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Rapid formation kinetics is critical for advancing hydrate-based hydrogen storage technology. However, accel-
erated hydrate growth inevitably intensifies hydration heat accumulation, which imposes strong thermal inhi-
bition on subsequent hydrogen hydrate growth. Based on the quasi-simultaneous formation of propane-hydrogen
hydrates, this work introduced stainless steel fibers (SSF) to address the heat transfer bottleneck, and explored
the synergistic promotion with sodium dodecyl sulfate (SDS). The synergistic effect between SSF and SDS was
highly dependent on SDS concentration, and the optimal performance was achieved at 0.03 wt% SDS. Compared
with other SDS concentrations, the hydrogen uptake was increased by 9.09 %-11.94 %, and the average hydrate
growth rate was enhanced by 25.30 %-57.65 %. The optimal SSF dosage was determined to be 5.0 wt%, which
sufficiently covers the gas-liquid interface and supports continuous hydrate growth. Moreover, longer SSF with a
more continuous linear thermal conduction network exhibited superior heat dissipation behavior than shorter
fibers. Under the optimal conditions, the maximum hydrogen uptake reached 69.80 cm®/cm® hydrate within
only 13 min, and the average hydrate growth rate was up to 483.23 x 102 cm®/cm® hydrate-min~!, repre-
senting the fastest hydrogen hydrate formation kinetics reported so far. Heat transfer analysis demonstrated that
the macroscopic effective thermal conductivity changed little, but the dominant internal thermal resistance was
nearly eliminated, and the heat removal rate was improved by approximately 18.1 times, favoring sustained
hydrogen hydrate growth. This study provides a feasible and efficient strategy for kinetic and thermal
enhancement of hydrate-based hydrogen storage systems.

1. Introduction commercial application. They reported that tetrahydrofuran (THF)

could co-occupy the hydrate cages with hydrogen, reducing the pressure

Hydrogen, as a clean and efficient energy carrier, demonstrates
outstanding performance in environmental issues, which is regarded as
one of the promising energy carriers to replace fossil fuels. Hydrogen
storage technology plays a crucial role in the hydrogen industry chain.
Compared with traditional technologies such as liquefied hydrogen and
compressed hydrogen, hydrate-based hydrogen storage technology ex-
hibits favorable prospects as the advantages of high storage capacity
potential, reversible storage/release process, and low costs [1]-

However, the issue of harsh formation conditions greatly reduce the
application potential. Mao et al. [2] demonstrated that hydrogen hy-
drates can only be stable under extreme conditions of 200-300 MPa,
which meant that the commercial application of pure hydrogen hydrates
is unfeasible. Florusse et al. [3] provided a new insight for its

from 300 MPa to 5 MPa at 279.6 K. Such compounds that could
significantly lower the formation conditions are called thermodynamic
promoters. Extensive research focused on the hydrogen-thermodynamic
promoter hydrates [4-8]. And gases such as methane [9,10], propane
[11-13], and sulfur hexafluoride [14,15] have been proven that also
acted as thermodynamic promoters to promote hydrogen hydrates for-
mation under mild conditions. Among the common thermodynamic
promoters, THF can significantly reduce the formation pressure but is
volatile, toxic, and easily soluble in water, leading to poor recyclability
and potential environmental risks. Cyclopentane (CP) shows low
toxicity but immiscible with water and forms a separate oil phase, which
limits mass transfer and unsuitable for static reaction systems. In
contrast, propane is a non-toxic, low-cost gaseous promoter that can co-
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occupy hydrate cages with hydrogen under moderate conditions, shows
good compatibility with gas-liquid interfaces in static systems. There-
fore, propane was considered as a suitable thermodynamic promoter to
achieve stable formation of hydrogen hydrates with high efficiency and
safety.

Notably, although thermodynamic promoters satisfy the mild ther-
modynamic conditions for hydrogen hydrates, the kinetic issues of low
storage capacity and slow storage rate are the primary obstacles for
further development [16]. Therefore, an effective method is needed to
enhance hydrogen hydrates formation. Currently, metals or metal oxide
nanoparticles [17-22] have been proven to effectively promote hydrate
nucleation and growth as the characteristics of abundant nucleation
sites and excellent thermal conductivity of these materials. However, the
heat transfer mode of such materials is distributed point-strengthening,
resulting in discontinuous heat transfer process that affect subsequent
hydrate growth. Deng et al. [23] found that a small amount of (only 7.6
% compared with other metal materials) stainless steel fibers (SSF) could
increase the gas storage capacity by 145.4 %. Yang et al. [24] also
demonstrated that SSF with linear structures and excellent thermal
conductivity could enable continuous linear heat transfer enhancement,
shortening the formation time and improving storage capacity/rate,
which indicated the promoting effect of SSF on hydrate nucleation and
growth.

