Thermal response of high-aspect-ratio hydrogen cylinders undergoing

fast-filling

V. Ramasamy®*, E.S. Richardson®

University of South Wales, Pontypridd, CF37 IDL, UK
b University of Southampton, University Rd, Southampton, SO17 1BJ, UK

ARTICLE INFO

Keywords:
Hydrogen cylinder
Heat transfer
Nusselt number
CFD

ABSTRACT

Fast-filling can lead to excessive heating of a hydrogen cylinder. Gas cylinders with large length-to-
diameter aspect ratios are prone to developing hot-spots that may cause the temperature of the structure
locally to exceed specified limits. The hot-spots develop because convective heat transfer into the
cylinder wall is not uniform along the length of the cylinder. Computational fluid dynamic simulations
of fast-filling reveal that the flow within large aspect ratio cylinders is characterised by two distinct
flow patterns. The region near to the inflow nozzle exhibits an axi-symmetric recirculating flow pattern
that extends to approximately three cylinder diameters downstream from the inlet. Wall heat transfer
in the recirculation region of the flow is driven strongly by the jet of turbulent fluid from the nozzle.
The wall heat transfer in the recirculation region rapidly develops quasi-steady behaviour in which the
Nusselt number is approximately proportional to the inlet jet Reynolds number. Downstream of the
recirculation zone there is a region of axial flow, in which wall heat transfer occurs at a slower rate,
driven by decaying turbulence transported from the recirculation zone. The reduced heat transfer in the
end gas leads to a higher gas temperature but also to a lower structural temperature downstream of the
recirculation zone. Analysis shows that wall heat transfer can be enhanced and peak gas temperatures
reduced by dividing the hydrogen injection between separate nozzles. Directing the nozzles axially,
ideally at intervals of around 4 cylinder diameters, increases heat transfer and prevents the formation
of hot regions of stagnant fluid. This approach allows more hydrogen to be stored for a given pressure
or gas temperature limit. However the analysis across various length-to-diameter ratios and nozzle
configurations reveals substantially different trends for the gas temperatures appearing in ISO safety

specifications, and the temperature of the structural materials they seek to safeguard.

1. Introduction

Global carbon dioxide emissions due to fossil fuels has
significantly increased during the past century. According to
Environmental Protection Agency, 95% of the world’s trans-
portation energy is obtained from petroleum-based fuel and
contributes to 14% of the global greenhouse gas emissions
[1]. Thus, there is a need for the use of alternative fuels
in the transportation sector in order to reduce the discharge
of carbon dioxide into the atmosphere. Hydrogen can play
a vital role as a clean energy carrier for vehicles since its
oxidation only yields water vapour [2]. Gaseous storage is
preferred currently for hydrogen powered vehicles, as op-
posed to either liquid hydrogen, which requires a cryogenic
cooling system, or solid-state approaches, for example in-
volving metal hydrides, whose implementation still requires
further research [3]. In comparison to other gases, such as
compressed natural gas, hydrogen has a much lower energy
density for the same pressures and temperatures. Thus, hy-
drogen vessels on-board of vehicles are designed to contain
the compressed hydrogen gas at pressures of 35 MPa or 70
MPa [4]. Those relatively high pressures are required to re-
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duce the volume of the storage vessels on-board, while stor-
ing a mass of hydrogen gas such that the range of the vehicle
is on par to the conventional petrol vehicles [5].

Two types of cylinders are currently used as on-board
storage for hydrogen-powered cars: Type III and Type IV.
The structure of both cylinders consists of an outer lami-
nate, which is made of a carbon fibre reinforced polymer
(CFRP) to provide the structural strength and an inner liner
whose main purpose is to prevent leakage [6]. The inner
liner of the Type III cylinder consists of an aluminium alloy
while plastic is used in the Type IV cylinder. There are cur-
rently two types of infrastructure that are used for the fill-
ing of hydrogen vehicles: time-fill and fast-fill [7]. Fleets
such as buses with regular duty cycles typically use time fill
stations in which compressors are used directly, for exam-
ple, providing overnight filling of vehicles. Fast-fill implies
that the cylinders in the vehicles are filled within three to
five minutes. The rapid compression of the gas inside the
cylinder combined with the negative Joule-Thompson coef-
ficient of hydrogen at the filling pressures and temperatures
leads to an increase in the gas temperature [8]. Fast-filling
implies less time for this heat to be dissipated, resulting in
an increase in temperature of the pressure vessel that could
exceed the safe limits of its structural materials. As such,
the maximum allowed temperature inside the vessel is set
at 358 K by the International Standard Organisation, while
the maximum allowable pressure is 1.25 times the cylinder’s
designed pressure [9].

