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A B S T R A C T

This paper explores the phenomenon of in situ generated gas retention within densely packed cylindrical ion- 
exchange pellets. Initially, discrete element method (DEM) simulations were used to identify pertinent contact 
packing parameters, rigorously validated through packing experiments. Calibrated values for dynamic and static 
friction, and the coefficient of restitution were found in ranges of 0.8–1.0, 0–0.2, and 0–0.2, respectively, with 
the importance of dynamic friction highlighted. The DEM validation process achieved a packing fraction that 
exhibited < 4 % deviation from experimental data, with some cylinder alignment observed near the column base. 
Additionally, laboratory-scale gas generation tests were conducted to replicate the retention of hydrogen within 
densely packed beds, achieved through the decomposition of hydrogen peroxide. X-ray computed tomography 
was then used to quantify bubble population size and growth within the beds. Experiments suggested a dynamic 
bed retention gas fraction of ~7 %, which was produced within the first 30 min of generation. In parallel, CT 
imaging of the bubble populations indicated that large bubbles become less spherical over time, likely from pore 
invasion, partial cavity expansion and secondary coalescence. These mechanisms led to bubbles located in the 
upper portion of the bed being more likely to be released buoyantly, compared to those situated in the bed’s 
lower regions. Overall, results indicate that the pore network channels within the pellet beds are large enough to 
achieve relatively steady gas release. These dynamics reduce the risk of sudden hydrogen rollover occurring 
industrially, particularly within the specialised context of nuclear waste management.

1. Introduction

The study of in situ gas generation, retention and release in packed 
sediment beds has witnessed significant growth in recent decades. A 
substantial portion of the literature concentrates on methane emissions 
induced by methanogenesis in natural water systems, such as lakes 
(Johnson et al., 2002; Wheeler, 1988) and reservoirs (Maeck et al., 
2013), due to the implications between greenhouse gas emissions and 
climate change (Harrison et al., 2021; Katsman, 2024). However, the 
same mechanisms for gas retention and release, with relevance to 
environmental systems, are also pertinent in industrial applications. For 

example, similar fracture mechanics are found in studies of enhanced oil 
recovery (Peng et al., 2024; Fan et al., 2020), while gas ebullition in 
slurries or sludges is important to separation processes such as waste
water digesters (Chan et al., 2009) and flotation (Anzoom et al., 2024; 
Lockwood et al., 2023; Liu et al., 2025).

It is also critical in nuclear engineering, specifically when consid
ering the safe storage and transfer of wastes that contain trapped haz
ardous gases, which are common at legacy sites, such as at Sellafield, UK 
and Hanford, USA (R. Allemann, Z. Antoniak, J. Friley, C. Haines, L. 
Liljegren, S. Somasundaram, Collection and analysis of existing data for 
waste tank mechanistic analysis, Pacific Northwest National Lab. 
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(PNNL), Richland, WA (United States), 1991; Le Clere, 2011). Many of 
these waste deposits have been present for decades, where the presence 
of oscillatory bed height variations serves as a reliable indicator of 
continual gas generation, retention, and release within these beds. 
Furthermore, this phenomenon offers insights into their maximum gas 
retention capacity (Johnson et al., 2017; Johnson et al., 2018; Van 
Kessel and Van Kesteren, 2002) while a particular concern is the like
lihood of sudden buoyant release events, where gas accumulates to a 
point where density inversion occurs. The overarching objective of 
research in this area is the mitigation of potential hazards associated 
with flammable gas retention and release from legacy nuclear waste 
deposits (Holborn et al., 2013; Kurniawan et al., 2022; Ryu et al., 2022; 
Ahmed, 2019).

Importantly, research into the determination of potential gas ebul
lition relevant to nuclear waste processing must be seen in the context of 
other fields. In general, gas entrainment and growth occurs via two 
competing mechanisms of initial pore invasion (forming ‘reservoir’ 
bubbles) and secondary cavity expansion (sediment displacement) 
(Katsman, 2024; Paulin et al., 2022), as capillary forces make it ener
getically costly for gas to invade narrow pore throats (Paulin et al., 
2022). These systems are subject to complex dynamics from the various 
forces interacting between gas, liquid and solid, resulting in numerous 
migration structures from discrete spherical or dendritic bubbles to 
fluidisation or fracture of the granular medium (Varas et al., 2024). It is 
noted that much prior work has focused on injected gas cells, which 
often feature finger to fracture transitions (Varas et al., 2024; Lee et al., 
2020). Alternatively, in situ gas generation may be more applicable to 
trapped methane in marine environments (Katsman, 2024), although it 
can be complicated due to heterogeneous nucleation and solute trans
port. Nevertheless, it would be expected that bubble networks generated 
in situ may be more finely distributed with higher prevalence of capillary 
invasion (Johnson et al., 2018; Liu et al., 2018).

The role of the sediment size and its correlation with microstructure 
is also critical. For many fine sediments, often their gas interaction 
behaviour may be simplified as a yield stress fluid (Daneshi and Frig
aard, 2023; Wang et al., 2025), with the fluid thixotropy (Hou et al., 
2025) and variations in fracture toughness (Katsman and Painuly, 2022; 
Zhou and Katsman, 2022) resulting in considerable differences in 
growth anisotropy. It has also been shown that variations in fine sedi
ment clay-like microstructure can result in a substantial range in the 
cluster sizes of trapped bubble networks (Johnson et al., 2019). For 
larger granular material, the greater inertial yield stress and larger pore 
radii may result in higher prevalence of pore invasion as sediment size 
increases.

This current investigation explores the feasibility of hydrogen 
retention within coarse packed particle beds using zeolite AW500, an 
established ion exchange material typically employed in nuclear waste 
management (Lee et al., 2020; Wilmarth et al., 2011). It is important to 
note that AW500 is traditionally used for nuclear waste processing and 
treatment, rather than for direct gas storage applications. However, due 
to direct radiolysis of water, hydrogen is generated (O’Leary et al., 
2021) which under certain coarse particle beds can accumulate and 
suddenly release (Johnson et al., 2019; Mahabadi et al., 2018; Schout 
et al., 2020; Suekane et al., 2010). Additionally, hydrogen can be 
generated via corrosion of any metallic cladding or uranium present 
(Paraskevoulakos et al., 2020). Hydrogen release depends on multiple 
factors, including particle attributes (such as shape, size, and packing) 
(Doraia et al., 2012; Niegodajew et al., 2022; Zhang et al., 2022), gas 
properties, pressure levels, flow dynamics, bed depth, and the inherent 
porosity and permeability of the bed. Understanding how packed 
AW500 pellets interact with hydrogen gas is crucial to prevent unex
pected gas retention phenomena. Therefore, this investigation is essen
tial not only to prevent unforeseen gas storage during waste treatment 
processes but also to contribute to our understanding of the broader 
applications of this material.