Critically, SSF was just applied in CH4 or CO; hydrates, not the field
of hydrogen hydrates, mainly because the unique nucleation mode of
hydrogen hydrates: progressive nucleation [25], which hydrogen hy-
drate crystallites are continuously nucleated during the growth process.
And the hydrate growth rate is limited by the hydrogen hydrate nucle-
ation rate [26]. So the heat transfer of hydrogen hydrates is often
ignored as the characteristics of slow hydrate growth with almost no
hydration heat accumulation. In our prior research [25], we proposed a
novel method called quasi-simultaneous formation (q-SF) to alter the
inherent nucleation mode of hydrogen hydrates, breaking the limitation
of the crystal nuclei quantity during the hydrate growth process, with
the rapid hydrogen hydrate growth process. However, the rapid growth
process of hydrogen hydrates lead to prominent hydration heat issues,
resulting in thermal inhibition for further growth of hydrogen hydrates.
And the inhibition effect of hydration heat would be sharper with the
faster initial hydrate growth. So with the method of q-SF to promote
hydrogen hydrates formation, the issue of hydration heat cannot be
ignored. But whether the thermally conductive material SSF could
enhance heat transfer to promote hydrogen hydrate q-SF kinetics re-
mains unknown.

Therefore, based on the q-SF of hydrogen hydrates, we coupled SDS
with SSF to promote the formation kinetics. At 18.2 MPa and 274.15 K,
we investigated the effect of SDS concentrations and SSF parameters on
hydrogen hydrate formation to identify the optimal operating condi-
tions. And the mechanism of SSF on the hydrogen hydrate formation was
further indicated to show the technical feasibility of SSF-SDS coupling in
promoting hydrogen hydrate formation kinetics, which provides the
insight for advancing hydrogen storage technology.

2. Experimental
2.1. Materials

316 L stainless steel fiber was fabricated via a series of complex
processes including surface treatment, bundling, drawing, heat treat-
ment and electrolytic separation. It maintains the inherent metallic
properties, and exhibits excellent thermal conductivity (52 W-m™ K1),
as well as favorable flexibility and high specific surface area similar to
textile fibers. The stainless steel fibers with specifications of ¢ 6.5 pm x
3 mm and ¢ 6.5 pm x 100 mm were provided by Hunan Huitong
Advance Materials Co., Ltd; Sodium dodecyl sulfate (purity of 99.0 %)
was purchased from Aladdin Biochemical Technology (Shanghai) Co.,
Ltd; Deionized water obtained in the laboratory was used for all the
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experiments.

2.2. Apparatus and procedures

Fig. 1 shows the schematic diagram of the experimental apparatus in
this study. The experimental setup used for hydrogen hydrate formation
was similar to the one described in our previous research [25]. The
effective volume of the main reactor is 100 mL, and this study adopt a
static reaction system without any stirring during the entire experi-
mental process.

The solution (deionized water or SDS solution) was firstly added to
the reaction vessel, followed by a certain mass fraction of SSF to ensure
full contact with both the liquid and gas phases. The total mass of the
system was controlled at approximately 10 g. The temperature was set to
the experimental temperature (274.15 K). And propane (0.45 MPa) and
hydrogen were injected successively (total pressure of 18.2 MPa),
adjusting the gas distribution at the interface to ensure the g-SF of
hydrogen hydrates. The system was depressurized and decomposed after
hydrate formation for analyzing the gas composition in the hydrate
phase. Detailed experimental and calculation procedures can be referred
to our previous research [25].

2.3. Calculation of effective thermal conductivity

A model based on the following assumptions was proposed to
calculate the effective thermal conductivity (ETC) of hydrogen hydrate
filled with SSF:

(1) The contact thermal resistance between hydrate crystals and
reactor walls are negligible.

(2) The micro-interactions between hydrate crystals and SSF are
negligible.

(3) Hydrate crystals and SSF exhibit uniform spatial distribution,
with no convective or radiative heat transfer.