Several CFD models for the fast-filling of hydrogen cylin-
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ders in either two dimensions (2D) or three dimensions (3D)
[8, 10, 11, 12, 13, 14, 15, 16] have shown that the k-¢ tur-
bulence model [17] coupled with a real gas equation of state
is capable of accurately predicting the average gas tempera-
ture during the fill. The CFD simulations were performed on
cylinders that had the same geometry as the respective exper-
iments and had relatively short aspect ratios with the inner
length-to-diameter ratios of all cylinders being less than 2.5.
The simulations [8, 10, 11, 12, 13, 14, 15] showed that the
gas temperature within the cylinder is approximately homo-
geneous in all cases throughout the respective fills. Upon
the validation of their CFD model, Zheng et al. [15], also
performed a CFD simulation for the fast-filling of a cylin-
der with the inner length-to-diameter ratio set to 4.5. The
simulation showed that the gas temperature within the high
aspectratio cylinder is no longer homogeneous and increases
axially with the highest temperature occurring in the caudal
region of the cylinder. However, Zheng et al. [15], in ad-
dition to changing the inner length-to-diameter ratios of the
original cylinder from 2.3 to 4.5, also increased the volume
of the cylinder from 74 L to 150 L. Similarly, Bourgeois et
al. [18] performed CFD simulations on hydrogen cylinders
with length-to-diameter ratios of 2.4, 2.7 and 5.4, while also
changing the volume. CFD studies were also performed by
Li et al. [16] on the fast-filling of hydrogen cylinders with
varying aspect ratios and volumes. However, for a given
mass flow rate, the density of the gas is smaller in larger
cylinders, which results in the gas being less compressed and
leads to lower temperatures during the filling. Thus, an un-
derstanding of the effect of aspect ratio of the cylinder was
not properly established since two key geometric parameters
of the original cylinders were altered in both cases.

The objective of the present study is to determine the ef-
fect of cylinder aspect ratio on the gas temperature and the
flow field in the cylinder. Initially, a 2D axisymmetric sim-
ulation of the fast refuelling to a final pressure of 35 MPa of
74 L hydrogen cylinder with the inner length-to-diameter ra-
tio (L/D) of 2.4 is performed using the commercial software
FLUENT based on the inlet conditions from the experiment
of Dicken and Merida [10]. Once validated, simulations of
the fast refuelling are performed on cylinders with same vol-
ume of 74 L but with the L/D increasing up to a value of
8. The flow field and the temperatures within the cylinders
during the fill are analysed, following which, different filling
strategies are discussed.

2. Formulation and Methodology

2.1. Governing Equations

The governing equations that are used in the two dimen-
sional axisymmetric simulations in FLUENT are the unsteady
Reynolds-Averaged Navier-Stokes compressible flow equa-
tions [19] and are shown in Egs. 1-3,
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where p is the ensemble-averaged density and i is the Favre-

averaged velocity. 7;; is the stress tensor. The unclosed

terms pulu’,, ph'u’ ; and u)z;; are modelled using the k-¢ tur-
bulence model [17].

2.2. Turbulence Model

The closure strategy of the standard k- turbulence model
is used to determine the unclosed terms in the fast filling sim-
ulations of the cylinders. The k-e model involves the PDE
of the transport equations of the turbulent kinetic energy per
unit mass (k) and the dissipation rate per unit mass (g). The
two-transport equations implemented in FLUENT are as fol-
lows [19]:
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where y is the dynamic viscosity, o, and o, are the turbulent
Prandt]l numbers for k and e respectively. In the simulations,
the values of o, and o, were respectively set to 1 and 0.85.
C,. and C,, are constants with given values of 1.44 and 1.92
respectively [19]. ¢, is the speed of sound, S is the modulus
of the mean rate-of-strain tensor and y; is the eddy viscosity
(Eq. 6).
2
u =G, (©)
€
where C, is the default constant of the k-¢ turbulence model
and has a value of 0.09.

