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Abstract: Hydrogen is an important secondary renewable energy source, and its efficient use depends on the development of
safe, economical, and portable hydrogen storage technology. Current hydrogen storage methods are divided into physical and
chemical methods, and physical methods include three categories: low-temperature liquid storage, adsorption storage, and
high-pressure gaseous storage. However, hydrogen can easily escape and undergo chemical reactions, being difficult to
simultaneously meet requirements of safety, economy, and portability. A honeycomb-structured tube bundle made of glass fiber
for high-pressure gaseous hydrogen storage has been proposed to overcome shortcomings of existing methods both theoretically
and experimentally. To further develop this technology, various structural adjustments and improvements are introduced.
Microscale cylindrical tubes made from glass fibers produced using optical fiber technology are combined in an array (bundle),
and the array surface is protected by a steel sleeve. The array is completely closed at one end, and high-pressure hydrogen (100
MPa) can be rushed into the other end for storage or transportation. Unlike the existing thin-walled tube bundle and external
hexagonal honeycomb structure, thick-walled tube bundles are directly used to form a honeycomb structure, and different
protective sleeve materials are tested. The influence of various parameters, such as number of tubes and wall thickness, on the
hydrogen storage performance of the tube bundle is evaluated using the finite element method. Comparing numerical and
experimental results show that the number of tubes in a bundle is negatively related to the storage performance, and increasing
the tube wall thickness increases performance up to a certain value, after which further thickening reduces performance.
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carefully selected. In addition, hydrogen can easily escape to
the environment, especially from conventional canned
storage. Hydrogen can even pass through a very small safety
gap and become hazardous owing to its high activity. Thus,
some deficiencies persist in hydrogen storage tanks.
Moreover, given the costly conversion of gaseous hydrogen
into liquid at low temperatures, its energy is slightly
insufficient compared with that of solid energy at the same
volume. Overall, the safety, economy, efficiency, and
portability of hydrogen storage are remaining challenges that
restrict its development [3].

Available hydrogen storage technologies are divided into
physical and chemical methods. Physical methods include
high-pressure gaseous hydrogen storage, low-temperature

1. Introduction

With the ever-increasing energy demands, the huge
potential of hydrogen energy should be properly exploited.
Hydrogen is a well-known high-quality renewable energy
resource owing to its simple production, economical batch
acquisition, and null carbon emissions. In addition, hydrogen
can be mixed with a variety of energy sources, being
promising for energy storage and security [1]. However,
hydrogen storage still faces several challenges. For instance,
hydrogen can easily penetrate metals and cause
embrittlement [2], greatly reducing yield stress and even
leading to cracking. Therefore, storage materials must be
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liquid hydrogen storage, and low-temperature adsorption
hydrogen storage [4]. The low-temperature storage method
converts hydrogen into liquid and stores it in an insulated
vacuum container. This storage method provides high storage
density but requires high energy and cannot be used for
long-term storage. Consequently, it is unsuitable for civil and
commercial applications. Low-temperature adsorption
storage uses the van der Waals interactions between porous
materials and gas molecules for hydrogen storage. This
method involves physical adsorption because the gas in
molecular form does not dissociate. Nevertheless, given the
weak van der Waals forces between porous materials and
various gas molecules [5], suitable adsorption is only
achieved at low temperatures (~77 K). High-pressure gaseous
storage increases the density of stored gas by increasing the
pressure at a certain temperature, and it is the most widely
used storage method. This method is simple, provides fast
gas filling and discharging, operates at normal temperatures,
and has a low cost. However, current high-pressure gaseous
hydrogen storage devices use metal cans, which may cause
safety and operation problems.

Considering the honeycomb-structured hydrogen storage
tube bundle introduced by Zhevago et al. [6], various
adjustments for improved hydrogen storage are proposed
herein. First, glass fiber tubes with a relatively large initial
diameter are drawn from the preform and then spun into
thick-walled cylindrical tube bundles with micron diameter.
The tubes can also be spun into a flexible glass fiber bundle
using optical fiber technology. The hexagonal shell is
omitted, and many cylindrical tube bundles are directly
arranged and sintered into an array. A protective sleeve
wraps the bundle periphery. One end of the array is
completely closed and the other end is connected to an
adapter. When high-pressure hydrogen (100 MPa) is flushed,
a tube bundle array with an enlarged length or diameter can
be externally connected to reduce pressure to a usable range.
Compared with conventional hydrogen storage tanks, this
structure has the following advantages [7]:

1) Glass fiber is used for hydrogen storage, thus avoiding
the embrittlement of metals caused by hydrogen and
promoting long-term storage.