The thermal conductivity of the hydrate-SSF system can be expressed
as [27]:

Je = AHS €Y}

In Eq. (1), the superscripts H and S denote hydrate and stainless steel
fiber, respectively.2//* represents the thermal conductivity of the
Hydrate-SSF system, W-m 'K~!, which can be expressed by the
Maxwell model [28] as:

As + 225 — 2¢(Ay — As)

JHS =
e B s + 20 + (A — As)

@

where 1y is the thermal conductivity of propane-hydrogen hydrate, 45 is
the thermal conductivity of SSF, and ¢ is the SSF volume fraction of the
system.

In this study, the thermal conductivity of propane-hydrogen hydrates
at the experimental temperature of 274.15 K was taken as 0.57
W-m 1.K! as the loose and porous structures [29]. The thermal con-
ductivity of SSF was taken as 52 W-m 'K~ !. And ¢ was primarily
expressed by Eq. (3):

Vs

= 3
Vu+ Vs 3

[

where Vs and Vg represent the volume of SSF and hydrate (L), respec-
tively, which can be calculated by Eq. (4) and (5):

Vs = nry-Lg (C))
my 0.01 s
=—=——=1. 1 :

Vi 0y~ 920 087 x 10°m 5)
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Fig. 1. Schematic diagram of the experimental apparatus.

where r; is the radius of SSF (3.25 pm). The linear density of SSF is given
as 26.7 g/km. So the total Length of SSF (Ls) could be calculated by Ls =
';‘—LS = geaos = 18.73m

3. Results and discussion

3.1. Synergistic effect of SSF with SDS on the kinetics of hydrogen
hydrates

Lower temperatures and higher pressures were favorable for the
further formation of hydrogen hydrates. However, the heat accumula-
tion of the rapid propane-hydrogen hydrate formation hinders the
continuous growth of hydrates. SSF has been demonstrated to promote
the hydrate formation as an effective thermal conductivity additive
[23,24]. The structure of SSF was shown in Fig. 2a and SEM showed the
microstructure and surface morphology of SSF (as shown in Fig. 2(b) and
(c)). It could be shown that SSF with ample contact surface area formed
an interconnected network structure for the diffusion of liquid water and
heat transfer, and the interstices of SSF network can be regarded as the
channels for gas diffusion. Also, SSF had a relatively rough surface,

Regulus 8. 7mm x500 SE(U)

which would provide abundant nucleation sites for the hydrate nucle-
ation. Therefore, the hydration system with SSF would be expected to
high hydrogen storage rate and capacity.

Consequently, 1 g SSF was added to the hydrate system to accelerate
heat transfer. Fig. 3a shows the temperature and pressure variations
over time of the systems of pure water, pure water + SSF, SDS and SDS
+ SSF. Throughout the experiment, the pure water system exhibited the
longest nucleation induction period with 568 min. The addition of either
SDS or SSF drastically shortened the induction time to 176 min and 295
min, respectively. SDS promoted the hydrogen hydrate nucleation by
reducing gas-liquid surface tension [30], while SSF showed similar
promoting effect as the sufficient nucleation sites provided by its rough
metal surface [23]. Furthermore, SDS and SSF exhibited a synergistic
promoting effect, with the SDS + SSF system achieving an induction
time of only 16 min. And the synergy arose from the distinct mechanisms
of SDS and SSF—combined effects of reduced surface tension and
increased nucleation sites significantly enhance the hydrate nucleation.
It can also be observed that the corresponding temperature rise peaks of
with SSF were smaller. Notably, although the water + SSF system pre-
sented a relatively high temperature rise peak, this phenomenon was
accompanied by a continue hydrogen hydrates growing process upward

Fig. 2. (a) Stainless steel fiber sample, (b) SEM image (100 pm scale bar) and (c) SEM image (2 pm scale bar).
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along the SSF. And the SDS + SSF system exhibited a more obvious
temperature drop (from 1.6 K to 0.9 K), which presents an extremely
high hydrate growth rate and a drastically shortened formation period.
Under such a rapid growth condition, SSF still effectively accelerates
hydration heat dissipation through the interconnected thermally
conductive network [31], mitigating temperature rise and avoiding
stronger thermal inhibition that would occur without SSF. Therefore,
the role of SSF in enhancing heat transfer remains significant and
indispensable, even under fast kinetic conditions promoted by SDS.