2.3. Equation of State

The governing and turbulence model equations that have
been previously described have to be closed using an equa-
tion of state. Since real gas effects are significant at the pres-
sures and temperatures involved in the cylinders, the hydro-
gen gas is expected to deviate from ideal gas behaviour. The
real gas equation chosen for the simulations is the Helmholtz
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Figure 1: Schematic diagram of the hydrogen cylinder con-
struction (not to scale).

equation of state for normal hydrogen of Leachman et al.
[20], which is obtained from the NIST database: REFPROP
10.0 [21]. The Helmholtz equation of state [20] is applicable
with a temperature range between 13.9 K and 1000 K along
with maximum pressure of 1000 MPa.

2.4. Molecular viscosity and thermal conductivity

The molecular viscosity and thermal conductivity of the
hydrogen gas are not constant throughout the filling process
due to the effects of compressibility. Those respective values
also obtained from REFPROP 10.0 [21]. The software REF-
PROP 10.0 [21] respectively uses the correlations of Muzny
et al.[22] and Assael et al. [23] to determine the viscosity
and thermal conductivity of the gas throughout the filling
process.

2.5. Cylinder Geometry and Computational Grid

The 2D axisymmetric geometry of the cylinder is split
into two domains: the fluid domain that consists of the hy-
drogen gas and the solid domain that involves the liner and
the laminate illustrated in Fig. 1. The dimensions and ma-
terial properties of the cylinder are displayed in Table 1 and
Table 2 respectively. The simulations employ a structured
body-fitted mesh. The mesh is refined in the injection pipe,
the jet region and at the cylinder wall to resolve the viscous
sublayer such that the maximum non-dimensional y* value
is less than one.

Table 1
Dimension of the cylinder [10].

Description Dimension (m)
Length of tank 0.893
Inner radius of tank 0.179
Outer radius of tank 0.198
Liner thickness 0.004
Laminate thickness 0.015
Inner diameter of inlet tube 0.005
Thickness of tube wall 0.002
Length of tube protruding into tank 0.082

2.6. Initial and boundary conditions

The initial pressure and temperature of the hydrogen gas
are assumed to be uniform throughout the tank and are set
to 9.36 MPa and 293.4 K respectively, matching the experi-
mental values of Dicken and Merida [10]. In addition, it is
assumed that the liner and laminate are initially in thermal

Table 2
Material properties of the cylinder [10].

Liner Laminate
Density (kg/m?3) 2730 1494
Specific heat (J/kg.K) 900 938
Thermal conductivity (W/m.K) 167 1.0

equilibrium with the gas. The no slip boundary condition (v
= 0 m/s) is used at the inner wall of the liner and the walls
of the delivery pipe that are adjacent to the fluid. To enable
heat transfer from the gas to the structure of the cylinder,
the energy equation of the fluid is coupled to that of the in-
ner wall of the liner. In addition, in order to determine the
effect of heat transfer on the gas temperature, an adiabatic
case is investigated whereby no conjugate heat transfer oc-
curs from the gas to the walls of the cylinder. In the current
model, heat transfer is assumed to be negligible between the
fluid and the delivery pipe and thus, adiabatic wall condi-
tions are applied to the walls of the pipe that are in direct
contact with the fluid. Since the cylinder has an axisym-
metric geometric, the axis boundary condition is used for its
centreline. Pressure inlet boundary conditions are applied at
the inlet of the cylinder. The total temperature and pressure
at the inlet are both varied with time to match the experi-
mental data of Dicken and Merida [10]. At the outer wall
of the laminate and the delivery pipe two different cases are
considered: isothermal conditions at a temperature of 293.4
K and adiabatic conditions. These two outer wall boundary
conditions are chosen since they represent the two extreme
scenarios whereby either maximum heat transfer occurs to
the atmosphere (isothermal boundary condition) or no heat
is transferred to the surroundings of the cylinder (adiabatic
boundary condition).

2.7. Solution convergence and grid independence

The pressure-based solver with an implicit scheme is cho-
sen for the simulation. The convergence of the mass flow rate
at each time is monitored ensuing that the residual levels of
the continuity equation reaches 10~* which is similar to the
residual convergence criteria that is suggested by the FLU-
ENT guideline [19]. A time step of 10™* s is chosen after
confirming that further reduction of the time step to 107> s
does not change the solution.

