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HIGHLIGHTS

Dry NaBH, is free-flowing, but is af-
fected by moisture and time consolida-
tion.

Time consolidation increases cohesion
and reduces the flowability of NaBH,.
The effects of time consolidation on
NaBH, are reversible with minimal agi-
tation.

Elevated moisture content accelerates
time consolidation effects.

The impact of moisture on the flowa-
bility of NaBH, is stronger for smaller
particles.
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ABSTRACT

Sodium borohydride (NaBH,) is increasingly considered as an alternative fuel for maritime vessels due to
its relatively high energy density. When stored in dry solid form, it is a granular material, similar to coal,
starch, and iron ore. As NaBH, is historically used in the chemical industry in aqueous solutions, virtually no
details regarding its behaviour as a solid granular material are known. Therefore, after determining particle
properties such as size, shape, and density, this study characterises granular NaBH, in three flow regimes using
three experimental setups. Ring shear tests are used for the quasi-static regime, ledge tests for the dense flow
regime, and rotating drum tests characterise both dense and gaseous flow, depending on the rotational speed.
Various operational conditions, including temperature, humidity, time consolidation, and handling stresses,
are taken into account. Experimental results demonstrate that above a threshold temperature and humidity,
NaBH, readily absorbs moisture from ambient air but remains free-flowing for most scenarios. However, time
consolidation can transform this free-flowing material into a very cohesive substance. While this cohesiveness
is reversible, requiring minimal agitation, the transformation from free-flowing to cohesive is accelerated by
elevated moisture contents and a reduced particle size. Additionally, handling stresses were found to have
minimal effect on the flow behaviour and characteristics of NaBH,. These findings are ultimately used to derive
implications for the design of handling and storage equipment for NaBH,, enabling its use as an alternative
fuel for maritime vessels.
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1. Introduction

Hydrogen is increasingly considered as an alternative fuel to reduce
global emissions and battle climate change [1]. However, next to being
the most abundant material in the universe, it is also the lightest,
giving hydrogen a very low gravimetric energy density. This can be
slightly improved by pressurising hydrogen to 700 bar or cooling it to
—253 °C, both requiring thick-walled storage tanks to withstand the
pressure or provide thermal insulation [2]. A more promising solution
in terms of energy efficiency is to store hydrogen in carrier materi-
als, such as sodium borohydride (NaBH,), a so-called solid hydrogen
carrier [3]. NaBH, is a granular bulk material, such as salt, sand, or
iron ore, that has a higher energy density than pressurised or liquefied
hydrogen, while at the same time it can be stored under ambient
conditions. Many studies have already shown its potential [4-13], but
using NaBH, as a fuel still presents challenges [14,15]. For example,
because sodium borohydride is a granular material, its flow behaviour
differs substantially from that of any conventional liquid or gaseous
fuel. Compared to fluids, granular materials have effective internal
friction and often cohesion between the individual grains, so the design
of handling and storage equipment - e.g., silos, screw conveyors,
and pneumatic conveying systems — for granular materials requires a
thorough understanding of the material’s behaviour first. Neglecting
this could result in malfunctioning equipment, leading to, e.g. delays
in vessel and port operations. In our previous study [16], we discussed
the various properties of NaBH, relevant to equipment design that
define the flow behaviour, referred to as mechanical characteristics,
and highlighted that virtually none of these characteristics are reported
in literature.

These mechanical characteristics can be measured. However, it
is essential to recognise that they are not constant but depend on
the prevailing flow regime [17-20]. Three flow regimes are typically
distinguished. First, a quasi-static regime is defined, characterised by
low flow velocity, where inertia forces of the individual grains can be
neglected and the confining stresses dominate the behaviour. Second,
a gaseous regime can be defined for high velocities. Here, the flow
resembles the behaviour of a gas; grains are far apart and kinetic energy
is high, and therefore inertia forces dominate the behaviour. Third, in
between these regimes is a dense flow regime, where neither inertia
nor confining stresses dominate the flow. The flow regime relevant for
an application can be identified using the inertial number I, the ratio
of inertia forces to confining stresses, and can be defined for confined
and free surface flow as follows [20]:

I= rd For confined flow (€8}
Ve/p
I= B vd For free surface flow 2)

2 hy/ghcos(0)

where y is the shear rate [1/s], d the particle diameter [m], ¢ the
normal stress [Pal, p the bulk density [kg/m3], V the mean velocity
[m/s], h the layer thickness [m], and 6 the inclination of the flow [deg].
Using I, the three flow regimes can be described as follows [17,20-22]:

+ Quasi-static regime: I < (1073 = 1072)
+ Dense flow regime: (1073 = 1072) < I < (0.1 = 0.3)
+ Gaseous flow regime: I > (0.1 —0.3)

Note that the regimes are not sharply defined due to the mechanical
characteristic known as the coefficient of restitution (e). For higher
coefficients of restitution, granular flows transition to another regime
at lower I [20]. Additionally, the surface friction affects the colli-
sion mechanisms (frictionless, sliding, or rolling), mainly within the
dense flow regime [23-25]. For illustration purposes, the flow regime
boundaries are shown as a function of stress and particle diameter for
different values of the coefficient of restitution in Fig. 1.

Typically, gaseous flow is observed at a silo inlet, while the flow
inside the silo and the discharge flow of the hopper can be characterised
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Fig. 1. Flow regime as a function of stress and particle diameter.
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Fig. 2. Samples of the NaBH, used for this study with (a) granules and (b)
powder.

as quasi-static or dense flow, depending on i.e. the dimensions of
the equipment [26-28]. Flow in screw conveyors is quasi-static or
dense, depending on the rotational speed [29], and flow in pneumatic
conveyors can be either dense or gaseous [30]. Consequently, any
design of handling and storage equipment requires knowledge of the
flow behaviour and mechanical characteristics of NaBH, in and across
the flow regimes. Even more, next to the flow regime, operational con-
ditions such as the temperature and relative humidity of the ambient
air, handling (repeated stress impact), and time consolidation (com-
pression for an extended period) can significantly alter the mechanical
characteristics and lead to e.g., changes in cohesion, internal friction,
wall friction, and flowability [31-38], and should therefore be taken
into account when characterising granular materials.

To the best of our knowledge, this is the first comprehensive study
to investigate the mechanical characteristics of NaBH, across distinct
flow regimes while also examining the influence of varying operational
conditions relevant to handling and storage equipment design. To this
end, we first describe the material properties of NaBH,. Next, we
provide an overview of the experimental setups and how these are
used to identify the effect of varying operational conditions and the
different flow regimes. We then present the result of the experiments
and conclude with the implications of these findings on handling and
storage equipment for the bunkering of NaBH,.

2. Materials and methods
2.1. Materials

The materials used for this study are NaBH, granules (< 5 mm)
and powder (< 1 mm), shown in Figs. 2(a) and 2(b), respectively. Both
have a reported purity of 98% or higher, with a moisture content below
0.3%, and a molecular weight of 37.83 g/mol [39].

2.2. Material properties

To determine the particle size of the NaBH,, both sieving analysis
and laser diffraction are used, and the NaBH, was sampled before and
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Table 1
Particle shape analysis (number) of NaBH, granules and powder with imaging (2D).
Sample Property D10 D50 D90 Mean Span
Circularity 0,808 0,858 0,897 0,855 0,104
Granules Convexity 0,911 0,938 0,956 0,936 0,048
064 particles Aspect Ratio 0,559 0,728 0,896 0,724 0,463
P Width 1.75 mm 2.57 mm 3.50 mm 2.60 mm 0.530
Length 2.57 mm 3.52 mm 4.64 mm 3.58 mm 0.434
Circularity 0,824 0,906 0,954 0,898 0,143
Powder Convexity 0,933 0,975 0,992 0,972 0,061
0749 particles Aspect Ratio 0,512 0,736 0,902 0,722 0,530
P Width 162 pm 267 pm 366 pm 270 pm 0.610
Length 202 pm 337 pm 476 pm 340 pm 0.686
Table 2
1007 — Powder - as received Skeletal density of NaBH, samples with 95% confidence interval.
—— Granules - as received
9 Skeletal Density of Measurements Mean  95%CI
E NaBH, [g/cm’] (sample size: 39-45 g)
=
e Granules 1.045 1.046 1.051 1.047 [1.039-1.056]
g Powder 1.077 1.077 1.078 1.077 [1.076-1.079]
3
2
B
3
£
o digital colour camera. Due to the difference in size, samples of NaBH,
granules and powder were prepared and processed slightly differently.
10° Granules were manually dispersed on an object glass, and due to the

Particle Size [mm]

Fig. 3. Particle size distributions (mass) of NaBH, granules (N = 5) and
powder (N = 25) as received from CPH Chemicals. Coloured bands represent
the 95% confidence interval.

after experiments. Sieve analysis proved well suited for the granules,
but the powder showed too much cohesion and adhesion for the
equipment to reliably measure the particle size distribution (PSD) in
this manner. Hence, laser diffraction is used to determine the PSD of
the powder samples. The particle shape was analysed with imaging to
provide a 2D shape representation of the NaBH, samples. The particle
density analysis was determined using gas pycnometry with helium.