Fig. 3b depicts the hydrogen storage capacity during q-SF of
hydrogen hydrate across different systems. Under similar conditions, the
pure water system exhibited the lowest hydrogen storage capacity
(merely 22.5 cm®/cm® hydrate, equivalent to 0.209 wt%), indicating
incomplete conversion of water-to-hydrates. Under static conditions, the
hydrate layer at the gas-liquid interface impeded the hydrogen diffusion
into the inner liquid phase, preventing continuous hydrate growth. SDS
would reduce the gas-liquid surface tension, resulting in a loose and
porous hydrate structure that enhances mass transfer and enables
continuous hydrogen hydrate growth [32]. While the incorporation of
SSF altered the hydrogen hydrates growth behavior: compared to ~70
min growth period in the pure water system, the SSF system maintained
a sustained growth process for nearly 500 min, achieving the storage
capacity of 53.7 cm®/cm® hydrate (0.500 wt%)—even higher than
46.01 cm®/cm® hydrate (0.428 wt%) observed in the SDS system. When
SDS was combined with SSF, the hydrate growth lasted only ~30 min,
with a storage capacity reaching 59.75 cm®/cm? hydrate (0.556 wt%),
demonstrating that SDS and SSF also synergistically promoted the hy-
drate growth process.

Fig. 3cillustrates the instantaneous hydrogen storage rate during the
q-SF of hydrogen hydrate in different systems. The storage rates for the
pure water and pure water + SSF systems ranged from 2.1 to 2.5 cm®/
cm® hydrate-min™!. While the addition of SDS increased the storage
rates of both systems to above 9.0 cm®/cm® hydrate-min~!, highlighting

400 00 600 700 800

Time (min)

Time (min)

|
- -

Fig. 3. (a) Variation of temperature and pressure, (b) hydrogen storage capacity, and (c) hydrogen storage rates during hydrate formation. (d — g) Morphologies of

hydrogen-propane hydrate with or without SSF at 18.2 MPa and 274.15 K: (d) pure water without SSF, (e) pure water with SSF, (f) 0.03 %(mass) SDS without SSF,
and (g) 0.03 %(mass) SDS with SSF.

the significant role of SDS in the rapid hydrate growth stage. In contrast,
SSF had a weaker impact on both pure water and SDS systems,
increasing the maximum rates by only 17.31 % and 9.1 %, respectively.
This indicated that although SSF promoted hydrate growth to some
extent by facilitating heat dissipation, it cannot trigger the rapid kinetic
behavior in the initial stage (defined as the period of rapid nucleation
and steep gas uptake rate rise). Combining the insights from Fig. 3 (b)
and (c), it was reasonable to infer that SDS reduced the gas-liquid
interfacial tension, enhanced mass transfer and altered the hydrate
morphology (rendering it more porous) to enable rapid hydrate growth.
In contrast, SSF primarily affected the continuous hydrate growth stage
(defined as the period of steady long-term hydrate growth toward the
bulk liquid): the interwoven SSF network provided a large surface area
and supporting structure for liquid water diffusion, overcoming the
limitations imposed by the hydrate layer in static systems. Hydrogen
hydrates can continue growing upward along the SSF, leading to a
higher conversion of water-to-hydrates—explaining the higher storage
capacity in the pure water + SSF system. However, the slow diffusion
rate of pure water on the SSF surface resulted in a relatively long growth
period. SDS could enable rapid hydrate growth along both the reactor
wall and SSF.

To further clarify the synergistic promoting effect of SSF and SDS on
the hydrogen hydrate formation, the morphologies of hydrates formed
at the end of the process are presented in Fig. 3 d-g. The pure water
system exhibited a low conversion rate, limited by the surface hydrate
layer that hindered further hydrate growth. In contrast, SDS induced a
distinct growth pattern, with hydrates forming a porous structure along
the reactor walls. Driven by capillary action [33,34], the SDS solution
migrated from the bulk phase toward the gas phase through this porous
hydrate structure, resulting in a hydrate sample consisting of only a
bottom layer and a thin circular hydrate layer (Fig. 3f). The addition of
SSF thickened the hydrate layer near the reactor wall, forming an SSF-
supported hydrate framework. A portion of the hydrate grew near the
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inner reactor wall (due to the preference for hydrate formation on metal
surfaces), where hydration heat can be efficiently dissipated. Another
portion hydrogen hydrates was formed as the SDS solution migrated
upward through SSF to the top of the framework. In the SDS + SSF
system, SDS promotes hydrate nucleation and rapid growth by reducing
surface tension and modifying hydrate morphology, while SSF further
enhances nucleation and growth through its abundant surface nucle-
ation sites and interconnected network structure. Together, SSF and SDS
exert a synergistic promoting effect on the hydrogen hydrate formation.