Grid independence is assessed considering the instanta-
neous velocity magnitude of the gas at two different verti-
cal plane locations at an axial distance of 0.25L and 0.75L
within the cylinder at different times during the fill. The
grid independence tests are carried out whereby the grid dis-
tances are proportionally changed within the domain. The
initial domain consists of 32841 cells and tests are further
carried out on four other domains with cell counts of 49851,
72389, 99667 and 136433. Following the mesh sensitivity
analysis, 99667 cells are used for the discretization of the ax-
isymmetric domain of the cylinder for further simulations,
since further increasing the cell count to 136433 does not
lead to any changes in the instantaneous velocity field.
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2.8. Changing the L/D of the cylinder

The length-to-diameter ratio of the cylinder is changed
such that its value ranges between 3 and 8, while keeping
the volume constant. An increase in the L/D of the cylinder
involves an increase in the length of the cylinder coupled
with a decrease in its diameter. Since a mesh independence
test was already carried out on the original cylinder of 2.4,
the grid distances were proportionally increased in the axial
direction of the cylinder with increasing L/D. In the lateral
direction, the number of grid points is left unaltered for all
cylinders. The inlet diameter is also kept constant for all the
cylinders so that the fill time remains similar for a given in-
let pressure profile. An increase in the L/D of the original
cylinder also leads to an increase in the inner surface area
of the cylinder and lowers the ratio (D, / D;y,,) of the in-
ner diameter of the cylinder to the diameter of the inlet tube
(Table 3).

Table 3
Inner surface areas and the ratio D, ,/D,,,, of the cylin-
ders having different L/D.
L/D Surface area (m?) D,/ D,
2.4 0.962 79.2
3 1.015 73.2
4 1.094 66.6
5 1.165 62.1
6 1.228 58.6
7 1.286 56.0
8 1.338 53.8
3. Results

Figure 2 shows that the boundary condition at the outer
wall of the laminate does not play a role in the heat trans-
fer from the gas to the structure of the cylinder. The mass-
averaged gas temperature is similar for either outer wall bound-
ary conditions due to the low thermal conductivity of the
laminate. The mass-averaged gas temperature that is ob-
tained by the CFD models for both outer wall boundary con-
ditions accurately predicts the rise in gas temperature when
compared to the experiment. Only a slight discrepancy in
gas temperatures is observed during the first few seconds at
the start of the fill. The 2D CFD simulations also shows sub-
stantial heat transfer to the structure of the cylinder during
the fast fill since, in the purely adiabatic case, the gas tem-
perature in the cylinder significantly exceeds the gas tem-
perature that was obtained from the experiment. In addition,
without heat transfer, the gas temperature in the cylinder ex-
ceeds the maximum allowable limit of 358 K.

3.1. Inlet Reynolds number v/s Nusselt number

The inlet pipe Reynolds number and the Nusselt num-
ber describing convective heat transfer on the inside of the
cylinder are defined in Eqs. 7 and 8 respectively.
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where p is the density of the gas at the inlet, V;,,,; is the bulk

1
velocity at the inlet and D,,,, is the inlet diameter and p is

the dynamic viscosity

_ hD,,
P

Nu ®)
where £ is the heat transfer coefficient, D, is the diameter
of the cylinder and A is the gas thermal conductivity. The
heat transfer coefficient (%) is obtained from Eq. 9.

q=hT, T, ©)
where 4 is the area-averaged heat flux at the inner wall of the
cylinder, T,,, is the area-averaged wall temperature and Ty, is
the mass-averaged gas temperature.

The Nusselt number describing convective heat transfer
on the inside of the cylinder is plotted versus the inlet pipe
Reynolds number in Fig. 3, with points shown at 0.2 sec-
ond intervals. It is observed that after two seconds into the
fill, there is a near-linear relationship between Nusselt num-
ber and Reynolds number. The two second period that it
takes to establish a quasi-steady linear relationship between
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Figure 4: (a) Flow field of the gas in the cylinder, (b) Gas and
structural temperature in the cylinder.

Nusselt and Reynolds numbers corresponds to the time taken
to establish the large-scale recirculating flow pattern shown
in Fig. 4(a). Figure 4(a) shows that the velocity field, nor-
malised by the inlet velocity remains similar throughout the
quasi-steady period starting after 2 seconds into the fill. The
gas from the inlet hits the opposite end of the tank and turns
along the surface of the inner wall towards the inlet. Large-
scale mixing due to the recirculating flow field results in a
near-uniform gas temperature within the bulk of the cylinder
during the fill (Fig. 4(b)).