In this study, material shape and packing behaviour are investigated 

using the discrete elements method (DEM) as in (Tangri et al., 2017), 
with rigorous validation through packing experiments. Laboratory-scale 
gas generation experiments are then conducted to measure the total gas 
retention within densely packed beds comprising of AW500 pellets, 
achieved through the decomposition of hydrogen peroxide to produce 
oxygen in situ. This work is complemented by detailed advanced X-ray 
computed tomography (CT) imaging to observe the retained bubble 
populations, as applied recently to similar sediment and bubble systems 
(Fan et al., 2020; Anzoom et al., 2024; Liu et al., 2018), with a focus on 
analysing their size, growth and eventual release over time.

2. Materials and methods

2.1. Materials

In this study, AW500 cylindrical ion exchange pellets (Honeywell 
UOP, US) were used, matching the precise material employed in skips 
for pond water treatment at Sellafield Ltd., U.K. (NDA, 2007). Pre
liminary experiments were conducted to characterise the size and den
sity of these pellets, with the resulting distribution depicted in Fig. 1. 
The average pellet length and diameter were determined to be 6.2 mm 
and 2.8 mm, respectively. The bulk density of the pellets was measured 
at 1407 kg/m3, while the skeletal density was found to be 2157 kg/m3 

using a pycnometer. Fig. S1, within the Electronic Supplementary Ma
terial (ESM), shows a close-up image of a small pile of pellets, used to 
observe the natural angle of incline. Hydrogen peroxide (30–31 % w/w, 
Sigma-Aldrich, US) was used to generate in situ ebullition. This method 
serves as a safe and accepted analogue for the study of hydrogen gen
eration via radiolysis, with previous research confirming that gas 
composition does not significantly affect gas release or retention 
behaviour (Boudreau et al., 2005).

2.2. Dry packing of column

For each experiment, 913 g of dry AW500 ion exchange pellets were 
measured and added into a 300 mm high acrylic cylinder with a diam
eter of 118 mm, which resulted in a fill height of ~100 mm (+/- 10 mm) 
depending on initial compaction. To ensure a consistent filling rate, a 
funnel was used, with the entry point positioned at 16.5 cm from the 
cylinder’s base (see funnel in Fig. S1). This approach was chosen and 
controlled in recognition of the impact that filling rate can have on 
particle packing, as indicated in the literature (Zhang et al., 2022). The 
volume of the pellets, denoted as Vpellets, was calculated by multiplying 
the mass by the pellet density. The height, denoted as H, was measured 
with a millimetre-precision scale on the cylinder’s wall. After filling, the 
cylinder was shaken for 3 s, and the bed height was re-measured. Both 

Fig. 1. Pellet length distribution obtained from 400 pellets, measured using 
digital callipers (0.1 mm precision).

L. Driver et al.                                                                                                                                                                                                                                   Chemical Engineering Science 320 (2026) 122536 

2 



before and after agitation, the bed volume, Vbed, was estimated using the 
formula given in Eq. (1). 

Vbed = πr2H. (1) 

2.3. Gas hold-up

To investigate the gas retention fraction within a packed bed of ion 
exchange pellets, a series of laboratory-scale experiments were carried 
out, similar to those conducted by other authors (Johnson et al., 2017; 
Liu et al., 2016). Again, 913 g of dry ion exchange pellets were carefully 
added into the 118 mm diameter acrylic test cylinder and agitated for 3 
s, again giving a hight of ~100 mm with an initial bed volume of ~1194 
ml. To accurately gauge the bed’s height, measuring approximately 10 
cm, a precision scale with 1 mm accuracy was employed and mounted 
on the cylinder wall. Due to their highly porous nature (Ghasemi et al., 
2018), the pellets were required to be submerged in deionised water for 
a minimum duration of 12 h prior to the experiment in order to ensure 
complete pellet saturation. Immediately before use, water was drained 
through a valve at the base of the cylinder. A close-up image of the 
drained column is given within the ESM (Fig. S2). This rigorous process 
was deemed necessary to mitigate the possibility of unaccounted-for gas 
introduction into the system through the pellet’s pore networks. A so
lution was prepared by blending 10 ml of 30 % w/w hydrogen peroxide 
with 500 ml of deionised water (peroxide:water ratio 1:50). This solu
tion decomposes to form water and oxygen bubbles (Eq. (2)). While 
there are some differences in the thermodynamic properties of oxygen to 
the hydrogen expected in nuclear wastes, for gases of similar solubility, 
composition is expected to play a relatively limited role in bubble 
buoyancy and their retention or release within the bed (Boudreau, 
2012). As oxygen does have a slightly greater solubility, it may lead to a 
marginally higher propensity for bubble disproportionation, however. 

H2O2(l) ̅̅̅→
yields H2O(l) +

1
2
O2(g). (2) 

Assuming a complete reaction, the volume of peroxide was expected 
to decompose to a gas volume of 1175 ml, and so a similar volume to the 
total volume of the bed after gas retention. The solution was added into 
the test vessel and subsequently sealed with a lid containing a a 
connection tube initially open to the atmosphere. To gauge the volume 
of escaped gas, VE(t), from the bed, an upturned cylinder immersed in a 
water bath was used to measure the volume of water displaced, where 
the end of the collection tube was placed upon commencement of the 
tests. The experiments were recorded using a HD 1080p webcam while 
the hydrogen peroxide underwent decomposition, which was able to 
monitor both the increase in column liquid level from entrained gas, as 
well as the volume of released gas in the collection cylinder. A schematic 
representation and image of this setup can be found in Fig. 2. The tests 

were repeated four times. The in situ gas generation led to the 
displacement of the solution from the interstitial spaces between the 
pellets. The retained gas, VR(t), was estimated using the increase in 
height of the liquid line by Eq. (3), 

VR(t) = πr2ΔH(t), (3) 

where ΔH(t) is the increase in the height of the solution and r is the 
column radius. The generated gas VG(t) can be calculated using the 
retained and escaped gas volumes (Eq. (4)), assuming the bed liquid is 
initially saturated in oxygen, and thus all O2 produced is released as a 
gas. 