3.2. Influence of SDS concentration on the synergistic effect

Although extensive literature supports SDS as a kinetic promoter for
hydrate formation, the existing qualitative understanding is system-
specific. For unique guest substances, hydrate formation rates and
final storage capacity are related to SDS concentration [35,36]. How-
ever, the universality of this dependence remains unclear, and the
optimal surfactant concentration appears to be a characteristic param-
eter of the specific system under investigation. Therefore, this study
experimentally determined the optimal SDS concentration (ranging
from 0.01 % to 0.1 % by mass) for promoting the kinetics of hydrogen
hydrate formation in the presence of SSF.

Fig. 4 compares the hydrogen storage capacity and storage rate
variations for different SDS concentrations with and without SSF.
Compared to the pure SDS systems, the addition of SSF significantly
shortened the induction time (mostly to ~10 min), indicating that SSF
promoted hydrate nucleation by providing a rough metal surface at the
gas-liquid interface. As SDS concentration increased, the promoting
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effect of SSF on hydrate growth gradually diminished and eventually
shifted to inhibition. Within the SDS concentration range of 0.01 %-
0.03 % (mass), a promoting effect was observed: with hydrogen storage
capacity increased by 62.82 % and 30.41 %, respectively. In contrast,
within the range of 0.05 %-0.1 % (mass), an inhibition effect was noted:
with hydrogen storage capacity decreased by 11.55 % and 17.42 %,
respectively. Notably, when the SDS concentration reached 0.1 %
(mass), the addition of SSF even reduced the hydrogen storage rate.
These results demonstrated that the synergistic effect of SSF and SDS
was highly dependent on SDS concentrations. Previous research by Chen
et al. [25] suggested that in high-concentration SDS systems, the
adsorption of SDS onto the hydrate layer via capillary action further
enhanced the conversion of water into the hydrates, achieving higher
hydrogen storage capacity. However, SSF may alter the process by
influencing the arrangement of SDS at the interface [30]. The SDS so-
lution grew upward along both the metal reactor wall and the SSF
simultaneously. The main effect of SDS was reducing the interfacial
tension. At 0.03 % (mass), SDS molecules were sufficiently adsorbed at
the gas-liquid interface to achieve the lowest interfacial tension [37],
which greatly promoted gas dissolution and hydrate nucleation [38].
Further increasing SDS concentration did not lower surface tension but
instead caused partial aggregation [39], which increased the viscosity
and interfacial resistance to hinder gas diffusion into the liquid phase
[40]. Also at 0.03 wt%, SDS remained primarily at the interface rather
than forming micelles in bulk solution, the capillary effect and water
transport along SSF are maximized without excessive micelle entrap-
ment, forming the most efficient heat-mass transfer pathways [41].
The hydrogen storage capacity, time required to reach 90 % of the
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Fig. 4. The hydrogen storage capacity and storage rates of hydrogen hydrates with SSF in different SDS concentration solution (P = 18.2 MPa, T = 274.15 K).
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maximum capacity (tgg), and average hydrate growth rate with different
SDS concentrations in the SSF systems are shown in Fig. 5. When the SDS
concentration reached 0.03 % (mass), the storage capacity achieved the
maximum value of 60.0 ¢cm®/cm? hydrate (0.558 wt%), and a small
hydrogen hydrates growth was realized with tgg only 14 min, and the
average hydrate growth rate reached 384.11 x 1072 cm®/em®
hydrate-min~!. Compared with the systems with other SDS concentra-
tions, the hydrogen storage capacity increased by 9.09 %-11.94 %, and
the growth rate increased even more significantly by 25.30 %-57.65 %.
Considering the hydrogen storage performance comprehensively, 0.03
% (mass) SDS is regarded as the optimal concentration for promoting the
formation of hydrogen hydrates with SSF.

3.3. Effect of SSF parameters on the kinetics of hydrogen hydrates

The promoting effect of SSF on hydrogen hydrate is associated with
the mass transfer performance at the gas-liquid interface. Therefore, to
fully exploit the potential of SSF, it is necessary to consider its coverage
at the gas-liquid interface. Fig. 6 shows the temperature and pressure
changes during hydrate formation for different SSF systems. As SSF
increased from 2.5 % to 15 % (mass), the temperature rise peak
decreased from 2.5 K to 0.45 K. This was primarily due to the high
thermal conductivity of SSF, which enabled efficient dissipation of hy-
dration heat and facilitated the further/continuous formation of
hydrogen hydrates.