Particle Size: Sieve Analysis and Laser Diffraction

For the granules, sieve analysis is carried out following the ASTM
C136/C136M-19 Standard Method for Sieve Analysis of Fine and
Coarse Aggregates, using the Haver & Boecker Test Sieve Shaker. A
stack of 7 sieves with the following (square) mesh sizes was used:
4.0 mm, 3.2 mm, 2.8 mm, 2.0 mm, 1.4 mm, 1.0 mm, and 0.71 mm. For
each measurement, 200 g of material is charged in the top (4.0 mm)
sieve. Each sample is sieved for 9 min with 15-second intervals and an
amplitude of 1 mm. After 9 min, the remaining NaBH, on each sieve is
weighed with a scale (Kern EMS 12K0.1), and as such, a particle size
distribution can be obtained for each sample. In total, 5 samples are
sieved, and the resulting PSD can be seen in Fig. 3.

For the powder samples, laser diffraction measurements were per-
formed with the Malvern Mastersizer 3000. Because the maximum
sample size per test is limited (approx. 5 g), five powder samples are
taken for each granule sample of the sieve analysis, totalling 25 powder
samples. Each sample is drawn through the device, past the lasers, with
an air pressure of 2 bar. The feed rate was manually adjusted such that
the flow is sufficiently slow to make accurate measurements (incorrect
measurements will be indicated by the software). The mean particle
size distribution with the 95% confidence interval of the 25 samples is
shown in Fig. 3.

Particle Shape: Imaging

Imaging was used to obtain information regarding the shape of
NaBH, powder and granules. The analysis was carried out with the
Malvern Morphology G3SE with a Nikon CFI Brightfield/Darkfield
inspection microscope (Eclips L200ND) and a Baumer 5 M pixels CCD

rather large particles, a magnification of 2.5x is sufficient. To achieve
an accurate focus across the entire body of small and large three-
dimensional particles, up to 4 images at different focal points are
taken of a particle and then merged to provide a single composed
image. As the powder particles are much smaller, samples (19 mm?)
were dry dispersed in air with the aid of the Solid Dispersion Unit
(SDU) on an object glass with the following settings: an air pulse of
1 bar during 20 ms and a settling time of 600 s. Due to the (rather)
narrow particle size distribution and small particles, a magnification
of 5x is used. To achieve an accurate focus across the entire body of
small and large three-dimensional particles, up to 6 images at different
focal points are taken of a particle and then merged to provide a
single composed image. During the analysis for both samples, a gas
flow of nitrogen was blown over the samples to minimise moisture
uptake, as otherwise only droplets were present on the object glass
after the measurement. The circularity, convexity, aspect ratio, width,
and length of the particles are presented in Table 1. D10, D50, and
D90 denote the particle diameters at which 10%, 50%, and 90% of
the sample’s cumulative distribution is reached, respectively. The span,
calculated as (D90-D10)/D50, is a measure of the width of the PSD.
Note that the imaging results are based on the number of particles, not
mass, and provide a 2D representation of the particles. Therefore, a
high circularity does not mean a high sphericity, and also, the convexity
might be different if a 3D view of the particles is considered.

Particle Density: Gas Pycnometry

The particle density of the NaBH, powder and granules is deter-
mined using gas pycnometry with helium. The experiments are carried
out with the Anton Paar Ultrapycnometer 5000 at a temperature of
25 °C, in accordance with standard ISO 12154:2014.1. Three samples of
39 g - 45 g each were used to analyse the NaBH, granules and powder,
and the results of the analysis are shown in Table 2.

Moisture Analysis

The purchased NaBH, is reported to contain up to 0.3% moisture,
and for both granules and powder, this is verified according to the
ASTM Standard Test Method for Total Evaporable Moisture Content of
Aggregate by Drying. The moisture absorption characteristics of the
purchased NaBH, samples were not provided by the supplier and will
therefore be investigated in the method section.
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Fig. 4. Hygroscopic behaviour of NaBH, granules (31-66 mg) and powder
(40-64 mg). Accuracy of the humidity sensor is +1 RH%. Relative humidity
levels are kept constant for 90 min and increased in steps of 5%. Each
combination of temperature and sample size is executed once (N = 1). The
microbalance has a resolution of 1 pg, and a baseline drift of 1 pug per week.
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Fig. 5. Moisture absorption of NaBH, granules (200.3 g) and powder
(200.3 g). T = 20-21 °C, RH = 65%-70%. N = 1.

2.3. Methods

In the experiments presented in this study, NaBH, is often exposed
to ambient air. Due to its hygroscopic nature [40] it can absorb mois-
ture from the air, effectively changing the sample during experiments.
While sufficiently dry air (< 19% RH) prevents moisture uptake [41],
the critical humidity threshold is temperature-dependent [42], and, to
the best of the authors’ knowledge, it is still unknown whether mate-
rial properties such as particle size affect this. To this end, Dynamic
Vapour Sorption experiments with the IGAsorp Dynamic Vapour Sorp-
tion (DVS) Analyser are conducted. The primary goal of this experiment
is to identify a range of RH levels at which NaBH, starts to absorb
moisture, and how this onset is affected by temperature. Samples of
NaBH, (31-66 mg) are exposed to a flow of nitrogen gas (250 ml/min)
with a predefined relative humidity. The relative humidity is increased
in steps of 5% and held for 90 min. This allows for observing moisture
absorption behaviour without the need to reach equilibrium at each
step. This procedure is repeated using multiple temperature settings,
effectively quantifying the combined effect of temperature and relative
humidity on moisture absorption onset of the NaBH, samples.

Fig. 4 illustrates the relation between temperature, humidity, and
particle size on the hygroscopic behaviour (more elaborate data of
the DVS tests can be found here [dataset] [43]). The IGAsorp DVS
Analyser has an accuracy of 1% RH. Although the measurements were
not repeated, the data clearly shows that, except at 10 °C, the granules
absorb more moisture than the powder at the same humidity level.
Furthermore, the threshold for moisture absorption is temperature-
dependent: no significant moisture uptake occurs below 10 + 1% RH,
and only minimal moisture absorption is observed at higher temper-
atures within the range of 10 + 1%<RH< 25 + 1%. Above 25 + 1%
RH, moisture absorption appears consistent for each humidity level,
suggesting that equilibrium has not yet been reached. Additionally, for
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Fig. 6. Methodology for experimental characterisation of NaBH,.

all temperatures except 85 °C, the moisture absorption rate continues to
increase with increasing humidity, while at 85 °C it appears to decline
at the highest humidity levels. However, the sample size of the DVS test
is relatively small. To gain further insights into the moisture absorption
behaviour on a laboratory scale, approximately 200 g of both granules
and powder were exposed to ambient air (RH > 26%) for 6 h, and the
weight was measured every 30 min. The results are shown in Fig. 5,
and we can conclude that both granules and powder absorbed moisture
at a slow, steady rate, with powder consistently absorbing more than
granules. The results indicate no signs of saturation. After 6 h, visible
caking was observed on the powder surface, while granules appeared
largely unaffected.

Methodology

In the remainder of this section, the experimental setups that are
used to characterise the flow behaviour of NaBH, are discussed. First,
ring shear tests (Schulze Ring Shear Tester RST-01.pc) characterise
the behaviour of NaBH, in the quasi-static regime. Second, the ledge
test is used to determine the behaviour in the dense flow regime, and
a rotating drum (GranuDrum) is used to characterise both the dense
flow and the gaseous flow regime. Next to this, the effect of rele-
vant operational conditions — temperature, relative humidity, handling
stresses, and time consolidation stresses — expected for handling and
storage equipment are also taken into account, schematically shown
in Fig. 6. Note that the stress-related conditions — handling and time
consolidation — are physical, meaning that the grains are repeatedly
and/or for an extended period of time compressed and decompressed.
We compare exposed and non-exposed samples, and from the difference
in response, we can derive the effect on flow behaviour. Environmental
conditions, on the other hand, act through a medium, in most cases,
air. Similar to the stress-related conditions, we compare the response of
samples exposed to different environmental conditions to derive their
effects. It is important to note that we do not directly observe the effect
of relative humidity. Instead, we test the effect of moisture content
in the samples, which is affected by relative humidity. By accounting
for moisture content, we can better understand the impact of relative
humidity on the samples.

Ring Shear Tests

Ring shear tests are used to characterise NaBH, in the quasi-static
flow regime, and experiments are performed with the Schulze Ring
Shear Tester (Fig. 8(a) [44]), according to ASTM Standard D-6773 —
Standard Test Method for Bulk Solids Using Schulze Ring Shear Tester.
The annular shear cell is manually filled with NaBH, (approximately
500-600 g), and the lid is placed on top. A weight (Fy) and counter-
weight (F,) ensure that the lid presses on the sample with the desired
normal stress. The cell rotates with angular velocity w, shearing the
sample. By measuring the force on the load beams (F; and F,), the
effective shear stress transferred by the sample is monitored. Individual
yield loci are measured for granules using the preshears and normal
stress levels shown in Table 3, with a new sample for each yield locus.
For all experiments, the shear velocity v = wr is set to 1.5 mm/min.
Measurements for individual yield loci are repeated three times. Each
yield locus is analysed to derive the following metrics, as shown in
Fig. 7: effective internal friction (¢,), cohesion (z.), unconfined yield
strength o,, consolidation strength (s,), and flow function constant
(ff.). The latter is defined as the ratio of the consolidation stress to the
unconfined yield strength: ff, = ¢, /0., and is used to classify the flow
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Fig. 7. Yield loci analysis.