VG(t) = VR(t) + VE(t). (4) 

The void fraction, ε, was calculated using Eq. (5), where V(t) is the 
instantaneous bed volume: 

ε(t) = VR(t)
V(t)

.# (5) 

2.4. X-ray computed tomography analysis

The investigation of the bubble population within the bed was car
ried out using a medical-grade computer tomography scanner (GE 
Healthcare, UK) using the parameters outlined in Table 1. Two acrylic 
side-on cylinders, each with a diameter of 71 mm and length of 138 mm, 
were employed as test vessels. The reason that a different cell configu
ration was required to the gas hold-up tests, was that the CT used scans 
horizontally rather than vertically. The cell sizes were of a smaller 
diameter to enable the full cells to be scanned at sufficient resolution 
with the CT (rather than scanning only a smaller sub-volume). The cells 
were packed to a relative height of ~2/3, using a 326.8 g mass of dry ion 
exchange pellets, which were left submerged in deionising water over
night to fully saturate the pellets. The test vessels were drained and 
subjected to a vacuum to remove any naturally trapped air, ensuring 
that the generated gas bubbles originated solely from the decomposition 
of hydrogen peroxide. In the first test vessel, a 175 ml volume of 
deionised water was syphoned into the cylinder. This vessel was scanned 
immediately, and again after 240 min. This vessel is referred to as the 2 
phase test, aimed at investigating the packing fraction and serving as a 
reference for comparison. Fig. S3 within the ESM shows some example 
images of the cells and the CT scanner during operation and initial 
vacuum de-gassing.

In the second test vessel, a gas hold-up test was conducted in the 
same manner as described in Section 2.3. The solution was adjusted to 
contain 3.5 ml of hydrogen peroxide mixed with 175 ml of deionised 
water (and thus the same peroxide:water ratio of 1:50). This solution 
was pumped into the test cylinder and scanned at t = 0, 30, 90 and 240 
min. It is noted that due to the requirement to prepare the cell and 
charge the peroxide outside of the CT, there was an induction time of 5 
min before capturing the first CT scan, and t = 0 represents the point 
from which CT scanning occurs. This system is referred to as the three 
phase test and was used to investigate void fraction, bubble population 
and growth. The time-steps were selected based on previous gas hold-up 
analysis (Johnson et al., 2017).

(a) (b)

Fig. 2. (a) Schematic of the gas retention experiments, where the dashed line 
represents the surface of the bed at time, t. (b) image of filled column and gas 
collection during experiment.

Table 1 
Brivo CT385 Imaging Parameters.

Parameter Value

X-ray voltage (kVp) 120
Slice separation (µm) 625
Pixel resolution (µm) 203
Voxel size (µm3) 190 × 190 × 625
Total scan volume (mm3) 96 × 96 × 150
Total scan volume (voxels) 512 × 512 × 240
Number of slices 240
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Statistical analysis of the packing fraction and bubble populations 
was conducted using both two and three dimensional approaches. For 
each CT scan, a stack of 240 images was generated representing vertical 
slices through the test vessel. However, due to interference from the 
ends of the test vessel, image analysis was confined to the inner 200 
slices, which represented the middle 125 mm of the test vessel.

Using Matlab (Mathworks, v. R2018b), the stack of images was im
ported as a raw radiodensity distribution in matrix form. For the two 
phase test, a binary mask distinguishing black solid particles from the 
white liquid was created. The packing fraction of each slice was defined 
as the area covered by solid particles over the total area of the bed, 
including both solid and liquid components. This calculation was based 
on the number of pixels. Since the liquid phase and acrylic cylinder had 
similar Hounsfield units (HU), direct thresholding of the entire image 
would incorrectly classify the cylinder as liquid phase, hence introduce 
errors into the packing fraction calculations. To address this issue, the 
centre of the test vessel was determined for each slice in ImageJ 
(Schneider et al., 2012), a crucial step given the slight variations in the 
vessel’s alignment with the scanner due to its non-perpendicular posi
tioning. Subsequently, a circular region of interest defined by the centre 
and radius of the test vessel was extracted, ensuring that only the inner 
area of the test vessel was considered for calculations.

A similar approach was applied in the three phase test for deter
mining the void fraction in each slice. In this case, a binary mask was 
created to differentiate black bubbles from a white background con
taining both liquid solution and solid pellets. The void fraction was then 
calculated as the area occupied by the black bubbles over the total area 
of the bed, which included the solid, liquid and gas phases. An example 
of this sequence, showing the production of a binary image and 
visualised areas of extracted 3D bubbles for a particular depth slice, is 
given within the ESM (Fig. S4) at t = 240 min. 

db =

̅̅̅̅̅̅̅̅̅
6Vb

π .
3

√

(6) 

Since thresholding plays a pivotal role in image post-processing 
(Taina et al., 2008), a sensitivity study was conducted, for a radio
density threshold range between 700 and 10000 HU. Analysis suggested 
an optimal radiodensity threshold range between 850 HU and 950 HU. 
At lower values, smaller bubbles went undetected as areas of grey, while 
higher values led to some artifacts and merging of bubbles. To illustrate 
these differences, Fig. 3(a)–(d) give examples of the same depth slice at t 
= 30 min with different thresholding values. Further quantitative testing 
revealed that varying the threshold had a negligible impact on the 
bubble diameter histogram, within the same range of 850 to 950 HU. 
The bubbles in the 50th percentile (db,50) and the 90th percentile (db,90) 
exhibited variations of only 4.1 % and 6.0 % respectively, as given by the 
distributions in Fig. 3(e).

The number of mature bubbles, defined as those larger than 5 voxels 
(Johnson et al., 2017), ranged between 2650 and 2799, indicating the 
presence of several bubbles close to pixel resolution. Ultimately, the 
threshold value of 900 HU was chosen (within the 850 to 950 HU range) 
as it did not meaningfully impact the results.