Fig. 7(a) and (b) depict the variations in hydrogen storage capacity
and storage rate during hydrate formation for systems with different SSF
loadings. For all SSF loadings systems investigated, the SSF was partially
immersed in the aqueous phase and partially exposed to the gas phase in
the reactor. 2.5 % (mass) SSF was sparsely distributed and could not
fully cover the gas-liquid interface, with most fibers sinking at the
bottom or adhering locally to the reactor wall, which prevented effective
heat exchange. This system exhibited the highest temperature spike, and
hydrogen hydrates could not grow upward along the SSF with some
water unconverted, also resulting in the lowest storage capacity (only
46.25 cm®/cm® hydrate, equivalent to 0.432 wt%). 5 % (mass) SSF
formed a uniform interwoven network that fully covered the gas-liquid
interface, with one end in the liquid phase and the other exposed to the
gas phase, which favored water migration, gas diffusion, and heat
dissipation simultaneously. This system achieved the highest hydrogen
storage capacity of 68.09 cm®/cm® hydrate (0.630 wt%). However,
higher SSF loadings (10 % and 15 %) did not further enhance the
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hydrogen storage performance. This phenomenon primarily arose
because the continuous migration of free water through the porous
hydrate structure was easier than along the SSF [42]. Fig. 3 d-g also
illustrated that hydrogen hydrates predominantly grew upward along
the reactor wall, with only partial growth along the SSF. Additionally,
since the top of the SSF was dry, free water must firstly be wicked by
capillary forces before further hydrate formation can occur. Excessive
SSF accumulated and overlapped severely. A large portion of fibers was
fully immersed in water without exposure to the gas phase, which hin-
dered capillary water migration and gas diffusion, thus weakening the
promotion effect on hydrate growth.

Table 1 summarizes the hydrogen storage capacity, induction time,
tgg, and average hydrate growth rate for systems with different SSF
loadings. It could be shown that SSF significantly promoted the hydrate
nucleation process, with induction times consistently ranging from 10 to
20 min. However, the induction time showed a slight upward trend with
increasing SSF dosage. This phenomenon can be reasonably attributed
to aggregation, insufficient interface exposure, and imperfect heat
transfer network rather than a loss of thermal conductivity itself.
Excessive SSF tend to aggregate and overlap, which reduced the effec-
tive specific surface area available for hydrate nucleation. And over-
dosed SSF cannot be fully dispersed and mostly remained fully
immersed in the liquid phase rather than spanning the gas-liquid
interface, weakening interfacial nucleation. And the promotional effect
was optimized when SSF was sufficient to cover the gas-liquid interface
(5 %), achieving dual promotion of hydrate nucleation and hydrate
growth. Further increasing the loading did not improve the promotional
effect. Notably, the 5 % (mass) SSF yielded the best hydrogen storage
performance, with a maximum storage capacity of 68.09 cm®/cm® hy-
drate (0.630 wt%) and an average hydrate growth rate of 235.70 x 102
cm®/cm® hydrate-min_l.

To compare the effects of SSF length on hydrate gas storage perfor-
mance, long SSF (¢ 6.5 pm x 100 mm) were used to test the promoting
effect on hydrogen hydrates with 5 % (mass) loading. Fig. 8 presents the
variations in temperature and pressure during the experiments, while
Fig. 9 shows the hydrogen storage capacity and storage rate, respec-
tively. The induction times for both systems were ~15 min, indicating
similar capabilities to promote hydrate nucleation. And the both systems
also showed similar temperature rise peak in Fig. 8. However, the
storage rate profile (Fig. 9b) revealed that the maximum rate in the long
SSF system (14.20 cm®/cm® hydrate-min~1) was significantly higher
than that in the short SSF system (5.24 cm®/cm? hydrate~min’1),
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Fig. 5. Comparison of hydrogen storage capacity, tgo, and growth rate of hydrogen hydrate formation with SSF in different SDS concentration solution (P = 18.2
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Fig. 7. Effect of SSF amount on hydrogen storage capacity and storage rate (P = 18.2 MPa, T = 274.15 K).

demonstrating a faster and more vigorous hydrate growth process in the
long SSF system. Meanwhile, the long SSF system presented obviously
faster cooling after the temperature peak, which directly reflected the
excellent heat dissipation capability of the continuous linear thermal
conduction network constructed by long SSF. In contrast, the short SSF
system has a lower temperature peak mainly due to its slower hydrate
growth rate and weaker heat release intensity, rather than better heat
transfer performance. Therefore, the long SSF system achieved superior
comprehensive heat transfer effect despite a higher initial temperature
rise, which is responsible for its faster formation kinetics and higher
hydrogen storage capacity. The maximum hydrogen storage capacity in
the long SSF system reached 69.80 cm®/cm® hydrate—2.51 % higher
than that in the short SSF system. Although the gas uptake was only
slightly higher, the superior thermal conductivity of long SSF enabled
significantly faster growth kinetics: the long SSF system achieved 90 %
of the maximum storage capacity in merely 13 min, with an average
hydrate growth rate of 483.23 x 1072 cm®/ecm® hydra-

te-min~'—representing a 104.6 % increase compared to the short SSF

system. Thus, a continuous heat transfer network facilitates faster hy-
drate formation kinetics and higher hydrogen storage capacity.