Table 3
Individual ring shear test stress levels.

Colours highlight similar stress levels.
Pr[klz(slil:]ar Normal Stress Levels [kPa]
20 4,0 11,2 16
16 852 = 9,6 12,8
12 2,4 4,8 7,2 9,6
8 1,6 | 32 | 48
4 08 | 1,6 | 24 | 32
2 04 | 08 | 1,2 1,6
1 02 | 04 | 06 | 08
Table 4

Flowability according to the flow function con-
stant (ff,) [45].

Flow function constant fre

Not flowing <1

Very cohesive 1<ff, <2
Cohesive 2<ff. <4
Easy-flowing 4 <ff. <10
Free-flowing > 10

behaviour into different regimes — from free-flowing to not flowing —
according to Table 4. The bulk density (p,) of the samples is derived
using the vertical displacement of the shear cell lid. Ambient conditions
during the experiments — 20-25 °C and 30%-50% RH - are assumed to
have minimal on the samples during experiments, which is confirmed
in Section 3.6.

Effect of Handling

The effect of handling on NaBH, samples for confined flow —
attrition or breakage — due to repetitive shearing under pressure is
determined using sequential ring shear tests. These yield loci are mea-
sured using the same stress levels as the individual ring shear tests,
with an additional normal stress level, as shown in Table 5. The key
difference is that the same sample of powder and granules is used for
all yield loci, from low to high preshear levels, simulating cumulative
mechanical stress during handling. Measurements for sequential yield
loci are repeated five times, each repetition with a new sample. After
testing, the particle size distribution is measured and compared to the
"as-received’ particle size distributions, such that attrition or breakage
can be identified. Furthermore, the sequential yield loci are compared
with the individual yield loci to detect changes of effective internal
friction, cohesion, flowability, and bulk density—characteristics that
could be influenced by attrition or breakage.

Effect of Relative Humidity

To determine the effect of relative humidity, individual yield loci of
NaBH, are measured for samples containing 2%, 4%, and 6% moisture
for preshear stresses of 4 kPa, 8 kPa, and 16 kPa.

Wall Friction Tests

Where regular shear tests characterise bulk behaviour, wall friction
tests can be used to characterise material-wall interactions, effectively
measuring the friction and adhesion between the NaBH, and different
wall samples. The wall friction is measured using the Schulze Ring
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Table 5
Sequential ring shear test stress levels. Colours

highlight similar stress levels.
Preshear
[kPa]

20 1,0 | 16 11,2 | 16
16 08 | 32 96 | 1238
12 OGN 24 | 48 [ 72 | 96
8 04 | 16 | 32 | 48

4 02 | 08 | 1,6 | 24 | 32
2 01 | 04 | 08| 12 | 1,6
1 0,05 | 02 | 04 g 0,8
Table 6

Wall ring shear test stress levels.

Normal Stress Levels [kPa]

Normal stress levels

# 1 2 3 4 5 6 7 8 9 10
kPa 1 2 3 4 6 8 10 12 16 20

(a) (b)

Fig. 8. Schematics of a ring shear tester [44] (a) and stainless steel wall
sample measurements (b).

Shear Tester with the wall shear cell, and the used normal stresses
are shown in Table 6. A total of three wall materials are considered:
perspex, stainless steel, and aluminium; each test is repeated five times.
An example of a wall sample is shown in Fig. 8(b). The wall samples
are cleaned with ethanol before testing, but not between repetitions.

Surface Roughness

The surface roughness of the wall samples is determined using the
TESA-Rugosurf 20. Since a typical measurement captures only 1-5 mm
of the surface, each wall sample is divided into eight sections. Within
each section, roughness is measured at two points: 2 cm from both
the inner and outer edges, as illustrated in Fig. 8(b). This approach
results in 16 measurements per wall sample, ensuring a representative
evaluation of surface roughness.

Time Consolidation Tests

The effects of time consolidation are investigated through shear tests
with both the Schulze Ring Shear Tester and the Brooklyn Powder Flow
Tester. The latter operates similarly to the Schulze Ring Shear Tester
but has a smaller shear cell, requiring less NaBH, to fill (approximately
250-300 g). The procedure starts by measuring the (instantaneous)
yield locus, similar to the procedure for the Schulze Ring Shear Tester.
Based on this yield locus, the consolidation stress o, is determined and
applied to the sample for a specific period of time (). Note that before
the loading period, the sample is sheared under the preshear stress until
steady-state flow is reached. After this consolidation period, the sample
is loaded with the post-consolidation normal stress, sheared till failure,
and the corresponding shear stress is noted. For each consolidation time
and preshear level, a new sample is used, resulting in 24 samples (6
consolidation times and 4 preshear levels) for both powder and gran-
ules, and the applied stress levels and consolidation times are shown in
Table 7. The tests are conducted in a climate chamber maintained at
20 °C and below 10% RH to prevent moisture uptake.
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Table 7

Preshear and normal stress levels, consolidation stresses, consolidation times, and post-consolidation

normal stress levels for time-consolidated shear tests with the Brooklyn powder flow tester. Colours

highlight similar stress levels.

Preshear Normal Stress Levels [kPa] Consolidation Consolidation Post-Consolidation
[kPa] Stress [kPa] Times [h] Normal Stress [kPa]
4.0 b J b § 4.0 4.8° [1, 2, 4, 8, 16, 24] 4.0
3.0 4.8% [1, 2, 4, 8, 16, 24] 3.0
2.0 6.," [1, 2, 4, 8, 16, 24] 2.0
1.0 o.,° [1, 2, 4, 8, 16, 24] 1.0

2 Maximum normal stress that could be applied by the apparatus.
b Corresponding consolidation stress (o) of the yield loci for 1 kPa (o,.,) and 2 kPa (o,.,) preshear.

Table 8

Preshear and normal stress, consolidation stress, consolidation times, post-consolidation normal stress, and repetitions for time-consolidated shear tests with the

Schulze ring shear tester.

Preshear Normal stress Consolidation Consolidation Post-consolidation Repetitions [#]
[kPa] [kPa] stress [kPa] times [h] normal stress [kPa]
4.0 2.4 10.115 [8, 16, 32, 64, 128] 2.4 37

2 Only two repetitions were performed for the 32-hour and 64-hour consolidation times.

[ - Preshear
O - Test Levels

Shear Yield Locus
Stress

T (t2)

|Flow Function Constant (ff) = 0,/ 0|

T(t1) ‘Time Flow Function Constant (ff (t)) = 0,/ o (t)

o (t1) o (t2)

Normal Stress

Fig. 9. Time yield loci analysis.

The analysis of the yield loci before the time consolidation periods
(instantaneous yield loci) is similar to the approach shown in Fig. 7.
For the time yield locus, a straight line is constructed with the same
linearised friction angle as the instantaneous yield locus (¢, = ¢;;,),
passing through the measured shear stress at the post-consolidation
normal stress, as illustrated in Fig. 9. The intersection of the time yield
locus with the shear stress axis determines the cohesion (z,(r)), and the
construction of an unconfined Mohr circle results in the unconfined
yield strength (¢, (). The flow function constant for the time yield locus
is defined as: ff (1) = 6, /0. (?).

For time consolidation tests with the Schulze Ring Shear Tester,
the procedure was slightly different, as the instantaneous yield loci
had already been measured during regular shear tests. After filling the
shear cell, samples were sheared under the preshear stress until steady-
state flow was reached and directly loaded with the consolidation stress
o). After the consolidation time had passed, the samples were sheared
under the post-consolidation normal stress until failure. Contrary to
the time consolidation tests with the Brooklyn Powder Flow Tester,
multiple repetitions could be performed. The applied stress levels,
consolidation times, and number of repetitions are shown in Table 8.
No climate chamber was available, and ambient conditions fluctuated
between 20-25 °C and 20%-45% RH. Due to the slight gap between
the shear cell and the lid, moisture uptake could not be prevented.
Therefore, samples used for 128-hour consolidation were analysed
post-experiment for moisture content. Additionally, the particle size
distribution was redetermined and compared to the as-received samples
to detect possible breakage or attrition during long-term storage and
subsequent handling.

position

()

Fig. 10. Ledge test with NaBH, granules with (a) before opening of the hatch
and (b) after opening of the hatch with visualised sAoR.

Ledge Tests

The ledge test [46], also known as the shear box [47], or rectangular
container test [48], is used to determine the static angle of repose
(sAoR). The setup is shown in Fig. 10. The box is 250 mm high,
183 mm long, and has an adjustable width, here set to 100 mm.
The container is manually filled with 1916.7 g (granules) or 1995.1 g
(powder) of NaBHy, slowly poured from the top of the box to minimise
consolidation effects. Once the material has settled, the hatch is opened
rapidly, allowing the sample to flow, resulting in a slope with a static
angle of repose. The slope is recorded with a 108 MP camera. The
images are edited to account for lens distortion, and all images are
given a uniform green background. A MATLAB script [dataset] [43]
is used to identify the slope of the material. Next, a straight line is
fitted to this slope, and the angle of this fit is the static angle of repose
(sAoR). The test is repeated 10 times with the same sample, both for
the granules and for the powder. During the experiments, the samples
were exposed to ambient conditions — 20-25 °C and 30%-40% RH -
but we assume no significant amount of moisture was absorbed during
the experiments, as the 10 repetitions took less than 15 min.