Further analysis was employed to explore the size and growth of the 
bubble population. For processing, ImageJ FIJI (Schindelin et al., 2012) 
was used, and the 3D Object Counter Fiji algorithm (Bolte and 
Cordelières, 2006) was employed for identifying and labelling individ
ual bubbles. This algorithm connected voxels with the same intensity in 
adjacent slides, and provided object maps. From the object surface areas, 
A, and volume, V, the digital sphericity, Ψdig, of each bubble was esti
mated using Eq. (7): 

ψdig =
6
A

V
2
3. (7) 

Four thresholded stacks were concatenated to form a hyperstack, 
enabling the visualisation of bubble evolution over time. The ‘Image 

Calculator’ function was utilised to evaluate bed rearrangement and 
water level changes between the initial and final steps.

2.5. Discrete element method simulations

The discrete element method is a numerical technique employed in 
computational mechanics to model the behaviour of granular materials 
and individual particles. DEM excels at simulating the dynamics of 
discrete particles within large-scale systems. It places emphasis on 
modelling the interactions between individual particles (Zhong et al., 
2016), which encompass various contact forces, including friction, 
cohesion, and restitution. These forces play a significant role in deter
mining how particles respond when they come into contact. Existing 
literature demonstrates that these forces can influence mechanical be
haviours, such as particle packing fraction and structure (Tangri et al., 
2017).

DEM algorithms utilise contact detection methods to determine 
when particles are in contact with, or in close proximity to, one another. 
These algorithms are continually evolved and adapted to accommodate 

(a) (b)

(c) (d)

(e)

Fig. 3. (a)–(d) Example CT images showing an identical depth slice at 30 min, 
with different threshold radiodensity values. (e) Sensitivity of the bubble 
population to the threshold level at the same time.
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a wide range of non-spherical particle shapes (Höhner et al., 2011). 
Some are designed as general contact methods suitable for most non- 
spherical meshes, while others are tailored for specific shapes (Kodam 
et al., 2010; Kodam et al., 2010), which have been specifically adapted 
and validated for cylinders. Calibrating DEM variables is an essential 
step before proceeding with simulations to ensure the physical validity 
of the model (Coetzee, 2020). This calibration becomes particularly 
critical when working with non-spherical particles because these prob
lems tend to be more complex, and there are fewer available resources in 
the literature for benchmarking validations.

Particle contact forces are split into tangential and normal parts, 
where Fc

ij = Fn
ij + Ft

ij. The forces are calculated via the linear spring 
dashpot method (Biegert et al., 2017; Rettinger et al., 2022), as given by 
Eqs. (8) and (9): 

Fn
ij =

{
− knδijnij − ηnun

r , δi,j > 0,
0, else.

(8) 

Fn
ij =

⎧
⎪⎪⎨

⎪⎪⎩

− min
(

μ
⃒
⃒
⃒Ft

ij

⃒
⃒
⃒, ηt

⃒
⃒ut

r

⃒
⃒
) ut

r⃒
⃒ut

r

⃒
⃒
,
⃒
⃒ut

r

⃒
⃒ > 0,

0, else.
(9) 

Here, δij is the overlapping distance, kn is the spring stiffness, η repre
sents the damping coefficient, ur is the relative velocity, and μ is the 
friction coefficient.

In this DEM model, kn accounts for the elastic part of the impact, 
while η accounts for the energy lost during collision. The relationship 
between kn and η is given as Eqs. (10) and (11) (Michaelides et al., 
2022): 

η =
− 2lnen

̅̅̅̅̅̅̅̅̅
mkn

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π2 + ln2en

√ , (10) 

Tc =
2πm

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4mkn − η2

n

√ . (11) 

Here, en is the coefficient of restitution, m is the reduced mass for a 
particle pair (kg), and Tc is the collision time (s). After specifying a 
collision time, Eqs. (10) and (11) are used to compute kn and η, which 
are then used to calculate the contact forces between the particles as per 
Eqs. (7) and (8).

2.6. DEM simulation setup

Dry granular packing simulations were carried out using the lattice 
Boltzmann framework WaLBerla (Erlangen, Germany) (Bauer et al., 
2021) and are based on granular packing and rheology simulations 
(Rettinger et al., 2022). The code utilises the linear spring dash-pot 
model with a general contact detection algorithm for collision. Pack
ing fraction is given by, 

∊p =
Vp

Vt
, (12) 

where Vp is the volume occupied by particles (m3) and Vt is the total 
container volume (m3). A cylindrical container domain type, with 
heightH = 300 mm and radius r = 59 mm was used to imitate dry 
packing experiments on a 1:1 basis, as seen in Fig. 4. We note the entire 
cylinder length was simulated (rather than the 1/3 packing height used 
experimentally) to extend sensitivity analysis into the influence of 
height on packing orientation.

Six polygonal cylindrical meshes were generated using Blender 
(Blender Foundation), each comprising of 200 vertices. These meshes 
have a uniform diameter of 2.8 mm, with the cylinder length ranging 
from 2 mm to 12 mm. These were imported into WaLBerla as.obj files to 
be used with OpenMesh (RWTH Aachen University, Germany). To 

ensure that the particle length distribution aligned with the data pre
sented in Fig. 1, the unscaled meshes were applied with a fraction shape 
variant, using a diameter mass fraction distribution. Specific values for 
this diameter mass fraction distribution can be referenced in Table 2.

Particle generation commenced within the upper half of the domain, 
specifically between 0.5H and 1.0H (see Fig. 4), in a structured Cartesian 
grid formation bounded by the domain. To avoid particle overlap and 
prevent immediate particle collisions, a particle generation spacing of 
15 mm was implemented. Subsequent particle generation was confined 
to the region between 0.6H and 1.0H, a choice made to prevent excessive 
alignment of particles parallel to the bed.