3.4. The promoting effect mechanism of SSF on hydrogen hydrates
formation

Substituting the SSF volume fraction (¢~0.006 %) into Eq. (2) yields
the thermal conductivity A = 0.5701 W-m~*-K L. It can be seen that ETC
remained virtually unchanged. However, the addition of SSF has actu-
ally induced a qualitative transformation in the heat transfer behavior.
In order to investigate the hydration heat transfer process between hy-
drate/SSF composites and vessel, a quasi-steady-state one-dimensional
radial heat transfer model based on classic hydrate heat transfer
modeling was built as described in Fig. 10. The external and internal
radiuses of vessel wall were 34 mm (rp) and 18 mm (r;), respectively.
The following assumptions were presented:
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Table 1
Kinetic performance parameters for the experiments conducted in SDS solution
with different SSF loading at 274.15 K and an initial pressure of 18.2 MPa.

system gas storage Induction too NRHG
capacity time(min) (min) (x 102 em®/cm®
hydrate-min~!)
SDS + 2.5 46.25 cm®/cm® 12 12 346.88
%(mass) hydrate (0.432
SSF wt%)
SDS + 5.0 68.09 cm®/cm® 15 26 235.70
%(mass) hydrate (0.630
SSF wt%)
SDS+10%  59.75 cm®/cm® 16 14 384.11
(mass) hydrate (0.556
SSF %)
SDS+15%  64.09 cm®/cm® 20 26 262.19
(mass) hydrate (0.596
SSF wt%)

The time from hydrate nucleation to the maximum hydrogen storage of 90 %.
Average hydrate growth rate (the average hydrogen storage rate during the
process from hydrate nucleation to the maximum gas storage of 90 %.

(1) The SSF was distributed in an interwoven uniform grid pattern,
dividing the hydrate formation zone into regular small grids with
a side length of a~1 mm;

(2) Hydrates formed in-situ and fully filled the grids, resulting in a
homogeneous two-phase composite system;

(3) Heat transfer was dominated by radial one-dimensional conduc-
tion, with axial heat transfer considered negligible;

(4) The hydrate formation process satisfied the quasi-steady state
assumption, where the rate of hydrate heat generation equals the
rate of heat removal.

The temperature of hydrate/SSF (Ty) was the phase equilibrium
temperature under a given pressure, which can be obtained from liter-
ature [29]. The external coolant temperature (T,) was set at 274.15 K
and the heat transfer coefficient (o) was 1500 W m~2K1032] During the
hydration process, the rate of heat transfer (Q) is presented as a function
of three successive thermal resistances:
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AT Ty-To
thal RO + Rw + Ri

(6)

where Ry is the overall thermal resistance, K W™!. The external
coolant resistance (Rg), the vessel wall resistance (Ry,) and the internal
hydrate resistance (R;) are expressed by, respectively,

1 1

Ro = s = 2aroH

)

where «a is the convective heat transfer coefficient between the outer
wall of the reactor and the cooling medium, Wm 2K % Ay is the heat
transfer area of the outer wall of the reactor, m?; H is the effective height
of the reactor, m.

1 To
R, == il
v 2nAwH nr1

(8

where 1, is the thermal conductivity of stainless steel wall, Wm LKL
ro and r; are the outer radius and inner radius of the reactor, m.
L L

T A Ay2mrH

R; = )

where L; is the effective heat conduction distance from hydrate to SSF;
taken as approximately 0.005 m under the grid structure.