2) Glass fiber has a high tensile strength to improve
robustness to hydrogen storage pressure and increase
the efficiency of hydrogen energy in the same space.

3) A tight enclosure is achieved owing to the microscale
tube bundle that mitigates the escape of hydrogen.

4) Safety is improved because even if a tube bundle breaks,
massive gas leakage does not occur.

5) Portability is high, and the tube bundle array can be
adjusted according to the transportation and use
environment, thereby saving space. For example, in
vehicle-mounted hydrogen storage, it can be laid along
the vehicle frame without occupying other spaces to
satisfy design and usability requirements.

The use of the finite element method in Ansys Workbench

simulations conducted to investigate the influence of various
parameters of the glass fiber tube bundles on hydrogen

storage is reported. The corresponding stress, weight capacity,
and volume capacity are obtained. Comparisons with
experimental results from other studies validate the
simulation results of this study.

2. Design of Honeycomb-Type Arrays
2.1. Selection of Materials

Glass has many advantages as a hydrogen storage material.
For instance, unlike metals, glass is not embrittled by
hydrogen and has a lower thermal conductivity, which reduces
the likelihood of hydrogen being pressurized by heating. On
the other hand, the theoretical tensile strength of glass is high,
but the actual strength of ordinary glass is only 60—80 MPa.
Although the addition of B,O3; or CaO can increase the tensile
strength [8], it cannot reach an adequate value. The actual
tensile strength is lower than the theoretical one because of
inevitable defects in glass, such as cracks and bubbles. Such
defects cause stress concentration. When the local stress
exceeds the tensile strength, the glass breaks. The theoretical
tensile strength, oy, can be expressed as

o, = Jﬁ ()

where y is the surface energy, E is the elastic modulus, and «
is the distance between atoms. For y = 3.5 J/m?, E = 60 GPa,
and a = 0.2 nm, o, = 32 GPa. Hence, glass can be used as a
hydrogen storage material if its defects are minimized. By
using optical fiber technology to spin glass into microscale
glass fibers, its tensile strength can reach 2000 MPa. Based
on the experimental results reported by Wen F. [9], the
specifications listed in Table 1 are considered for finite
element calculations using glass as the tube material.

Table 1. Mechanical parameters of glass fiber.

Parameter Value
Material Fiberglass
p, kg/m? 2460

E, MPa 80,000

v 0.22

o, MPa 20,000
o., MPa 500

o,, MPa 300

p, density; E, Young modulus; v, Poisson ratio; ot, maximum tensile strength;
oc, maximum compressive strength; os, maximum shear strength.

2.2. Honeycomb-Type Arrays

Using optical fiber technology, glass is spun into
microscale cylinders, and several identical cylinders are
arranged. A protective sleeve is wrapped around the surface of
the honeycomb structure. One end of the tube bundle array is
completely sealed, while the other end is connected to an
adapter. High-pressure hydrogen (100 MPa) is flushed into the
adapter. When hydrogen is released, a tube bundle with an
increased external length or diameter can be used to reduce the
pressure to the desired range. A cross-sectional view of the
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honeycomb structure is shown in Figure 1.

Figure 1. Cross-section of honeycomb structure.

In force analysis, cylinders are classified into thin-walled
and thick-walled types according to the ratio of the outer

O
O
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diameter to the inner diameter. Generally, K = D,/D; < 1.2
defines a thin-walled cylinder, and K = D,/D; > 1.2 defines a
thick-walled cylinder, as shown in Figures 2 and 3, where D;
and D, are the inner and outer diameters of the tube bundle,
respectively. The structures proposed by Zhevago and
collaborators for tube bundles use mostly thin-walled
cylinders, and each cylinder has an outer hexagonal
protective shell. The gap between the protective shell and
cylinder is filled with plastic. Unlike those structures, the
redundant hexagonal structure is omitted, and tube bundles
with varying wall thicknesses are evaluated in this study.
Based on membrane theory [10], stress can be expressed as

