distribution and gas density are primarily influenced by
temperature, while bulk flow resistance is not. The shape is
regular in all cases suggesting that the flow is steady, sym-
metric and that the effects of the thermals on the pressure
gradients are relatively small. Overall, these findings sug-
gest that thermal control has a limited effect on pressure
distribution in such a hydrogen system but is necessary to
control material constraints and thermal stresses during the
fast-filling process.

The final temperature as a function of initial tempera-
ture is compared between simulation and Zhao et al. [53]
as shown in the Figure 15. The plot indicates the signifi-
cant rise in the final temperature with increasing initial
temperature, especially higher in higher magnitude. In
contrast, Zhao et al. [53] saw a general trend of increasing
final temperature as the initial temperature increased. The

3.0+
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1
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Figure 14. Static pressure variation with different inlet gas
temperature.

simulation curve has the higher magnitude due to differ-
ent boundary conditions, such as the mass flow rate, filling
rate, and thermodynamic models. The comparison shows a
better trend, though the simulation results suggest a more
significant thermal response compared to Zhao et al. [53].

Effects of Filling Rate

The Figure 16 demonstrates variation of temperature
along the cylinder length with different filling rates of 0.01
kg/s, 0.015 kg/s, 0.03 kg/s, and 0.05 kg/s. All curves remain
uniform until 0.12 m from the inlet, but the optimum peak
occurs between 0.2 and 0.25 m due to adiabatic compres-
sion in the high-pressure inlet. The maximum gas tempera-
ture is increased from 360 K to 425 K, corresponding to a
filling rate of 0.01 to 0.05 kg/s. After 0.25 m, thermal stress
is concentrated at the inlet and creates material fatigue by
heating cycles.
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550

500

450

Final temperature (K)

400

350

300

T T T T T T T T T T
280 285 290 295 300 305 310 315 320 325
Initial temperature (K)

Figure 15. Variation of temperature in UAV cylinder.
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Figure 16. Variation of temperature with different filling rate.

The TKE distribution along the axial span of the cylin-
der with different filling rates of 0.01 kg/s, 0.015 kg/s, 0.03
kg/s, and 0.05 kg/s are shown in the Figure 17. The maxi-
mum intensity of TKE is formed at a higher filling rate in
the region of 0.18 to 0.25 m near the inlet. The notable flow
instability and energy dissipation are attained at a filling
rate of 0.05 kg/s, and the peak occurs above 0.12 m*/s>. On
the other hand, the lower TKE is attained at a minimum
filling rate, such as 0.01 kg/s, and remains below 0.03 m?/
s>. The plot shows that the turbulence intensity not only
increases with filling rate but also becomes more spatially
extended along the axial direction as the flow rate rises. The
outcome emphasizes that controlling the turbulence and its
effects, such as accumulation of heat, structural stress, and
mixing performance in hydrogen cylinders.

The comparison of temperature variation with differ-
ent filling rate simulations and Zhao et al. [53]is shown in
Figure 18. The plot indicates that temperature increases
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Figure 18. Variation of temperature with different flow rate.
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Figure 17. Variation of turbulent kinetic energy with dif-
ferent filling rate.

with increasing filling rate in both the simulation and the
Zhao et al. [53] study. Higher filling rates significantly raise
the compressional heat due to rapid filling gas compression.
Both simulation and Zhao et al. [53] follow similar progres-
sions, yielding slightly higher temperatures at high filling
rates. The comparison plot indicates the simulation curve
closely aligned with existing outcomes shows the reliability
of the designed model. The slight difference indicates the
different boundary condition.

Effect of Velocity Variation

The variation of hydrogen gas velocity magnitude along
the axis of the Type III storage cylinder at different filling
rates, such as 0.01 kg/s, 0.015 kg/s, 0.03 kg/s, and 0.05 kg/s,
is shown in the Figure 19. This profile reflects the hydrogen
behaviours inside the cylinder with various filling rates. At
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==A==Filling rate 0.03kg/s
==v==Filling rate 0.05kg/s
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Figure 19. Variation of velocity magnitude with different
filling rates.
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Figure 20. Variation of velocity magnitude with different
filling time.

a lower filling rate of 0.01 kg/s, the gas maintains a more
uniform velocity of 0.9 m/s up to 0.18 m from the inlet.
Further, the velocity is increased with respect to the filling
rate, with 0.05 kg/s exhibiting a maximum velocity near 2
m/s. The velocity is decreased beyond 0.2 m from the inlet
due to energy dissipation, pressure recovery, and increasing
flow resistance. Particularly, filling rates at 0.03 and 0.05
kg/s show a steep fall in velocity due to turbulence and wall
interaction.

The velocity magnitude distribution along the axis of
the cylinder with different filling durations, such as 0.5 s,
1s,3s,6s,and 12 s, is shown in the Figure 20. The trend
confirms that the optimum velocity of 13.5 m/s is attained
at 0.5 s filling duration up to 0.18 m from the inlet; further,
the velocity tapered to zero due to strong deceleration. As
increasing filling time gradually decreases the maximum
velocity to 8 m/s at 1 s, 3 m/s at 3 s, and below 1.5 m/s at
12 s. The spatial profile also indicates that maximum veloc-
ities are withstood over an entire span during rapid filling;
in other cases, low-speed filling keeps the flow more stable
and evenly distributed. These outcomes indicate that rapid
filling causes the more aggressive and localized jet penetra-
tion, but lower-speed filling exhibits the gradual diffusion
and smoother flow transitions.