Effect of Relative Humidity and Temperature

To investigate how moisture and temperature affect the angle of
repose of NaBH,, a climate chamber was used. The chamber was set
to a temperature of 60 °C and a humidity level of 25% RH. In this
controlled environment, NaBH, gradually absorbed moisture. A sample
of granules, previously used to obtain the data in Table 10, underwent
conditioning three times in the climate chamber. Before and after each
conditioning period, the sample is weighed to determine the amount
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(b)

Fig. 11. GranuDrum setup with (a) picture of the equipment and (b) close-up
of NaBH, powder in the drum.

of absorbed moisture. Additionally, after each conditioning period,
the ledge test was performed multiple times. As the ledge test was
exposed to ambient conditions during testing, the sample gradually
cooled down. To this end, before each repetition, the temperature of
the sample was measured with a thermometer. The same procedure as
previously discussed is used to record the slopes and obtain the sAoR.

Effect of Time Consolidation

The effect of time consolidation is determined by leaving the NaBH,
to settle in the ledge box for 0.5, 1, and 2 h before proceeding with the
measurements. Ambient conditions were above the moisture absorption
limits, and therefore, the setup was covered with a lid to minimise
moisture absorption.

Rotating Drum Tests

Fig. 11(a) shows the rotating drum setup used to characterise the
dynamic angle of repose, together with a close-up of the rotating
drum filled with NaBH, powder in Fig. 11(b). The experiments were
conducted using the GranuDrum (provided by Granutools), which has
a total volume of 110 mL, with a drum diameter of 84 mm and an
axial length of 20 mm. The side walls of the drum are constructed
from glass, allowing for optical measurements of the material flow.
An LED panel ensures sufficient illumination of the drum, while a
camera (a 5-megapixel monochrome CMOS camera) records images
at the opposite end (gain of 10 and an exposure of 1.85 ms) as the
drum rotates at varying rotational speeds. Due to the relatively small
size of the GranuDrum, 5 samples of both granules and powder were
taken from the NaBH, used for ring shear test experiments. The sample
size was such that the drum had a fill ratio between 50% and 55%, a
range commonly used for rotating drum experiments. Six speed settings
were used: [1, 5, 10, 20, 40, 60] rpm, and images were captured at a
frame rate of 5 frames per second over a total duration of 20 s per
measurement. Ambient conditions — 20 °C and 20%-30% RH - during
the experiments have minimal effect on the NaBH, as the samples are
contained in the small, closed environment of the GranuDrum for the
duration of the test.

Effect of Handling

To emulate the effect of repetitive stress impact (handling) on the
NaBH, samples during free surface flow, the rotational speed of the
drum was incrementally increased from 1 to 60 rpm and then decreased
back to 1 rpm. The resulting hysteresis — the difference in dynamic
angle of repose and the cohesive indices of increasing and decreasing
rotational speed cycles — functions as an indicator for the material’s
sensitivity to these handling stresses.

Effect of Time Consolidation

To investigate the effect of time consolidation - specifically, the
duration of the effects — on the NaBH,, the samples were allowed to
consolidate for both 5 and 10 min following the standard tests. After
consolidation, the drum was slowly rotated at 1 rpm for 40 s. The
frame rate, duration, gain, and exposure were kept constant. During the
initial phase of rotation, the material bed remained static, with surface
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Table 9

Classification of flow using cohesive index [50].
Flowability Cohesive index
Excellent <5
Good 5<Cl<10
Fair 10 < CI < 20
Passable 20 < CI < 30
Poor 30 < CI <40
Very poor 40 < CI < 50
Very, very poor > 50

angles up to 90°, indicating high resistance to flow. As the software
of the GranuDrum initiates data acquisition only upon first detection
of material flow, supplementary video recordings ([dataset] [43]) were
taken manually from standstill to the point at which the software began
recording the flow, and snapshots are shown in Appendix C.

Dynamic Angle of Repose

Fig. 12 illustrates the analysis of the rotating drum (GranuDrum)
results. For each material type (powder or granules), sample (1 to 5),
rotational speed (1 to 60 rpm), and rotation sequence (increasing or
decreasing speed), 100 frames were captured. The GranuDrum software
automatically detects the material-air interface in each frame and fits
a straight line, y; /;, to each interface y,(x), as shown in Fig. 12a.
Additionally, (a part of) the average interface across all frames, y(x),
is fitted with a linear line, y ;. This approach is described in detail by
Neveu et al. [49] and is illustrated in Fig. 12b.

Next to the default GranuDrum analysis, two alternative methods
were employed to characterise the dynamic angle of repose (dAoR).
First, a linear fit Yy, ;;(x) minimising the root-mean-squared-error
(RMSE) was applied to the average interface y(x) (Fig. 12c). Second,
a novel approach is introduced in which the average material-air in-
terface is characterised by a piecewise linear fit ¥ ;s (), consisting
of three linear segments, enabling a more detailed representation of
the slope. This method is illustrated in Fig. 12d, and its formulation is
provided in Eq. (3) in Box L.

The corresponding dynamic angle of repose (dAoR) is defined as
the slope of the fitted line(s) in Fig. 12a-d. For the piecewise method,
this results in three distinct dAoR values: dAoRy,, dAOR enere, and
dAoRyom- Note that the GranuDrum frame-by-frame analysis is av-
eraged over 100 frames per measurement.

Cohesive Index

The dynamic angle of repose represents the shape of the slope,
but the cohesive index (CI) is a measure of the temporal fluctuations
in the flow behaviour [51]. It quantifies flowability — ranging from
excellent to very poor — comparable to the flow function constant of the
ring shear tests, according to Table 9. The GranuDrum automatically
calculates the CI in two steps. First, the standard deviation ¥(x) to the
average interface y(x) is calculated using Eq. (4):

3Ny ke (P ©)?
O o | K — 4
(x) N, 4
where N, (x) is the number of y-coordinates corresponding to each value
of x. If the material is non-cohesive, N, (x)=K=100 is the total number
of frames, but for cohesive flow, Ny(x) can be higher (N (x)>K). Using
the standard deviation, the cohesive index is calculated according to Eq.

(5):

¥
cro 2P ®)
Dcrop
where D, is the cropped width of the drum image used for analysis,

here set to 79.8 mm (95% of the drum diameter), also shown in Fig. 12.

Flow Regimes
Granular flow in a rotating drum can be described at two distinct
scales. At the global scale, we can classify the overall flow state of the
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Fig. 12. Rotating drum analysis methods with (a) frame-by-frame analysis, (b) partial fit (both provided by the software of the GranuDrum), (c) linear fit, and

(d) piecewise linear fit (proposed in this work).

Y1 = Vs Yiop — N1
Viop + P (x— Xiop)  fOT X;pp < x < X — dAoR,,, =tan~! [ 2
X1 _xrop X1 = Xqq,
Y2 =N 1=
ypiecewise(x) = n+ ﬁ(x - Xxp) for x; <x<x, - dAORcemre = tan”! ﬁ 3)
27 M 27 M
Ybottom — V2 —1 Y27 Ybont
yy + 2HM L (x —x,)  for xp < x < Xpyrom — dAOR,,, = tan™l [ —=—Z2oom
Xpottom ~ X2 Xpottom — X2

Box I.

granular bed using macroscopic flow regimes — such as sliding, rolling,
and cascading — which are classified by the Froude number (Fr). At
the local scale, we can describe the rheological behaviour at specific
regions within the flow using local flow regimes, defined by the inertial
number 1.

The macroscopic flow regimes in rotating drums include seven dis-
tinct states: sliding, surging, slumping, rolling, cascading, cataracting,
and centrifuging [52]. The dominant regime can be determined using
the Froude number Fr [52,53]:

Fr=4/— (6)

where D is the diameter of the drum, w is the rotational speed, and g
is the gravitational acceleration. For the GranuDrum with D = 84 mm,
and the rotational speed range of 1-60 rpm, the corresponding Froude
number ranges from 6.9-1073 (1 rpm) to 4.1-10~! (60 rpm). According to
Mellmann [52], this range includes the rolling (107* < Fr < 1072) and
cascading (1073 < Fr < 10~!), suggesting that only these flow regimes
could be observed in our experiments.

While Fr defines the global behaviour, the inertial number provides
a more local analysis. For example, in a rotating drum operating in
the (globally defined) rolling or cascading regime, the material often

exhibits dense flow at the surface, with a quasi-static layer under-
neath [21]. Thus, multiple inertial-number-defined regimes can coexist
within a single Froude-number-defined macroscopic regime.