The simulation employed an initial particle velocity of (0, 0, − 1) m/ 
s, without imposing a maximum velocity constraint. The initial negative 
vertical component was used to better mimic the experimental packing, 
where particles were dropped from a funnel at a small height. The mean 
particle density was not considered in this simulation, as existing liter
ature suggests that density has a negligible impact on the packing 
fraction (Zhang et al., 2022). The total bed mass was set at 900 g, 
resulting in the generation of approximately 11,000 particles. After 
reaching the target total mass, a sinusoidal shaking phase was initiated, 
spanning 2.0 s, with an amplitude of 3 × 10− 4 and a period of 0.025 s. 
The calculated Rayleigh critical timestep was determined to be 5.72 ×
10− 6 s. As a result, a uniform timestep of Δt = 5 × 10− 6 s was selected for 

Fig. 4. Particle packing setup showing the appropriate dimensions, where g 
relates to direction of gravity. The packing fraction profiles are obtained from 
the transverse x-y planes indicated in blue. Diagram is not to scale. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Table 2 
Mass fraction obtained from experimental length distribution, average pellet 
diameter = 2.8 mm.

Length 2 mm 4 mm 6 mm 8 mm 10 mm 12 mm

Fraction 0.0052 0.12 0.48 0.34 0.049 0.0015
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all simulations, with a particle collision time of 20 × 10− 6 s. The 
computational code was executed in parallel using MPI on a 40-core 
system, and the entire process required 48 h to complete.

The primary objective of these simulations was to calibrate and 
experimentally validate several key DEM parameters, including static 
friction, dynamic friction, and the coefficient of restitution (COR) 
(Zhang et al., 2022; Tangri et al., 2017; Coetzee, 2020), to accurately 
characterise the properties of the AW500 pellets. The specific parameter 
values utilised in the simulations can be found in Table 3.

3. Results and Discussion

3.1. Particle packing

For the beds generated via DEM, the particle orientation throughout 
the bed appeared to exhibit a random pattern, with no correlation to 
particle length. As an example, two dimensional packing slices from the 
DEM are shown in Fig. 5. Although it is difficult to distinguish a specific 
correlation, it is important to recognise that other literature has found 
the aspect ratio of the cylinder to have an important impact on the 
orientation of cylinders during packing. This was highlighted in studies 
by Gan and Yu (Gan and Yu, 2020) where mono-disperse packing via 
DEM simulation was conducted for cylinders of different aspect ratio. 
The results from their study found that cylinders with a low aspect ratio 
(diameter/length), 0.15 < D/L < 0.5, predominantly pack in tight 
vertically orientated layers. Once the aspect ratio reached D/L = 1.0, the 
number of particles observed to point in the vertical direction compared 
to the horizontal direction was almost evenly distributed. For the larger 
aspect ratios, these elongated particles appear to prefer horizontal 
orientation, as shown in D/L = 5.5 simulations, which agrees with the 
principle of minimum gravitational potential. This horizontal packing 
for large aspect ratio cylinders was also observed both experimentally 
and computationally in (Tangri et al., 2017). When we consider the 
aspect ratios of our six different cylindrical meshes, the total variation of 
the aspect ratio, D/L, is between 0.7 < D/L < 4.3. Accordingly, the 
variation in aspect ratio in the current study is consistent with previous 
work (Gan and Yu, 2020) with a random distribution of horizontally and 
vertically orientated particles observed throughout most of the domain.

One interesting aspect is the apparent self-organisation of particles 
when near a cylindrical wall, with evidence of directed orientation. This 
behaviour has been previously documented, as highlighted in prior 
studies (Doraia et al., 2012; Zhang et al., 2006). Furthermore, in the 
initial layer of particles positioned at the bottom of the bed (below the 
image slice shown in Fig. 5(a)) the particles had a preference for hori
zontal alignment with respect to the bottom wall, again consistent with 
previous studies (Doraia et al., 2012; Tangri et al., 2017; Gan and Yu, 
2020). This orientation at the base makes physical sense in relation to its 
higher stability in correspondence to the principle of minimum gravi
tational potential. It was observed that as the size of the bed increases, 
the geometry of the bed surface becomes more complex, causing parti
cles to settle into gaps with random orientations.

Packing fraction profiles were generated by capturing transverse 
slices at bed height intervals of 0.01 m, as depicted in Fig. 6. This 
relatively large interval size was chosen to be at the particle scale to 
capture broader structural features and trends with height, while 

avoiding potential oscillations and artifacts of a sub-particle scale. 
Notably, the packing fraction exhibits its highest values near the bottom 
of the column, primarily due to the prevalent horizontal structuring in 
this region. In general, there is also a higher packing density in the near- 
wall regions which leads to a radial variation in the packing density for 
each given slice (see Fig. 5), although such variation was difficult to 
quantify. Similar observations were made in (Zhang et al., 2006) and 
demonstrate that wall-effects can have an influence on the packing 
fraction and hence porosity throughout the bed.

Between heights of 0.02 to 0.05 m, the bulk packing fraction remains 
relatively consistent, with variations stemming from the inherent 
randomness associated with this particle packing. It is important to note 
that the packing fraction near the upper bed surface is approximately 20 
% lower compared to other regions, as the particles in this area are freely 
resting. In other areas, there are also gaps within the packing structure 
caused by unordered particle orientation, similar to that observed pre
viously (Doraia et al., 2012). Due to a combination of packing behaviour 
near walls and the variations in particle size and orientation, it is not 
surprising to observe that there is a slightly larger variation of interior 
porosity throughout the bed than would be expected in the packing of 
spherical particles (Coetzee, 2020; Zhang et al., 2006).

Results from the DEM sensitivity analysis are presented in Fig. 7, 
showing variations in average packing fraction for variations in dynamic 
and static friction, Poisson’s ratio and the coefficient of restitution. For 
example, Fig. 7(a) exhibits a reduction in packing fraction with 
increasing dynamic friction (μd), reaching a minimum value of 0.577. 
Particles characterised by lower dynamic friction tend to slide and 
reorientate more frequently over one another, resulting in an increase in 
the packing fraction (Rettinger et al., 2022). This effect becomes most 
apparent when comparing the number of particle–particle contacts at 
the two extremes of dynamic friction. For instance, in the cases of dy
namic friction values 0.2 and 0.1, the number of contacts was approxi
mately 16,000 and 28,000, respectively. This observation implies that a 
higher number of contacts corresponds to a higher packing fraction, and 
conversely, a lower dynamic friction leads to an increased number of 
particle contacts and an augmented packing fraction.