3.2. Effect of increasing the L/D of the cylinder
The mass-averaged gas temperature within the cylinder
does not change significantly when the L/D of the cylinder
varies between 2.4 and 5 (Fig. 5(a)) despite an increase in
the surface area-to-volume ratio of the cylinder. A further
increase in L/D beyond a value of 5 increases the final mass-
averaged temperature by up to 10 K (Fig. 5(a)), with the
local peak gas temperature increasing by up to 70 K (Fig.
5(b)) at L/D = 7. The increasingly large temperature varia-
tion within the cylinder means that individual localised tem-
perature measurements are not sufficient to characterise the
temperature field in large L/D cylinders. The dependence of
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Figure 5: (a) Comparison of the mass-averaged gas temper-
ature in cylinders with different L/Ds, (b) Comparison of the

local maximum gas temperatures in cylinders with different
L/Ds.

the mass-averaged and peak gas temperatures with L/D are
shown at the end of the 37 second fill in Fig. 6. Beyond
L/D=7, the incremental increase in surface area-to-volume
ratio enhances heat transfer and counteracts the increase in
gas temperature due to the compression of the gas in the cau-
dal region of the cylinder. This leads to a reduction of the
peak gas temperature as well as the inhomogeneity in gas
temperature. Fig. 6 also shows the peak material temper-
ature for cylinders with different L/D at the end of the 37
second fill. Counter to the trend for gas temperature, the
maximum structural temperature decreases with increasing
L/D as a result of the effect of L/D on the flow field and the
consequent reduction in the rate of heat transfer.

Fig. 7(a) shows the contours of gas temperature thirty
seconds into the fill for cylinders with L/D from 2.4 to 8.
The temperature field is largely homogeneous for for cylin-
ders with L/D up to 3. For larger L/D, a region of homoge-
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second fill.

neous temperature (Zone 1) remains in the first 3 diameters
from the inlet but the difference between mass-averaged and
peak temperatures increases due to development of higher-
temperatures in a second region (Zone 2) extending from 3
diameters downstream. This finding is similar to the CFD
simulations performed by Bourgeois et al. [18].The corre-
sponding plots of velocity vectors in Fig. 7(b) illustrate that
the homogeneous temperature Zone 1 coincides with a re-
gion of recirculating flow. The recirculating flow pattern
and high turbulence levels from the inlet jet enhance thermal
mixing in Zone 1. The simulations showed that the axial dis-
tance of the recirculating zone from the inlet is independent
the incoming jet provided that the ratio of the cylinder diam-
eter to the inlet diameter (D,,;/ D;y;,,) is between 53.8 and
79.2. The centre of the recirculating zone corresponds to a
local point whereby the gas velocity is zero. A straight line
is drawn from exit of the delivery pipe to the particular lo-
cal point at the centre of the recirculating zone in each cases
and the resulting opening jet spread angle (@) is determined
from the horizontal. The jet spread angle varies between be-
tween 12.1° and 12.5° for the cylinders with varying L/D
(Table 4). The average jet spread angle of 12.3°(+/— 0.2°)
found in this study is consistent with the spread angle of tur-
bulent axisymmetric submerged jets [24]. Thus, the near-
field behaviour of the jet is similar to behaviour of a free jet.
This may be expected since the momentum of the jet is much
greater than that associated with the recirculation. In Zone 2
the flow pattern is effectively axial, trapping hot fluid in the
caudal region and providing low levels of turbulent mixing.
Due to the low rates of heat transfer, the fluid in the caudal
region continues to get hotter due to compression heating.
Fig. 8(b) shows the heat flux at the inner wall of the
cylinder at different times into the fill for the cylinder having
a L/D of 8. The heat flux is significantly higher in Zone 1
compared to Zone 2 during the first 10 seconds of the fill.
The higher and approximately uniform heat transfer coeffi-
cient in Zone 1 is caused by recirculation of highly turbulent

Gas Temperature [K]

I S

L/D= 3[
L/D= 4{f

L/D= 5[_
=i
L/D =_7L
L/D :K

gee
S6¢g
Sor

s
gure
(5]

€62
€0€
€le

L/D= Wf;

Figure 7: (a) Comparison of the contours of gas temperature
30 s into the fill for the different cylinders with varying L/D,
(b) Flow field within the cylinders with varying L/D at the fill
time of 30 s with the corresponding jet angle (a).

jet fluid, which increases the heat transfer from the gas to
the structure of the cylinder and results in a lower gas tem-
perature in Zone 1. For fill times beyond 10 seconds, the
heat flux is uniform irrespective of the flow field within the
cylinder.