— Pibi
T @
_ i
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Figure 2. Thin-walled cylinder.

where oy, g, and p; are the circumferential stress, longitudinal stress, and internal pressure of the tube bundle, respectively, J is
the wall thickness. When the wall is very thin, the radial stress perpendicular to the container wall can be ignored. To reduce
the calculation error, the inner diameter of the cylinder is changed into a middle diameter. Based on the Lamé function [11],

the stress can be expressed as
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Figure 3. Thick-walled cylinder.

where o, po, ¥, R;, and R, are the radial stress, external
pressure, finite element radius, inner radius, and outer radius
of the tube bundle, respectively. Thus, the thickness of the
cylinder cannot be ignored, and the circumferential and radial
stresses change along the radial direction.

When a thick-walled cylinder is subjected to increasing

internal pressure, the inner surface is first plastic and expands
outward, thus dividing the cylinder wall into plastic and
elastic regions. The interface between the two regions is a
cylindrical surface that is concentric with the cylinder [12].
Based on the micro-element equilibrium equation and von
Mises yield criterion, the three-dimensional stress in the
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plastic region can be expressed as
2
09 = 505(1+In2) =
2
0r = 50— p; 4)
LO’Z =%(1 + 2lnRLi) - p;

Because the plastic and elastic regions belong to a
continuum, the stress in the elastic region is given by

_ Os Rc

(0'9 \/_RZ (1 +
s R
J r—jmi( (5)
_ Os Rc
0, = R

where R, is the radius of the interface and p, is the pressure
on the interface. The first strength theory is used to determine
whether the glass tube bundle is broken:

0y < [o] (6)

where o7 is the maximum stress. To accurately calculate the
PVT relationship of hydrogen in simulations, the Redlich—
Kwong real gas equation of state can be applied [13]. In
terms of the DOE standard [14], weight capacity G¢ and
volume capacity V¢ of hydrogen in a glass tube bundle can
be expressed as

__pS

GC - pS+w (7)
D2

Vo= ()

where p, s, and w are the hydrogen density, cross-sectional
area of the inner cavity, and weight per unit length of the
tube bundle, respectively.
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Figure 4. Crushing simulation of 19 tubes in a bundle.

3. Simulation of Glass Tube Bundle

The Ansys Workbench was used to perform finite element
calculations. Because one end of the tube bundle is fixed, the
stress follows a gradient distribution along the tube bundle.
However, compared with the stress caused by internal
high-pressure hydrogen, it can be ignored [15]. To simplify
calculations, the length of the tube bundle can be shortened,

without notably affecting the final results. The results from a
crushing simulation of 19 tubes in a bundle are illustrated in
Figure 4.

3.1. Evaluation of Number of Tubes in a Bundle

By adding tubes, each tube bundle expands by internal
pressure, causing extrusion between the tubes. The ultimate
stress (o)) and volume expansion rate of the various tube
bundles (p) are shown in Figure 5. Stress o, of a single tube
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bundle with an inner diameter of 30 um and outer diameter of
50 um is 130 MPa. The number of tube bundles has a
negligible effect on o; and p. Nevertheless, the difference
between a single tube and multiple tubes is considerable.
Compared with a single tube, oy and p of multiple tubes are
greatly reduced, but the differences between multiple tubes
are small. With an increasing number of tube bundles, the two
parameters tend to stabilize.

ol (MPa) p (%)
140 101.7%
120 - 101.6%
100 - 101.5%
80 - 101.4%
60 - 101.3%
40 - 101.2%
20 - 101.1%
0 — — 101.0%

0 10 20 30 40 50 60 70 80
Number of tubes

Figure 5. Effect of number of tubes on stress o; and volume expansion p.

Volume capacity V¢ and weight capacity G¢ according to
the number of tubes are compared in Figure 6. Again, a
notable difference exists between a single tube and multiple
tubes, with the latter showing a stable trend regardless of
increasing the number of tubes.

Ve (g/L) Ge (%)
22,0 4.1%
3 400
21.0 "
- 3.9%
20.0 - 3.8%
19.0 [ 3.7%
- 3.6%
18.0
- 3.5%
17.0 ————— 3.4%

0 10 20 30 40 50 60 70 80
Number of tubes

Figure 6. Effect of number of tubes on weight capacity Gc and volume
capacity Ve.