Design of Experiments

Fig. 13 illustrates how the three setups described above — ring shear
tests, ledge tests, and rotating drum tests — and the considered effects
of operational conditions characterise the flow behaviour of NaBH,
powder and granules. The outputs (metrics) of the experiments are
given, and for each experiment, the considered operational conditions
are listed. Furthermore, post-experiment material analyses are shown,
which indicate whether particle size, moisture content, or both have
changed during the experiment. Additionally, the environmental con-
ditions (ambient or controlled) are noted. To confirm that the selected
setups can be used to characterise NaBH, across multiple flow regimes,
an estimate of the inertial number, for each setup, is provided in
Appendix A. Summarising, our estimations confirm that the ring shear
test operates in the quasi-static regime, the ledge test in the dense flow
regime, and the rotating drum in both the dense and the gaseous flow
regime, depending on the rotational speed.

3. Results

In this section, the results of the experiments and the effects of the
considered operational conditions are discussed.
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Overview of Experiments
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Fig. 13. Overview of experiments to measure the flow behaviour and mechanical characteristics of NaBH, taking into account operational conditions.

3.1. Ring shear tests

Fig. 14 shows the yield loci of NaBH, granules and powder, ob-
tained with the Schulze Ring Shear Tester (RST) and the Brooklyn
Powder Flow Tester (PFT). Errorbars are used to show the 95% con-
fidence intervals. For both the RST and the PFT results, the yield
loci of the powder fall below those of the granules, indicating that a
smaller particle size leads to a lower shear stress for the same normal
stress (Tgramutes(0) > Tpowaer(0)). Additionally, the slopes of the powder
yield loci differ from those of the granules, suggesting that granules
experience higher internal friction than powder.

To get more insights, each yield locus is analysed to derive the ef-
fective internal friction ¢,, cohesion 7., bulk density p,, and unconfined
yield strength o., and are presented as functions of the consolidation
stress o in Fig. 15. Similar to the yield loci, errorbars represent the 95%
confidence interval, also in the x-direction, since o is derived from the
yield loci as well.

First, as indicated by the yield loci, the effective internal friction
(Fig. 15(a)) of the granules is consistently higher than that of the
powder across the entire stress range (¢, gramres(0) > Pe powder(6))-
Second, a comparison of the cohesive strength in Fig. 15(b) suggests
that the granules are slightly more cohesive than the powder. However,
this difference may not be statistically significant when considering
the confidence intervals. Third, Fig. 15(c) presents the flow functions
of NaBH,, along with reference lines corresponding to flow function
constants of 4 and 10. These lines show boundaries for different flow
state transitions (Table 4 [45]). When the flow functions of NaBH,
remain below the line with a flow function constant of 10, the material
can be classified as free-flowing. Values between 4 and 10 indicate
easy-flowing behaviour, while values above 4 suggest cohesive flow.
Accordingly, both the granules and the powder exhibit free-flowing

behaviour for the entire stress range, except for the granules at the
lowest consolidation stress, where they appear easy-flowing. Finally,
Fig. 15(d) shows that powder has a higher bulk density than the gran-
ules throughout the entire stress range. Additionally, the bulk density of
both granules and powder increases with higher consolidation stresses,
but powder is more sensitive to this compaction.

Effect of Handling

The effect of handling - breakage and attrition — can be deduced
from the particle size distributions measured before and after testing,
as shown in Fig. 16. Due to the overlapping confidence intervals, no
statistically significant breakage or attrition appears to have occurred.
This observation is further supported by Figs. 14 and 15, where both
the individual and sequential yield loci and their metrics are shown.
The confidence intervals overlap for the yield loci, effective internal
friction, cohesion, and flow function, indicating that handling does not
significantly alter the mechanical behaviour of the material—i.e., the
sample is unaffected by repetitive stress impacts in confined flow.

Only the bulk density (Fig. 15(d)) shows a noticeable difference
when comparing individual and sequential ring shear tests. The bulk
density of the granules remains approximately constant in the indi-
vidual tests, while there is a minimal increase during the sequential
tests. This could suggest that the repeated loading in sequential tests
leads to gradual compaction of the granules, as the samples remain
undisturbed in the shear cell between measurements for sequential
tests. Consequently, the shear plane may consistently form at the same
height within the particle bed, and the combined effects of cell rotation
and lid pressure progressively compact the granules above and below
this plane. However, the observed change in bulk density is small
and, taking into account the confidence intervals, could be regarded
as nearly constant. Furthermore, the moisture content of the samples



M.C. van Benten et al.

Yield Loci for gpre = 1 kPa

Yield Loci for opre = 2 kPa

Powder Technology 469 (2026) 121739

Yield Loci for gpre = 4 kPa

1.0{ 3 RST-Granules Seq ¥ RST - Granules Indiv 41 § RST-Granules Indiv
¥ RST- Powder Seq 2.0 ¥ RST - Granules Seq ¥ RST-Granules Seq
i 0.8 PFT - Granules i ¢ RST- Powder Seq i $ RST - Powder Seq
g 0 ¢  PFT - Powder 8 PFT - Granules ’,% ) 3 PFT - Granules 3
) A —1.5{ & PFT-Powder igs” — §  PFT - Powder g% It
= o = = = s
‘L; 0.6 : o” :
0 0 02
Eos §10 5
© © ©
1] 1] 1]
% 0.2 % 0.5 &l
¥
0. 0. 0
8.00 0.25 0.50 0.75 1.00 %.0 0.5 1.0 1.5 2.0 0 1 2 3 4
Normal stress (o) [kPa] Normal stress (o) [kPa] Normal stress (o) [kPa]
(@) (b) ©
Yield Loci for opre = 8 kPa Yield Loci for gpre = 12 kPa
7 % RST - Granules Indiv % RST - Granules Indiv
6 $ RST - Granules Seq 101 § RST-Granules Seq ,/%
e $ RST - Powder Seq e $ RST - Powder Seq s 3
o o -~
2:5 < 8 :
£ £
g’ g 6
= 3 =
-+ -+
= P o4
32 i
& &
1 2
0
0 2 4 6 %.0 25 5.0 1.5 10.0
Normal stress (o) [kPa] Normal stress (o) [kPa]
(@ ©
Yield Loci for opre = 16 kPa Yield Loci for opre = 20 kPa
14 $ RST - Granules Indiv 17.51 % RST-Granules Indiv ]
$ RST - Granules Seq $ RST- Granules Seq z
= 12 ¥ RST- Powder Seq < 15.00 § RsT-Powder Seq
o o
210 =125
= =
w 8 «» 10.0
" "
= =
7 6 £ 75
© ©
o 4 2 50
n n -
2 2.5 o
Il
0 0.0
0 5 10 0 5 10 15
Normal stress (o) [kPa] Normal stress (o) [kPa]

®

(2

Fig. 14. Yield loci results for NaBH,, errorbars represent the 95% confidence interval.

slightly increases during sequential testing, which could also explain
the slight increase in bulk density.

Effect of Relative Humidity

Fig. 17 shows the results of the yield loci for NaBH, samples with
three moisture content levels alongside the yield loci of dry NaBH,. The
yield loci for the moisturised samples are measured three times, except
for the yield locus with 16 kPa for the samples with 2% moisture, which
are only measured twice. Due to the overlapping confidence intervals,
no significant effect of moisture can be observed, both for granules and
for powder.

Fig. 18 depicts the effective internal friction angle of both powder
and granules decreasing with increasing moisture content, except for
the granules with 2% moisture, which show no significant effect.
Additionally, the cohesive strength increases with increasing moisture
content, with powder being more sensitive than granules. The flow
functions indicate that, despite these changes, the granules remain
free-flowing (except at the lowest consolidation stress for dry granules).

10

Powder shows higher sensitivity to moisture than granules. While
dry powder is free-flowing, all moisture levels result in easy-flowing
behaviour at the lowest consolidation stress. At the highest moisture
content — 6% — even the second consolidation stress falls within the
easy-flowing regime. This trend suggests that above a certain moisture
threshold, powder transitions into a cohesive bulk solid.

3.2. Wall friction tests

The wall friction tests provide the wall friction angles and adhesion
between the NaBH, samples and the selected wall materials. Adhesion
was found to be negligible for all wall materials B, and is therefore
not discussed further. Fig. 19 shows the wall friction angles (¢,) for
granules and powder, respectively.

For granules, the lowest wall friction angles are observed with stain-
less steel at low consolidation stresses. However, at stresses exceeding
10 kPa, aluminium yields the lowest wall friction angles. Perspex
consistently exhibits the highest wall friction angles for consolidation
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Fig. 16. Effect of handling on the particle size distribution of NaBH, for (a) granules and (b) powder; coloured bands represent the 95% confidence interval.

stresses up to 30 kPa. At higher stresses the wall friction between stain-
less steel and granules increases, resulting in no significant difference
between stainless steel and perspex.

For powder, the highest wall friction angles are consistently ob-
served with perspex, followed by stainless steel, while the lowest values
are recorded for aluminium across all tested consolidation stresses.
Furthermore, the wall friction angle asymptotically decreases with
consolidation stress. This trend aligns with the observations reported
by Larsson [54] for grass powder with a comparable particle size
distribution, even for various moisture contents, and by Xanthakis
et al. [55] for six metal oxide nanopowders.

Furthermore, the wall friction angle of the powder samples seems
negatively correlated to the exerted pressure, approaching an asymp-
totic value for higher stresses. In contrast, the wall friction angle for
the granules seems more or less constant across the entire stress range,
except for stainless steel. When comparing the confidence intervals,
it is evident that the variability between powder and wall materials
is higher than that observed for the granules, and this effect is most
pronounced for the stainless steel samples.