With the addition of SSF, the hydration heat transfer path was
transformed into: Hydrate formation region-SSF grid thermal conduc-
tivity network- reactor wall-cooling medium. The effective thermal
conduction distance from the hydrate to the heat transfer interface was
significantly shortened (the value of L; was 18 mm to 0.5 mm). Fig. 11
illustrates the effect of SSF on effective thermal conductivity, thermal
resistances and heat transfer rate. It could be seen that the volume
fraction of SSF was extremely low, leading to a negligible improvement
in the macroscopic effective thermal conductivity of the system (from
0.57 W-m 1K ! to 0.5701 W~m’1~K’1). Without SSF, the overall ther-
mal resistance of hydrogen hydrate was 2.346 K W~ ! with the value of R;
was 2.278 K W1, which indicated that the dominant thermal resistance
was the internal hydrate resistance R;. The addition of SSF brings down
the thermal resistance R; to 0.063 K W!. Given the results of the
thermal conductivity and thermal resistance, it could be referred that
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Fig. 8. Changes of temperature and pressure during hydrogen in the presence of different SSF with SDS at 18.2 MPa and 274.15 K.
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Vessel wall

Hydrate/SSF composites

Fig. 10. Schematic heat transfer layers between hydrate/SSF composites
and vessel.

the core enhancement stems from a combination of grid segmentation
with linear thermal conduction network. The interwoven SSF cuts the
hydrate formation zone into numerous small grids, with hydrates only
need to transfer heat to the nearest fibers (distance < 1 mm). Horizontal
fibers connect directly to the reactor wall, creating a bypass for long-
distance radial heat conduction. The dominant thermal resistance was
almost effectively eliminated, which the overall thermal resistance R
was reduced by 94.4 %. The hydration heat removal rate was signifi-
cantly improved. Under the same heat transfer temperature difference,
the heat removal rate of the system with SSF grids was approximately
18.1 times that of the blank system, which effectively avoids hydration
heat accumulation and continuously enhances hydrate growth.

4. Conclusion

The quasi-simultaneous formation (q-SF) approach altered the
inherent nucleation mode of hydrogen hydrates. However, the rapid
hydrate growth process induced by q-SF exacerbated the hydration heat
issue, which in turn inhibited further growth of hydrogen hydrates. To
address the heat transfer limitation, highly thermally conductive SSF
were incorporated into the system. This study systematically investi-
gated the kinetics of hydrogen hydrate in SDS solutions with SSF, with a
specific focus on analyzing the effects of SDS concentration, SSF loading,

and SSF structural properties on hydrate-based hydrogen storage
kinetics.

1) A synergistic effect was observed between SDS and SSF in promoting
hydrate formation, and the synergy was highly dependent on SDS
concentrations. The optimal hydrogen storage kinetics were ach-
ieved at the SDS concentration of 0.03 % (mass): compared to sys-
tems with other SDS concentrations, the hydrogen uptake increased
by 9.09 %-11.94 %, and the average hydrate growth rate was
significantly enhanced by 25.30 %-57.65 %.

The promotional effect on hydrate formation was optimized when
the SSF was sufficient to fully cover the gas-liquid interface (5.0 %
(mass)). This loading enabled dual enhancement of hydrate nucle-
ation and hydrate growth. Notably, further increasing the SSF
loading beyond this optimal value did not yield additional im-
provements in hydrate formation performance.

3) The system incorporating longer SSF exhibited superior thermal
conductivity compared to that with shorter SSF. The maximum
hydrogen storage capacity in the long SSF system reached 69.80
cm®/em?® hydrate (0.65 wt%), accompanied by the faster formation
kinetics: tgg was merely 13 min, and the average hydrate growth rate
reached 483.23 x 1072 cm®/cm® hydrate-min~!. While maintaining
a comparably high hydrogen storage capacity, this growth rate rep-
resented a 67.04 % increase relative to the fastest hydrate-based
hydrogen storage kinetics reported in previous studies.

The results demonstrated that SSF played a dual role in enhancing
hydrate formation: first, it provided abundant nucleation sites for
crystallization, shortening the induction time and accelerating the
nucleation process; second, it formed an interconnected heat transfer
network, which significantly reduced the thermal resistance of hy-
drate formation zone by 94.4 % to 0.063 K W™, thereby facilitating
sustained hydrate growth by efficiently dissipating hydration heat.

2

—

4

—

In conclusion, the construction of a continuous heat transfer network
(using SSF) facilitates both faster hydrate formation kinetics and higher
gas storage. This study provides valuable insights for the development of
rapid and efficient hydrate-based hydrogen storage technologies in
static systems. The future research can be carried out to verify the
enhancement effect of the SSF-SDS system under more engineering-like
conditions. And recyclable or magnetically separable thermally
conductive fibers could be developed to realize the recycling of additives
and reduce industrial costs.
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(a) Thermal Conductivity (k)

No significant change

(b) Total Thermal Resistance (R,
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