The relationship between dynamic friction and sliding particle layers 
is well documented for spherical particles, particularly for simulations 
regarding sheared granular material (Biegert et al., 2017; Dent, 1993; 
Luding et al., 1998), but is less well known for non-spherical particles. 
Our results show similar agreement with those in (Salerno et al., 2018) 
regarding the relationship between dynamic friction and packing frac
tion, although it is important to note that simulations in this paper are 
conducted with a different non-spherical shape, more similar to that of a 
rounded-edged cube.

The impact of static friction, μs, on the packing fraction was found to 
be relatively small, showing only a 0.5 % difference between μs = 0.2 
andμs = 1.0 (Fig. 7(b)). Previous work (Jurtz et al., 2019) discussed the 
relationship between static friction and particle diameter to container 
ratio for various particle shapes. For spherical particles, static friction 
has a negligible impact on the packing fraction when the ratio is 6.2. 
However, the impact of static friction is more pronounced in systems 
containing cylindrical particles. This effect is still prominent at a ratio of 
12, which is the maximum value analysed in this paper. In the current 
system, the average particle diameter to container ratio is 42.1. There
fore, it can be inferred that for cylindrical particles, larger containers are 
required to observe negligible impacts from static friction. However, 
further detailed analysis would be required to confirm this observation.

Poisson’s ratio characterises a material’s response to axial 
compression under an applied load. In this study, an increase in the 
Poisson’s ratio from 0.1 to 0.5 led to a slight decrease of 0.14 % in the 
packing fraction (Fig. 7(c)). Given the relatively small bed mass of 900 g 
used in this study, the compressive forces acting on the particles are 
minimal. Consequently, slight variations in packing fractions are pri
marily attributable to the inherent randomness of the packing, which 
can vary from simulation to simulation.

Table 3 
DEM parameters used in simulations. Here, ‘COR’ refers to coefficient of resti
tution, while μd and μs are the dynamic and static friction respectively.

Simulation No. DEM parameters

COR Poisson’s Ratio μd μs

1,2,3 0.1 0.1–0.5 0.5 0.5
4,5,6,7 0.1–0.9 0.1 0.5 0.5
8,9,10,11,12 0.2 0 0.2–1.0 0.2
13,14,15,16,17 0.2 0 0.2 0.2–1.0
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Fig. 5. Transverse slices of post-processed DEM packing simulation. White represents the AW500 pellets and black represents the voids. Here, (a) is 2 mm from the 
container bottom, (b) is 4 mm from the container bottom and (c) is 6 mm from the container bottom.

Fig. 6. DEM average simulated packing fraction profile with respect to bed height for two friction factors.

Fig. 7. Effect of DEM coefficients on packing fraction, where (a) is dynamic friction, (b) is static friction, (c) is Poisson’s ratio and (d) is the coefficient of restitution.
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It is important to acknowledge that Poisson’s ratio can have a more 
pronounced impact in larger and heavier systems, as observed in the 
context of the Sellafield facility and detailed in the literature (Castro and 
Radl, 2024; Ghods et al., 2022; Pongó, 2023). In such settings, AW500 
pellets can undergo crushing, potentially turning into a coarse powder 
even under relatively light loads. While we do not possess specific 
detailed information on this process, it raises the possibility that pellets 
located at the bottom of the skips might experience pulverisation or 
other forms of deformation. This compression effect arises from both the 
weight of the pellets and the pressure exerted by the water in the nuclear 
legacy waste ponds, which could lead to deviations in expected gas 
retention at the bottom of the bed. This consideration links back to the 
diverse conditions that can influence gas entrapment within coarse 
granular materials, as mentioned in the introduction. Factors like vari
ations in the overhead pressure and differences in material shape and 
size distributions at the bottom of the zeolite skips may facilitate the 
accumulation of trapped gas. It is plausible that the presence of higher 
pressures and the subsequent reduction of the pore structures in 
industrial-scale applications could result in significant disparities be
tween actual gas retention behaviour in zeolite skips and what is 
observed in laboratory-scale simulations. This suggestion agrees with 
the literature on pore-scale modelling and other techniques/observa
tions for bubble migration and entrapment in sediments (Katsman and 
Painuly, 2022; Mahabadi et al., 2018; Yang et al., 2018).

The coefficient of restitution is defined as the ratio between the final 
and initial velocities of a particle collision. Equation (10) (see Section 
2.5) illustrates the relationship between the COR and the damping co
efficient, where an increase in the COR leads to a decrease in the 
damping coefficient. The damping coefficient serves to reduce the 
amount of transferable kinetic energy between particles during colli
sions. Consequently, a higher COR yields more energy available for 
particle rearrangement, ultimately increasing the packing fraction. This 
relationship is visually depicted in Fig. 7(d), where an increase in the 
COR from 0.1 to 0.9 results in a 4.1 % increase in the packing fraction. 
These results show strong agreement with the literature, particularly 
with (Wang et al., 2021) who explored the effects of COR on DEM 
simulated polydisperse sphere beds.

Fig. 7 also highlights the importance of the simulated shaking stage 
in consolidating the particle beds. The shaking stage imparts kinetic 
energy to the particles, enabling them to re-orientate and slide into 
available empty spaces. This dynamic action leads to a notable 2–3 % 
increase in the packing fraction for μd, μs, and v, with no dependency on 
the coefficient value. However, in the COR case, the influence of shaking 
diminishes at higher COR values, where the kinetic energy is rapidly 
transferred to adjacent particles. The vibrational energy is distributed 
across the entire domain, lacking a distinct focus area for its impact. This 
accounts for the relatively minor changes in packing fraction observed at 
higher COR values.

As described in Section 2.2, dry packing physical experiments with 
the AW500 pellets were carried out using an identical domain size to the 
DEM. The pellets were funnelled into a 118 × 300 mm2 measuring 
cylinder. The packing fraction averaged over 5 experiments was 0.561 
with a standard deviation of less than 0.01. Comparing this to the DEM 
sensitivity analysis, the AW500 pellets can be described using 0 < en<

0.2 and 0.8 < μd < 1.0. When these parameter values are applied, the 
predicted packing fraction aligns closely with experimental results, 
yielding a value of approximately 0.58. This minor discrepancy repre
sents only a 4 % deviation from the experimental data. Regarding the 
static friction, preliminary pile tests resulted in an angle of repose of 41 ◦

(see Fig. S1) and calculated static friction of 0.87. Perhaps most 
importantly, the consistency in average packing and density profiles 
from the DEM data give confidence in the reliability of packing in the 
vertical column tests and smaller horizontal CT cells. Outside of some 
horizontal alignment in the base, general random alignment of pellets 
was maintained throughout the height. This result evidences our 

assumption that the packing profile should also be self-similar between 
the experimental column and the CT cells.