3.2. Evaluation of Coating Material

Regarding bundle crushing (Figure 4), the tubes on the
bundle periphery are important, and the robustness may be
related to the material of the protective sleeve. A protective
sleeve made of glass fiber, low-carbon steel, or rubber is used
for evaluation. Compared with the glass of the tubes, the
toughness of the sleeve is the same, higher, and lower,
respectively. The impact of the three sleeve materials on oy, p,
Ve, and Gc of the bundle according to the number of tubes is
shown in Figures 7 and 8.

Honeycomb-Type Microscale Arrays for High-Pressure Hydrogen Storage
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——&—— Vc of the rubber tube bundles
----- -&----- Vc of the fiberglass tube bundles F 3.2%
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, L 2.9%
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3 0,
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17 T T T T T T T 2.0%
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Figure 7. Effect of protective sleeve material on stress o; and volume
expansion p.

The number of tube bundles among multiple tubes has a
small effect on its performance. Meanwhile, the material of
the protective sleeve affects performance. Compared with the
protective sleeve made of low-carbon steel, the protective
sleeve made of rubber has better oy, p, V¢, and G, indicating
that a tougher protective sleeve increases performance.

ol (MPa) p (%)
140 102.3%
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100 _____________ 5
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80 I

60 [

N\ [ .
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——— p of the rubber tube bundles |
----- -®----- p of the fiberglass tube bundles
o Ftmpofte Bl e e 99.3%

0 10 20 30 40 50 60 70 80
Number of tubes

Figure 8. Effect of protective sleeve material on weight capacity Gc and
volume capacity Ve.

3.3. Evaluation of Tube Wall Thickness

Based on the membrane theory and Lamé formula, the
wall thickness of the tube bundle has considerable effects on
o1, Ve, and Ge. Therefore, different wall thicknesses are
evaluated for an inner diameter of 30 um. The corresponding
changes in gy, p, V¢, and G¢ are shown in Figures 9 and 10.
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Figure 9. Effect of wall thickness 6/#: on stresso; and volume expansion p.

Stress o, increases almost linearly with increasing wall
thickness. Volume expansion p of a single tube increases
slightly, whereas that of multiple tubes remains basically
unchanged. In addition, with increasing wall thickness,
weight capacity Gc decreases, and volume capacity V¢
increases.

Overall, the experimental results obtained by Zhevago et al.

[2] are consistent with the trends observed in the simulation
results of this study. Although the results slightly differ from
the DOE standard, the trends are correct. The main reason for
this difference is that the strength of the selected glass fiber
material is lower than expected. Moreover, the data obtained
before calculation has a low value in experiments, and the
actual strength is higher than the calculated strength.

Ve (g/L) Ge (%)
& Ty 3.7%
\ e oL 4 3.4°
20 | : %
1 3.1%
—&— Ve of 3 tubes
Verane | 2.8%
15 } Ve of 7 tubes
Ve of 19 tubes 4 o
e ) Gcc(:;fIQIZb?v 2.5%
S #--- Gc of 7 tubes
L] — GE 33 szg 1 2.2%
10} t ----B--- Gcofatube
1 1.9%
e 1 1.6%
5 1.3%
0 0.2 0.4 0.6 0.8

&/Ri

Figure 10. Effect of wall thickness 6/F: on weight capacity Gc and volume
capacity Ve.

4. Conclusion

Based on the results of this study, the following conclusions
can be drawn:

1) The number of tubes has a small effect on the tube
bundles, and the main effect difference is observed
between a single tube and multiple tubes. Compared
with a single tube, stress o}, volume expansion p, volume
capacity Vc, and weight capacity G¢ decrease with
multiple tubes. However, the differences between
multiple tubes are small.

2) The material of the tube bundle protective sleeve affects
the characteristics of the tube bundle. A tougher sleeve
material results in higher values for the tube bundle
parameters.

3) The wall thickness of the tubes has the greatest effect on
the bundle. With increasing wall thickness, o; and ¥V
increase, while Gc decreases. On the other hand, p
remains stable.

One limitation of the study is that the obtained results slightly
differ from the DOE standard. The main reason for this is that
the strength of the selected glass fiber material is lower than
expected. In the future, studies may be conducted to improve the
strength of the material and the machining accuracy.
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