Additionally, the surface roughness of the three wall samples was
measured, with results presented in Appendix B. Perspex exhibited

11

the smoothest surface, while stainless steel and aluminium showed
roughness values approximately six and nine times higher, respectively.
Although smoother surfaces typically correspond to lower wall friction,
the results in Fig. 19 appear to contradict this trend. Possible explana-
tions include reduced van der Waals forces due to increased surface
roughness — effectively increasing the distance between particles and
the wall - or the presence of electrostatic forces, particularly relevant
for materials like perspex. Particle size also significantly affects these
cohesive interactions. However, a comprehensive analysis of the mech-
anisms underlying the measured wall friction is beyond the scope of
this study and will therefore not be further discussed.

3.3. Time consolidation tests

Figs. 20a-d present the results of the time consolidation tests with
the Brooklyn PFT for NaBH, granules. Since a new sample is used
for each preshear stress and each consolidation time, the instanta-
neous yield loci are measured in sixfold. The corresponding uncertainty
ranges from 2% to 13% for granules, and 1% to 4% for powder. There-
fore, although the time consolidation shear points are only measured
once, we are confident that the data can be reliably used for trend
analysis.
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Fig. 17. Yield loci results for NaBH, with moisture: errorbars represent the 95% confidence interval.

I: YL data of sequence tests. Although we denote an assumed moisture content of 0%, this can in practice range between 0.2% to 1% (granules) and 0.2% to
0.6% (powder).

2: For the highest preshear stress (16 kPa) for the samples with 2% moisture, only two repetitions are available, and therefore only the mean value is shown.
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Fig. 18. Effective internal friction, cohesion, and flow functions for NaBH, with moisture; errorbars represent the 95% confidence interval.

I: YL data of sequence tests. Although we denote an assumed moisture content of 0%, this can in practice range between 0.2% to 1% (granules) and 0.2% to
0.6% (powder).

2: For the highest consolidation stress for the samples with 2% moisture, only two repetitions are available, and therefore only the mean value is shown.
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Fig. 19. Wall friction of NaBH, with perspex, aluminium, and stainless-steel wall samples for (a) granules and (b) powder. Samples slowly absorbed moisture
from the ambient air during testing, leading to an increased moisture content from 0.2% (as received) to 0.4% for powder and to 1.3% for granules, on average.
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Fig. 20. Time consolidation effects on NaBH, granules with the Brooklyn Powder Flow Tester.

A clear trend is evident across all preshear stress levels: longer con-
solidation times generally result in higher shear stress. An exception is
observed at the 4-hour consolidation time for the 3 kPa preshear level,
where a reduction in shear stress occurs. As this is the sole instance for
the granules and no repetitions were performed, this deviation is not
considered significant.

Fig. 21 also presents the results of the time consolidation tests
for NaBH, granules, but conducted with the Schulze RST. As with
the PFT results, a clear trend is observed: longer consolidation times
lead to higher shear stresses. It is worth noting that the standard
deviation between the repetitions is relatively large, particularly at
longer consolidation times. This is likely due to moisture absorption
during the consolidation period.

Since both an elevated moisture content and time consolidation
contribute to increased shear strength, it is expected that their com-
bined effect would result in an even greater increase in shear stress.
Considering the fluctuating ambient conditions, it is likely that the
samples absorbed varying amounts of moisture, which may explain the
observed variability in the shear stress response.

Figs. 22a-d present the results of the time consolidation test with the
Brooklyn PFT for NaBH, powder. Whereas the granules showed a clear
correlation between consolidation time and shear stress, powder does
not consistently follow this trend. In general, longer consolidation times
lead to higher shear stresses than non-consolidated powder. However,
there are notable exceptions. For instance, a two-hour consolidation
period yields higher shear stress than a four-hour period for all preshear
levels except 4 kPa. Similarly, the 4-hour and 8-hour consolidation
times occasionally result in a greater increase in shear stress than the
24-hour consolidation (see Figs. 22¢ and 22d).

Yield Loci for g,e = 4 kPa

§ YL
e s T —— —— L
7 ———: __________________________________ TYL - 16h
L T IR R { B TYL-32h
AN H# TYL-64h
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¥0 o5 10 15 20 25 30
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Fig. 21. Time consolidation effects on NaBH, granules with the Ring Shear
Tester. Errobars represent the standard deviation. Post-experiment analysis
of the samples showed that moisture absorption for the 128-h consolidated
samples was less than 1%, and also no breakage or attrition could be detected.

Fig. 23 presents the flow functions for both granules and powder,
obtained by processing the time yield loci, together with the flowability
thresholds defined in Table 4. As the time-consolidated granules tested
with the Schulze RST were measured only at a single preshear level,
flow function constants are shown instead of full flow functions (Fig.
23(a)). Additionally, Fig. 23(b) includes an extra flow function corre-
sponding to a 16-hour consolidation period for a moist powder sample.
This sample was taken at a later stage from the same batch of material,
during which some caking behaviour was observed. As this was not the
case for the previously tested samples, we assume the sample contains
a small amount of moisture.
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Fig. 23. Time Flow Functions of NaBH, with the Brooklyn Powder Flow
Tester, including Schulze Ring Shear Test (RST) data for (a) granules and (b)
powder with moist sample.

!: Data has been offset with 0.105 kPa to avoid non-physical negative o,
values.

Similar to the time yield loci results, a clear correlation is observed
for the granules — this time between consolidation time, consolidation
stress, and unconfined yield strength — where higher stresses or longer
consolidation lead to increased unconfined yield strength and thus
decreased flowability. This correlation is also evident for the samples
tested with the Schulze RST. Additionally, comparing the 8-hour and
16-hour consolidation periods, the compounded effect of moisture and
time consolidation appears to be greater than the effect of time con-
solidation alone. The powder, on the other hand, does not exhibit a
clear correlation, and in some cases, a time consolidation period seems
to result in improved flowability compared to the non-consolidated
samples. However, for the moist sample, a clear increase in unconfined
yield strength — thus reduced flowability — is observed, reaching values
comparable to those of granules after 16 h of consolidation with the
Schulze RST. Fig. 24 illustrates the instantaneous yield loci of the 16-
hour consolidated moist powder sample, alongside those of the dry
powder samples. The results indicate no significant differences, suggest-
ing that the (limited amount of) absorbed moisture primarily affects the
flowability in combination with a period of time consolidation.

Note that the conclusions on time consolidation effects, based on the
Brooklyn PFT results, are drawn from a single repetition per condition.
While the observed trends are clear, for future research we suggest
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Table 10

Angle of repose data of NaBH, granules and powder.
Measurements sAoR [deg]

Granules Powder

1 35.46 32.35
2 35.40 32.30
3 34.56 32.15
4 34.59 32.18
5 35.56 32.68
6 34.85 32.31
7 35.02 31.92
8 34.31 32.10
9 34.60 32.35
10 34.93 32.42
Mean 34.93 32.28
Standard Deviation 0.43 0.21

95% Conf. Interval
99.9% Conf. Interval

[34.62 - 35.24]
[34.28 — 35.58]

[32.13 — 32.42]
[31.97 - 32.59]

to include multiple repetitions regarding the time-consolidated shear
points.

3.4. Ledge test

The results of the ledge tests are summarised in Table 10. In addition
to the static angle of repose for each repetition, the table includes
the mean and standard deviation and the 95% and 99.9% confidence
intervals. These results indicate that granules exhibit a slightly — but
statistically significant — higher sAoR than the powder. During testing,
both the granules and the powder showed no cohesive behaviour and
formed very linear slopes. To illustrate this, Figs. 25(a) and 25(b)
present the mean sAoR and the corresponding confidence intervals for
the granules and powder, respectively.

Effect of Time Consolidation

Fig. 26 shows the time consolidation effects on the granules. After
30 min of consolidation under gravity, the material formed a stable
column that remained intact even after the partial removal of bottom
support (Fig. 26(a)). Collapse occurred only after sufficient material
was removed or external energy was applied (e.g., tapping), forming
a slope as shown in Fig. 26(b). This behaviour was consistent across
consolidation times up to 2 h, indicating the development of weak,
reversible cohesion. Once in motion, the material resumed its original
free-flowing behaviour, as confirmed by a subsequent standard ledge
test.
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Fig. 24. Instantaneous yield loci of dry and moisturised powder samples.
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Fig. 25. Projected mean static angle of repose + 99.9% confidence interval on
images taken from ledge test experiments with (a) granules and (b) powder.
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Fig. 26. Time consolidation effect on NaBH, granules with (a) partial removal
of the bottom left particles and (b) collapsed material bed after tapping the
ledge box.

Effect of Relative Humidity and Temperature

Fig. 27 shows the measured static angle of repose for the different
combinations of temperature and moisture, together with the mean
sAoR and the 99.9% confidence interval previously obtained, as a ref-
erence. For low temperatures (20-27 °C), a slight increase in moisture
content has no significant effect on the sAoR, but for higher temper-
atures, the sAoR increases. However, additional moisture content at
these sample temperatures (30-57 °C) does not seem to significantly
affect the sAoR. Therefore, we conclude that temperature and moisture
affect the angle of repose of NaBH, granules, but only to a small extent.