CONCLUSION

This research work presents an overall numerical
analysis of the thermal, flow and structural performance
under rapid filling of hydrogen gas into a 5-liter, 35 MPa
Type III storage system. This study explores how the var-
ious inlet parameters, such as filling time (0.5-12 s), mass
flow rate (0.01-0.05 kg/s), initial temperature (283-313 K),,
and filling pressure (50-350 bar), influence the hydrogen
behaviour with various flow conditions.

1. The simulation outcome reveals that the high-tempera-
ture region formed towards the inlet let (0.18-0.25 m)
due to adiabatic compression and localized flow recir-
culation of hydrogen. The non-linear maximum inter-
nal temperature rise is localized in the region from 298
K to 480 K at 12-second filling time. However, the fill-
ing time of 0.5 seconds provides a lowered internal tem-
perature rise but exhibits high-pressure waves, which,
which leads to the dual risks of rapid heating and flow
shock.

2. The static pressure distribution is closely associated
with the rate of filling; at a a 0.5-second filling dura-
tion, an internal gas pressure reaches a maximum value
of 45 bar, and at a 3-12-2-second filling duration, gas
pressure is uniformly distributed around 5-7 bar. Rapid
inflow of hydrogen leads to transient over pressuriza-
tion. This behaviour reveals that the initiation gas tem-
perature is very low, and it is increased gradually by the
pressure spikes.

3. Further analysed the behaviour of velocity magnitude
and turbulent kinetic energy (TKE) on flow uniformity
and structural integrity. The velocity peaks at 13.5 m/s
at 0.5 seconds of filling duration and tapers toto 1 m/s at
12 seconds of filling duration. TKE reaches an optimum
of 0.12 m*/s” at a 0.05 kg/s flow rate that maximum tur-
bulence intensity and unsteady flow occur in rapid fill-
ing of hydrogen. The high-intensity turbulent zone is is
recognized towards the inlet region and reduces along
the axis, and the maximum TKE increases the structural
fatigue due to flow-induced vibrations and localized
wall stress.

4. Multi-layered structure plays a crucial role in in heat
transmission within the structure and the PTFEPTFE
layer acts as an insulator to protect the heat transmis-
sion from the inner to the outer layer and ensure and
material degradation by accumulation of heat localizing
near the inlet.

5. This study identified the safe filling environment, such
as a masses flow rate of 0.03 kg/s, an inlet temperature of
283 K, and a filling time of 6-8 s. Acceptable tempera-
ture rise towards 430 K leads to uniform flow behaviour
and reduced peak turbulence.

6. This research presents detailed insights into transient
thermo-fluid interactions in Type III hydrogen stor-
age cylinders under fast-filling conditions and fills the
existing gap by adapting quantitative information into
temperature stratification, turbulence generation, pres-
sure evolution, and material interaction in the opera-
tional range.

This research outcome reveals the valuable guidance for
lower-scale hydrogen storage cylinders, especially for UAV
applications. Future work can extend this model to include
fluid-structure interaction (FSI), cyclic fatigue under
repeated filling, and experimental validation through
embedded sensors to further optimize design and safety.
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Limitations

1. In this model used Redlich-Kwong equation for isotro-
pic material limit the accuracy under extreme condition.

2. This simulation outcomes are lagging in experimental
validation.

3. The work focused only PTFE coated aluminium cylin-
der but not explored various combination of materials.

Future recommendation

1. Analysis the anisotropic material properties and
behaviours of real gas in extreme condition

2. Conduct experiments for validating the simulation
outcome.

3. Conduct simulation of this model for up to 7MPa
pressure.

4. Develop the sensor intergradation for real time moni-
toring system.

NOMENCLATURE

E The gas’s total energy (J/kg)

K Kinetic energy of turbulent flow (m?/s?)
kg Effective thermal conductivity (W/m.K)
M, Mach number of turbulences

P Pressure absolute (MPa)

r The radial length (meters)

t Temporal (s)

u The axial speed (m/s)

D, Measurement of diameter (mm)

L Length in millimetres

m The highest mass of storage (kg)

Dy, Diameter of inlet (mm)

T, Thickness of aluminium liner (mm)

T, Thickness of carbon epoxy coating (mm)
T, Thickness of PTFE coating (mm)

v The temperature radial velocity (m/s)

X Axial distance (m)

Yy Variable dilatation in compressible shear flow
Greek Letters

P Density (g/m?)

u Viscosity dynamic (Ns/m?)

i Turbulence viscosity

Subscripts

t Turbulent

eff Effective

wall  Wall temperature

in Inlet of gas

gas Gas in the cylinder

amb  Ambient

inlet  Inlet pre-cooling hydrogen
i Inner
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