3.2. Gas retention experiments

The gas hold-up and release tests using 10 ml of hydrogen peroxide, 
H2O2, were repeated four times, referred to here as Tests 1–4. Fig. 8
presents (a) the total gas generated over time for the four tests, (b) the 
total gas hold-up in the bed, and (c) an example of the gas generated, 
retained and released. At 25 ◦ C and 1 atm, 10 ml of 30 % w/w hydrogen 
peroxide contains 0.098 mol H2O2 which decomposes to 0.049 mol O2 
(Eq. (2)). Thus, a volume of 1174 ml of oxygen was expected to be 
generated. However, in practice, a volume slightly greater than the ex
pected value, 1285 ± 195 ml of oxygen was generated, shown in Fig. 8

Fig. 8. (a) Gas generation profiles, (b) percentage of retained gas at 300 min for 
the four gas hold-up tests with 10 ml of hydrogen peroxide and (c) gas gener
ation, retention and release profiles for Test 4.
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(a).
There are two likely reasons for this discrepancy. Firstly, when the 

solution was added to the cylinder, air may have already been trapped 
within the bed of pellets which as the peroxide decomposed may have 
dislodged and been released as bubbles of air. Secondly, fluctuations in 
temperature and the precision of the syringe used to measure the 
peroxide can cause variation in the gas generation measurements. 
Indeed, between the four tests, variation in gas generation was +/- 10 %. 
Nevertheless, in general, there was very good consistency in the overall 
behaviour and level of gas retained within the beds.

Similar gas hold-up was observed for all four tests and by 300 min 
each bed of ion exchange pellets had a retention of 7.4 ± 0.4 % of the 
final gas volume, as shown in Fig. 8(b). This level indicates a relatively 
low maximum percentage of gas that can be held up within the AW500 
ion exchange pellets, compared to prior work on cohesive nuclear waste 
sludges (Johnson et al., 2017; Johnson et al., 2018), at which point 
further gas generation results in a balanced release of bubbles. In terms 
of gas generation rate, the total gas production time (at ~5 h) was also 
similar to previous work using peroxide decomposition (Johnson et al., 
2017). The initial production rate is relatively high, due to the catalytic 
action of the pellets themselves, and likely above average generation 
from nuclear wastes (Sherwood and Eduardo Sáez, 2014) although such 
are situation dependent and difficult to quantify. Nevertheless, the in
fluence of production rate on final bubble population and sizes may not 
be significant. Outside of extremely low generation rates (where oxygen 
may dissipate as dissolved gas in the liquid) bubble nucleation and 
growth will be influenced more through the relative heterogeneity of the 
surface sites on the pellets. As the volume of gas produced is far above 
equilibrium hold-up limit of the bed, a reduced generation rate may 
simply lead to longer induction times before maximum hold-up is 
reached.

Fig. 8(c) shows an example of the gas generation, retention, and 
release profiles (Test 4). Bed retention equated to 5 % of the final gas 
volume within the first 10 min. Maximum gas retention occurred shortly 
after. At this point, it appears all subsequent gas generated was released, 
albeit some minor fluctuations were observed where gas was tempo
rarily retained before being released. There are two main mechanisms 
for the continued gas release. Either, as observed in previous work with 
cohesive sludge, continuous bubble networks or fissures form that act as 
fast release pathways (Liu et al., 2018; Johnson et al., 2019; Liu et al., 
2016), or alternatively, bubbles are coalescing to a point where there is 
large buoyant release. Thus, X-ray CT analysis was used to investigate 
the bubble size and structures within the bed.

3.3. X-ray computed tomography analysis

The void fraction for the test vessel was determined by calculating 
the mean value across the 200 slices. The corresponding values are 
presented in Fig. 9, revealing a maximum void fraction of 0.056 
observed at the 240 min scan. It is essential to note ~5 min elapsed 
before capturing the first CT scan, due to the requirement to prepare the 
cell and charge the peroxide outside of the CT, which is why the void 
fraction at timet = 0 stands at 0.015. This initial period is in alignment 
with the laboratory-scale retention tests where ebullition occurs within 
the first few minutes to tens of minutes.

As also shown in Fig. 9, the CT test exhibits a comparable gas 
retention profile with time to the laboratory-scale tests, notably with 
Test 1, although it registers lower final void fraction values. Nonethe
less, as with the laboratory-scale tests, final hold-up is achieved within 
60 min, with a significant majority < 30 min. The discrepancy in the 
final gas hold-up may be partially attributed to the cell preparation 
outside of the CT, where some agitation on transport may have led to 
some additional gas release. Also, there are likely limitations from the 
CT voxel resolution, where small gas bubbles may not be resolved and 
will be missed from the calculated total void fraction (with < 1 mm 
diameter bubbles unable to be resolved). Additionally, as discussed in 
Section 3.1, the packing of particles within the bed is influenced by the 
bed height. The relatively lower bed height combined with the hori
zontal orientation of the CT cell (as opposed to an upright cylinder) 
allowed for a higher portion of pellets to be freely resting, potentially 
resulting in a less densely packed bed. It is assumed that this, in turn, 
may have facilitated easier gas release from the pore network.

After verifying the bulk hold-up performance, the gas void fraction 
measured from CT was analysed to determine the spherical equivalent 
diameter bubble populations. Fig. 10 presents the averaged cumulative 
50th percentile (db,50) and 90th percentile (db,90) bubble sizes at the four 
scan times (t = 0, 90, 120, 240 min). The average bubble sizes are 
observed to grow larger over a similar timeframe of the bulk hold-up 
increase, before equilibrating. As bubbles grow larger, buoyant release 
will become more favourable, perhaps suggesting this mechanism is 
responsible for defining the dynamic limit of gas hold-up in the bed.