3.5. Rotating drum
Fig. 28 shows the average material-air interface j(x) and the stan-

dard deviation ¥ (x) of both granules (top) and powder (bottom) for the
different rotational speeds of the rotating drum. Neither the granules
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Fig. 27. Effect of temperature and moisture on the static angle of repose of
NaBH, granules. The sAoR reference and corresponding confidence interval
illustrate the unconsolidated granules (Table 10).

nor the powder shows cohesive behaviour, in line with the ledge test
experiments. Also note the transition from a straight slope to an S-
shaped slope for the granules as the flow transitions from rolling (low
speed) to cascading (high speed). For the powder, such a transition is
not clearly visible, but it can be argued that the S-shape is already there
for the lowest speed, and the top gets more prominent at increased
rotational speeds.

The results of the dynamic angle of repose analysis are presented
in Fig. 29a for granules and in Fig. 29b for powder. Each plot shows
the mean dAoR across five samples, with errorbars representing the
95% confidence intervals. All approaches consistently show an in-
creasing dAoR with increasing rotational speed, with the exception of
the piecewise linear fits. Interestingly, the two inherent GranuDrum
methods yield different results: the frame-by-frame analysis closely
resembles the linear fit method, while the partial fit analysis results in
significantly higher dAoR values—except at 20 rpm, where the dAoRs
of both methods converge.

A more detailed representation of the behaviour of NaBH, in the
rotating drum is given by the piecewise linear fits. For the granules,
a clear transition is observed at 10 rpm: the top angle sharply drops,
the centre angle increases in line with the partial fit, and the bottom
angle remains relatively constant. A different pattern is observed for
powder. From 1 to 40 rpm, the bottom angle remains consistently lower
than the centre angle, which is in turn lower than the top angle. A
notable shift occurs at 40 rpm, where the centre angle increases sharply
and the top angle decreases. However, when comparing these results
to the average interface profiles of Figs. 28g-1, it can be argued that
this transition starts already at 20 rpm. This difference may be caused
by the sensitivity of the piecewise analysis to the determination of the
breakpoints, which are shown in Fig. C.2. Nevertheless, the piecewise
method offers a more nuanced view of the surface dynamics than the
other approaches, but further research is required to assess its added
value and robustness.

The cohesive indices of granules and powder samples are presented
in Fig. 30, alongside the applicable flow thresholds defined in Table
9. The granules exhibit good flowability across all rotational speeds,
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(e) 40 rpm

(j) 20 rpm (k) 40 rpm 1) 60 rpm

Fig. 28. Average material-air interfaces with standard deviation of NaBH, samples for varying rotational speeds with (a—f) granules and (g-1) powder. Images

are provided by the GranuDrum.
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Fig. 30. Cohesive indices of NaBH, samples as a function
rotational speed.

of increasing

except at 1 rpm, where the flow is classified as fair. In contrast, powder
behaves significantly differently. The flow is fair-passable for the lowest
speed, improves to fair-good, and some samples even reach excellent
flow at 10 rpm. However, at higher rotational speeds, all powder
samples show a decline in flowability, returning to fair flow.

Effect of Handling

The effect of handling — hysteresis — on the dynamic angle of repose
can be seen in Fig. 31. Positive hysteresis indicates the angle of repose
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increases with repeated rotation and vice versa. The exact hysteresis ef-
fects depend on the type of analysis; neither shows significant hysteresis
effects, and therefore, the effect of handling on the dynamic angle of
repose is not investigated further.

The cohesive indices (Fig. 32) show no hysteresis effect for granules
and show a slight effect for powder, with a lower cohesive index across
the entire speed range. Still, this effect is very small, and except for
20 rpm, the flow does not classify differently.

Effect of Time Consolidation

The effects of 10 min of consolidation on the flow of NaBH, in the
rotating drum are shown in Fig. 33 for granules and Fig. 34 for powder.
For the granules, the evolution of the flow from 0.2 to 20 s, along
with the average flow over this time range, indicates no significant
effect of time consolidation. In contrast, the powder is strongly affected:
during the first 20 s of rotation, the flow appears highly cohesive
and agglomerated. However, from 21 to 40 s, the flow transitions,
effectively losing the cohesiveness and agglomerates gained by the time
consolidation period. This trend is further supported by the average
flow profiles shown in Figs. 34(f) and 34(1), which confirm that the
cohesive strength gained by the time consolidation diminishes once
flow is initiated.

Figs. 35a and 35b present the dAoR as a function of rotation time for
granules and powder, respectively, based on the GranuDrum’s frame-
by-frame analysis. The plots show the mean and confidence interval
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Fig. 31. Hysteresis of the dAoR of NaBH, as a function of increasing rotational speed for (a) granules and (b) powder. Both figures show mean values over the

samples with errorbars representing the 95% confidence interval.

Table 11

Effect of drum rotation on the cohesive indices of time-consolidated NaBH, samples.

Material Consolidation time [min] Rotation time [s] Cohesive index [-]
Mean 95% Confidence interval
0 20 12.13 1.29
5 20 12.31 1.25
Granules 5 40 12.09 1.70
10 20 12.39 0.749
10 40 12.97 0.913
0 20 21.46 3.83
5 20 37.06 10.2
Powder 5 40 24.81 5.17
10 20 50.18 16.7
10 40 25.86 5.13
moisture uptake during testing, samples were analysed post-experiment
_ = l Passable Flow following the ASTM Standard Test Method for Total Evaporable Moisture
gzo i - ;_____________________.i T Content of Aggregate by Drying. According to the supplier (CPH Chemi-
2. \ L 3 e oo cals), the maximum moisture content of the samples was 0.3%, which
g I . /:;:" Fair Flow —§- Powder Up was confirmed by measurements of 0.22% for the granules and 0.19%
g10 \i_‘h\;;{; _— —{ —- Powder Down for the powder before testing.
I 5 ¥ Good Flow For the sequential and individual ring shear tests, the moisture
Excelieht Flow content ranged from 0.51 to 1.03% for the granules and 0.26% to
05 o % o . = = 0.58% for the powder. For the wall friction test, the moisture content

Rotational Speed [rpm]

Fig. 32. Hysteresis of the cohesive index of NaBH, for granules and powder
as a function of rotational speed. Sample means are plotted with dashed lines,
and errorbars represent the 95% confidence interval.

over the 5 samples for the two time consolidation periods alongside
the reference without consolidation.

Additionally, Table 11 summarises the cohesive indices for both
materials over the 0-20 s and 20-40 s intervals, following 5 and 10 min
of consolidation. The results confirm the visual observations: time con-
solidation has a negligible effect on the granules, while powder initially
exhibits increased cohesion that rapidly dissipates during rotation.
Notably, although the powder appears to regain its original behaviour
after 40 s, the cohesive index suggests some residual cohesion may
persist.

3.6. Moisture analysis

For none of the shear tests conducted with the Schulze Ring Shear
Tester was a climate chamber available, and ambient conditions varied
considerably—ranging from 20-25 °C and 20%-45% RH—during test-
ing, exceeding the moisture absorption limits of NaBH,. To quantify
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ranged from 0.42% to 1.31% for the granules and was 0.18% for
the powder. Finally, the moisture contents measured after the time
consolidation tests for granules ranged from 0.65% to 0.77%.

To validate that the added moisture due to absorption from ambient
air did not chemically affect the samples, XRD measurements were
performed on NaBH, powder in two conditions: as received and after
undergoing deliquescence due to moisture absorption followed by dry-
ing at 50 °C. The results, presented in Appendix D, show no detectable
presence of NaBO,, confirming that the material remained chemically
unchanged after moisture absorption and subsequent drying.

4. Implications for bunkering equipment

Three flow regimes have been examined, along with the effect of op-
erational conditions including handling-induced stresses, extended stor-
age periods, and variations in ambient temperature and humidity. Con-
sequently, this section discusses the results of the experiments in terms
of their implications for the bunkering of NaBH,, with a particular focus
on the design of typical storage and handling equipment.

4.1. Storage equipment: Silos and hoppers

Storage equipment for bulk solids such as NaBH, includes hopper
silos, where all three flow regimes — gaseous, dense, and quasi-static —
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Fig. 33. Material-air interfaces for a 10 min consolidated NaBH, granules sample with (a—e) the first 20 s of flow and (f) the average interface with standard

deviation. Images are provided by the GranuDrum.
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Fig. 34. Material-air interfaces for a 10 min consolidated NaBH, powder sample with (a—e) the first 20 s of flow, (f) average interface with standard deviation
of the first 20 s, (g-k) the last 20 s of flow, and (1) average interface with standard deviation of the last 20 s. Images are provided by the GranuDrum.
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Fig. 35. Effect of drum rotation (1 rpm) on the dynamic angle of repose of time consolidation NaBH, for (a) granules and (b) powder.

can be encountered. Gaseous flow typically occurs at the inlet, while
dense or quasi-static flow is more pronounced within the silo and at
the outlet, depending on, e.g., the geometry of the hopper silo. The
experimental results of the rotating drum (gaseous and dense flow),
ledge test (dense flow) and ring shear tests (quasi-static flow) indicate
that dry, unconsolidated NaBH, exhibits consistent and favourable
flowability across all regimes.