The cylinder-average Nusselt number is evaluated for the
L/D =5 and 8 cylinders and plotted at 0.5 s intervals in Fig.
9(a). The cylinder-averaged Nusselt numbers exhibit a linear
variation with jet inlet Reynolds number during the quasi-
steady portion of the fill for both L/D = 5 and 8, but with
different gradients. Evaluating an effective Nusselt number
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Table 4
Jet angle (a) during the filling of the cylinders having
different L/D.

L/D Jet spread angle (a)
2.4 12.2°
3 12.5°
4 12.2°
5 12.1°
6 12.3¢
7 12.3°
8 12.4°
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Figure 8: (a) Schematic of the 2 fluid regions within the cylin-
der with a L/D > 3, (b) Heat flux at the inner wall of the
cylinder with L/D of 8 at different times during the fill

based just on the heat transfer from Zone 1, it is found that
the the Zone 1 Nusselt numbers (Fig. 9(b)) follow the same
linear relationship with inlet Reynolds number for all L/D
studied, including the L/D = 2.4 case shown in Fig. 3. The
Nusselt number in Zone 2 also follows a linear relationship
with the inlet Reynolds number, but with a different constant
of proportionality that depends on the length of that zone.
While single-zone models have been applied successfully to
model the thermal response of low L/D hydrogen cylinders
[25], the difference in both Nusselt number and gas temper-
ature between Zone 1 and Zone 2 motivates development of
two-zone or multi-zone models to describe the thermal re-
sponse of cylinders with L/D > 3.
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Figure 9: Nusselt number v/s Inlet Reynolds number for cylin-
ders with L/D of 5 and 8: (a) single-zone model, (b) Zone 1
only.

3.3. Alternative nozzle configurations

Alternative nozzle configurations are considered as a me-
ans of achieving more uniform gas temperatures and heat
transfer to the cylinder walls. Since the preceding results
indicate that axial fluid injection sets up a recirculation re-
gion of approximately 3 cylinder diameters in length, the ap-
proach taken is to inject fluid from multiple locations in or-
der to avoid any large regions of stagnant fluid. In addition
to the standard single-inlet configuration (Case 1), two ad-
ditional configurations and their intended flow patterns are
illustrated in Fig. 10: Case 2 introduces fluid as jets issuing
inwards from both ends of the cylinder; Case 3 introduces
fluid from two co-aligned jets, with one issuing near the left
hand end of the cylinder and the other issuing from either L,
= 4D (Case 3-A) or L, = 5D (Case 3-B) from the left hand
end of the cylinder, where L, is the distance from the left
hand end of the cylinder to the nozzle outlet. The fast-filling
process is simulated for the additional cases, considering an
overall cylinder aspect ratio of L/D = 8 and total inlet cross
sectional area of 19.6 mm?, which is equivalent to a single
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Figure 10: Three alternative injection nozzle configurations:
(a) Case 1; (b) Case 2; (c) Case 3.

Table 5

Comparison of the final mass-averaged gas temperatures and
final mass of gas in the cylinder (L/D = 8) using the different
inlet configurations.

Case 1 Case2 Case 3-A Case 3-B
Final average
gas temperature (K) 3444  338.6 340.1 341.1
Final mass
of gas (kg) 1.534  1.556 1.549 1.545
% increase in
final mass of gas - 1.4% 1.0% 0.7%

inlet pipe of 7.07 mm diameter. The cross-sectional area of
the inner and outer tubes in Case 3-A and 3-B are 9.8 mm?
each. This ensures that the mass flow rates and the veloc-
ity is similar in both the inner and outer tubes of Cases 3-A
and 3-B. Separate grid-resolution analysis is not considered
necessary for Cases 2, 3-A and 3-B since the most severe
resolution requirement is within the near-field region of the
jet. Grid characteristics are identical within the near-field
region of the jet for all three cases and the rest of the domain
is expected to be over-resolved.