In Fig. 11, the sphericity of the bubble populations is analysed over 
time, with respect to bubble count and their total volumes (inset). The 
average sphericity with respect to bubble count is relatively stable over 
time at 0.6–0.7, which suggests some elongation in bubbles is occurring 
due to gas bubbles exploiting pores penetrating between grains. Inter
estingly, when one considers changes with respect to bubble volume 
(Fig. 11 inset) there is a shift to less spherical bubbles over time (espe
cially at 240 min). This change suggests behaviour may be dominated by 
a relatively small amount of large coalesced bubbles between the pore 
networks, which further elongate their average shape.

To probe the dynamics of the system further, image subtraction and 
hyper-stacking of the data at different times was used to assess the 
movement of both the pellets and the bubbles, to capture the effect of 
coalescence and buoyant movement. Results are illustrated in Fig. 12. In 
Fig. 12(a) is given the two phase (pellet liquid) displacement (with the 
contrast set to ignore the gas volume). The data processing involved 
subtracting the initial bed image from the final one, effectively illus
trating the movement of pellets and the rise in water level over the 240 
min observation period. It was evident that most of the pellet rear
rangement occurred near the top of the bed, with minimal movement 
occurring in the lower section. This observation aligns with the notion 
that more gas bubbles are retained in the lower region of the bed. This 
effect is likely because bubbles either formed at the top of the bed or 
those that rise under buoyancy are more likely to escape, due to the 
lower surface stresses and relative ’free’ movement of the upper pellets.

In terms of the bubble movements (Fig. 12(b)), the precise mecha
nism of gas release appears to be a combination of initial pore invasion 
and network migration through capillary networks, along with some 
cavity expansion, resulting in buoyancy driven ebullition of larger 

Time (min)

Fig. 9. Gas void fraction within the pellet beds with respect to time for the four 
laboratory-scale tests compared to the CT data.
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coalesced bubbles, mostly within the upper section. The evolution of 
bubbles throughout the stack is inconsistent, with some gas pockets 
expanding (labelled as α) while others are shrinking (labelled as β) in an 
unpredictable manner. Bubbles located along the cylinder’s side 
appeared to migrate slightly towards the bed surface, possibly influ
enced by the packing behaviour along the cylinder walls. There will also 
be some bubble wetting behaviours (Xiao et al., 2022) caused by the 
different roughness of the wall in comparison to the AW500 pellets. 
Surface tension and gas contact angles will also play a role in the 
different rates of gas migration throughout the system (Lee et al., 2020; 
Clift et al., 2005). Unlike the DEM simulations, there appears to be a less 
compact packing along the edges.

Additionally, from Fig. 12(b), the bubbles in the top third of the bed 
that were present at either 30 or 90 min had dissipated by 240 min, 
confirming that once the bubbles are in the top third of the bed they are 
easily released from this low strength environment, due to the loose 
packing and movability of the pellets in the upper third of the bed. No 
bubbles are observed in the top third after 240 min, which suggests a 
quick migration once entering this region. In comparison, most bubbles 
at the bottom of the bed retained their location and shape throughout 
the whole duration of the experiment. Moreover, considering the large 
size of the bubbles retained by the pellets by the end of the experiment, it 
seems that the location of the gas pocket has more impact on the 
probability of being released than the diameter of the pocket. This re
inforces the idea that the height of the bed is likely directly proportional 

(a) (b)

t = 0 min
t = 30 min
t = 90 min
t = 240 min

Fig. 10. Cumulative bubble distributions from CT analysis for t = 0, 30, 90, 240 min (a) and evolution of 50th and 90th percentile measured bubble diameters with 
respect to time (b).

Fig. 11. Bubble volume and sphericity distribution at different times from 
CT analysis.

Fig. 12. X-ray tomographs showing bubble mobility. Here, (a) is the liquid–solid fluid level rise and pellets migration between t = 0 min and t = 240 min obtained 
through image subtraction, picturing the movement pellets and liquid at the bed surface (grey areas with red outline). Also given is (b), hyperstacked scans displaying 
the evolution of bubble clusters over time, including overlap areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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to the percentage of gas retained by the bed. These observations are 
consistent with the bubble migration behaviours observed in (Johnson 
et al., 2017) who also evidenced enhanced bubble migration within the 
top third of a bed, although with cohesive magnesium hydroxide 
sludges.

4. Conclusions

This study investigated particle packing and gas retention in ion 
exchange pellet beds, of primary importance in the assessment of the 
hydrogen risk in nuclear storage sites (Le Clere, 2011; Ahmed, 2019). It 
combined discrete element modelling of column packing to inform an 
understanding of the void fraction and pore structure of the beds, along 
with experimental gas hold-up measurements and three phase X-ray CT 
analysis. The DEM calibration process has provided valuable insights 
into the recommended parameter range for the AW500 pellets employed 
at the Sellafield facility in the UK. Specifically, the optimised values for 
dynamic friction, static friction, and the coefficient of restitution fell 
within the ranges of 0.8–1.0, 0–0.2, and 0–0.2, respectively. The cali
bration process was also instrumental in achieving a packing fraction 
that exhibits only a minor 4 % deviation from experimental data. Also, 
the relative importance of the dynamic friction coefficient on equilib
rium packing fractions was highlighted.

Laboratory-scale gas hold-up experiments suggested a bed retention 
gas fraction of ~7 %, which builds-up largely within the first 30 min of 
generation. This retention is particularly significant, because it occurs 
while a continuous release of further gas is ongoing, suggesting a dy
namic equilibrium is established where the bed is mechanically unable 
to retain further gas. In parallel, CT imaging of the bubble population 
provided critical insights, indicating that large bubbles become less 
spherical over time, likely from pore invasion, partial cavity expansion 
and secondary coalescence. These mechanisms led to bubbles located in 
the upper portion of the bed being more likely to be released buoyantly, 
compared to those situated in the bed’s lower regions. This difference in 
release probability is attributable to variations in packing fraction with 
height, underlining the importance of bed height in gas retention 
behaviour. Overall, results indicate that the pore network channels 
within the pellet beds are large enough to achieve relatively steady gas 
release, which should result industrially in a reduced risk of sudden 
hydrogen rollover events occurring.
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