The mass-averaged and peak temperatures for Cases 1,
2, 3-A and 3-B during the fill are shown in Fig. 11. The

multiple-inlet cases give more homogeneous temperature fields

with peak temperature reduced by 30 - 40 K and mean tem-
perature reduced by around 6 K compared to the single-inlet
Case 1. The greatest temperature reduction is for the sym-
metrical Case 2. Table 5 reports the mass stored for each
case at the end of the 37 s fill, showing that the temperature
reduction in Case 2 gives a 1.4 % increase in the mass of
gas stored. The temperature field and velocity vector plots
in Fig. 12 confirm that the two-nozzle configurations avoid
stagnant high-temperature regions by establishing two dis-
tinct recirculation zones.

Configuration 2 requires modification of the cylinder struc-
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Figure 11: (a) Comparison of the mass-averaged gas temper-
atures in the cylinder (L/D = 8) with different inlet configura-
tions, (b) Comparison of the maximum local gas temperatures
in the cylinder (L/D = 8) with different inlet configurations.

tural design in order to incorporate two separate inflow noz-
zles, possibly increasing expense. Configuration 3-A achieves
a similar thermal performance to Case 2 without the need for
a second opening in the cylinder, since two inlet pipes may
be introduced concentrically from a single end, potentially
reducing cost. Comparison of the results for Cases 3-A and
3-B show that increasing the spacing between the two inlets
from 4D apart (Case 3-A) to 5D apart (Case 3-B) leaves a
small hot-spot of fluid close to the centre of the cylinder, in-
dicating that a nozzle separation of 4D is an upper limit for
avoiding hot-spots in the fluid. The modifications of the noz-
zle configuration (Cases 2, 3-A & 3-B) lead to a reduction
of the hot-spots that is observed in Case 1. This is due to
the enhanced heat transfer from the gas to the structure of
the cylinder, which results in an increase in the maximum
temperature of the material of the cylinder (Fig. 13) and can
potentially diminish its structural integrity.
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Figure 12: (a) Comparison of the contours of gas temperature
thirty seconds into the fill in the cylinder (L/D = 8) with the
different inlet configurations, (b) Flow field within the cylinders
(L/D = 8) with the different inlet configurations at the fill time
of thirty seconds.
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Figure 13: Comparison of the maximum temperature of the
structure of the cylinder (L/D = 8) throughout the with the
different inlet configurations.

4. Conclusion

The thermal response of high-aspect ratio hydrogen stor-
age cylinders during fast filling has been investigated using
numerical simulations. It is found that two-dimensional axi-
symmetric Reynolds-Averaged Navier Stokes simulations ac-
curately reproduce experimental results for a 74 litre test
case. Simulations across a range of L/D aspect ratios lead
to the following conclusions:

e Axial fluid injection leads to a recirculating region of

flow (Zone 1) extending to three cylinder diameters
from the inlet.

e For cylinders more than three diameters in length, a re-
gion of axial flow (Zone 2) exists downstream of Zone
1.

e Heat transfer in Zone 1 is driven by recirculation of
turbulence from the incoming jet of hydrogen for the
first 10 seconds of the fill. The heat flux along the
length of the cylinder is uniform after the initial 10
seconds.

e The Zone 1 Nusselt number is approximately propor-
tional to the inlet Reynolds number and independent
of L/D.

e Heat transfer in Zone 2 is slower, resulting in higher
local gas temperature but also locally lower wall tem-
peratures.

o Single-zone thermal modelling assumptions should not
be applied to computational or experimental charac-
terisation of cylinders with L/D greater than 3.

e In cylinders with L/D greater than 3, local or average
gas temperature values used in, for example, Interna-
tional Standard Organisation regulations for the filling
of light duty hydrogen vehicles, do not follow a direct
relationship with the temperature of the structural ma-
terials those regulations seek to safeguard.

Two alternative nozzle configurations are investigated as a
means to achieve more homogeneous temperature and heat
transfer. For a cylinder with L/D = 8§, it is possible to avoid
regions of stagnant or axial flow by injecting fluid through
two nozzles rather than one:

e Injecting fluid equally through opposite ends of the
cylinder resulted in a 35 K reduction in the peak gas
temperature and a 1.4 % increase in the stored mass
of hydrogen at the end of the fast fill compared to a
single-inlet fill.

e A similar improvement can also be achieved by intro-
ducing two, possibly concentric, inlet pipes through
one end of the cylinder, thereby avoiding the need to
modify the cylinder design to introduce a second open-

ing.

e Given that the natural length of the recirculation zones
is three diameters, the nozzles should be spaced to
achieve recirculation zones no more than four diam-
eters apart in order to avoid hot regions of stagnant
flow.
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