The quasi-static flow behaviour, characterised with ring shear tests,
showed minimal cohesion for both granules and powder. Granules
presented a stress-independent effective angle of internal friction, while
the powder showed a nonlinear increase with consolidation stress. This
trend might be attributed to the increasing bulk density of the pow-
der under load, potentially leading to enhanced interparticle friction.
Interestingly, granules exhibited a higher effective angle of internal
friction than powder, while their bulk density was lower. This could
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be explained by differences in particle shape: the powder was found to
be slightly more convex and circular, which has been correlated with
a reduction in friction by Yu et al. [56] and Nie et al. [57].

Time consolidation proved a critical factor in storage design, partic-
ularly for granules, which showed a clear increase in unconfined yield
strength—and thus reduced flowability—with increased consolidation
stress and time, causing the material to transition from free-flowing to
cohesive behaviour. However, the rotating drum experiments showed
that the added cohesion due to time consolidation was dissipated by
simply rotating the drum at low speeds. This indicates that shore-
based and onboard storage equipment may require external means of
agitation to break the cohesive bonds gained during longer storage
periods. However, further research is needed to confirm this hypoth-
esis. Additionally, based on the measured characteristics with the ring
shear tests, e.g., unconfined yield strength, wall friction, and effective
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internal friction, initial silo and hopper dimensions can be estimated
using guidelines outlined in [45].

Relative humidity is another key operational parameter. NaBH, is
known to be hygroscopic, and experiments showed that both powder
and granules absorbed moisture at relative humidities above 25% at
room temperature, and as low as 10% for elevated temperatures (55
and 85 °C). While absorbed moisture was shown to have no significant
effect on the instantaneous flowability and corresponding character-
istics, it significantly accelerated the consolidation effects measured
with both the Schulze RST and the Brooklyn PFT. This suggests that
humidity control measures should be incorporated in storage equip-
ment design to avoid compromised flowability for long-term storage
periods. Additionally, silo condensation, a problem in environments
with large temperature fluctuations [58], can accelerate moisture up-
take and should be mitigated through e.g., insulation, ventilation, or
dehumidification systems.

In summary, while dry, unconsolidated NaBH, demonstrates favou-
rable flow characteristics, the design of storage equipment must ac-
count for time consolidation effects and the material’s inherent hygro-
scopicity. Silo geometry, environmental control, and agitation mech-
anisms are essential to ensure reliable discharge and prevent flow
obstructions over time.

4.2. Handling equipment: Conveyors

Handling equipment can be broadly categorised into mechanical
and pneumatic conveying systems, each associated with different flow
regimes and operational conditions.

In mechanical systems, such as a belt or chain conveyor, the quasi-
static flow regime dominates at low speeds, transitioning to dense flow
for higher throughput. Granules and powder showed similar behaviour
in both regimes, with minimal cohesion and consistent flowability.
Furthermore, no significant attrition or breakage was measured in the
experiments, indicating that both powder and granules can withstand
the simulated handling stresses. The rotating drum experiments showed
that granules exhibit less temporal fluctuations compared to powder,
which could be advantageous for maintaining steady transport in me-
chanical conveyor systems. Additionally, the dynamic angle of repose
of granules was consistently lower than that of powder across all tested
rotational speeds, while the granules had a higher static angle of repose
with the ledge test. This highlights the importance of distinguishing
between static and dynamic flow behaviour when designing handling
equipment.

Time consolidation effects are, by definition, not applicable while
material is in motion. However, after idle periods — particularly those
in the range of hours — consolidation effects may become significant,
particularly for powder, as shown with the rotating drum experiments.
Increased cohesion during these periods could lead to elevated torque
requirements or even blockages upon restart. Therefore, it is recom-
mended that mechanical conveyors be emptied after use or designed to
minimise material residence time during downtime.

Pneumatic conveying systems, which rely on over- or under-pressure
to transport materials, can operate in either dense or gaseous regimes,
depending on the system configuration. However, the presence of
moisture in the transport medium (air or gas) can result in moisture
uptake by NaBH, if temperature and relative humidity conditions are
not sufficiently low. While NaBH, demonstrated mostly good to fair
flowability in the rotating drum - operating primarily in the dense
flow regime and approaching gaseous flow for higher speeds — these
conditions do not fully replicate the high-velocity, turbulent flow
typical for pneumatic systems. Therefore, more research is required for
the flow of NaBH, under realistic pneumatic conveying conditions.

Similar to storage systems, humidity control is also essential in
handling equipment. NaBH,’s hygroscopic nature means that even
short-term exposure to elevated moisture content can accelerate time
consolidation effects, potentially leading to reduced flowability. To
mitigate these risks, all conveying solutions should be equipped with
air-drying systems to maintain low humidity levels.
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5. Conclusion

This study experimentally determined and discussed the relevant
mechanical characteristics and flow behaviour of sodium borohydride
to enable its use as a granular fuel for maritime vessels. Both granules
and powder demonstrated favourable flowability across quasi-static,
dense, and gaseous regimes under dry (RH < 25% at 20 °C), unconsol-
idated conditions. However, flowability and mechanical characteristics
are significantly affected by operational conditions, which must be
carefully considered in the design of storage and handling systems.

Time consolidation emerged as a critical factor based on the exper-
iments, particularly for granules, which transitioned from free-flowing
to cohesive and eventually to non-flowing behaviour under prolonged
consolidation periods, with a strong relationship between flowability,
storage time, and stress. Powder showed a similar trend, albeit less
pronounced. The presence of even small amounts of absorbed moisture
increased these effects, with both powder and granules becoming non-
flowing after 16 h of consolidation. However, these effects can be
reversed through agitation, suggesting that storage systems should
incorporate agitation mechanisms. Consequently, the design of such
systems should be informed by time consolidation data to ensure
reliable discharge.

Relative humidity and temperature are also key parameters. NaBH,
is hygroscopic, absorbing moisture at humidity levels exceeding 25%
RH at room temperature or as low as 10%-15% RH at elevated temper-
atures (55-85 °C). Based on the conducted experiments, low moisture
contents do not significantly affect flowability and mechanical char-
acteristics during handling. However, even small amounts of absorbed
moisture were found to accelerate time consolidation effects, resulting
in a more rapid decline in flowability over time. Additionally, tem-
perature fluctuations can lead to condensation on equipment walls, ef-
fectively increasing the relative humidity within the equipment. These
findings highlight the importance of humidity control in both storage
and handling systems for NaBH,.

Handling, including repetitive loading, affects the flowability and
characteristics of NaBH, only slightly. Granules were virtually unaf-
fected, while powder exhibited an increase in effective internal friction
and bulk density with increasing consolidation stress. Although mate-
rial in handling systems is typically in motion — mitigating the risk of
time consolidation - idle periods may cause time consolidation effects
to develop, potentially increasing cohesion and reducing flowability. As
a precaution, handling equipment should be emptied during downtime
to prevent startup issues. Furthermore, the experiments used in this
study are not sufficiently representative for pneumatic conveying due to
the absence of high-speed experiments. Therefore, additional research
is required to assess the behaviour of NaBH, for pneumatic conveying
systems.

In summary, while NaBH, shows excellent flow characteristics for
dry and unconsolidated conditions, its sensitivity to time consolidation
and moisture necessitates a design approach that integrates environ-
mental control and agitation mechanisms to ensure consistent and
reliable flow across all operational scenarios.
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RST Data - Fresh Granules
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RST Data - Powder Sequence
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Fig. B.1. Yield loci data of NaBH, using the Schulze Ring Shear Tester for (a) granules individual yield loci, (b) granules sequential yield loci, and (c) powder

sequential yield loci.
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Appendix A. Estimation of inertial number

A.1. Ring shear tests

For the ring shear tests, the inertial number has to be calculated
using the formulation for confined flows. We use the lowest normal
pressure and the particle size d equal to the mean size of the NaBH,
granules to ensure an upper bound for [ is provided. The shear rate y
is equal to the ratio of the shear velocity (1.5 mm/min) to the height
h of the shear zone. Assuming a shear zone of 2-3 particles, 2 ~ 5 mm.
This results in the following estimation of the inertial number:

v 1.5-1073
7d A _ 60-5-1073

I = = =
\Vo/p  Ao/p 1/200/1047

As the upper estimate of I is in the order of 10~>, we can safely assume
that all ring shear tests operate in the quasi-static regime.

-1.8-1073
=2.06-107°

)

A.2. Ledge test

For the ledge tests, the inertial number has to be calculated using
the formulation for free-surface flow, and as such, we need to estimate
the flowing layer thickness 4 and the average velocity of this layer V.
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Visual observation during the experiments with the granules showed
that after opening the hatch, a flowing layer of 5-10 particles, which
gradually thinned to 3-5 particles towards the end of the discharge
period, can be identified. The average flow velocity on the other hand
requires more steps to estimate. For most repetitions, approximately
60% of the total 1.9 kg was discharged in 6.5 s, yielding a mass flow
rate of m = 0.6-1.9/6.5 = 0.18 kg/s on average. The shear surface S can
be averaged at .S = length - width/cos(sAoR) ~ 0.183 - 0.1/cos(33.5°) =
0.022 m?. Finally, assuming an average bulk density p, of 500 kg/m?,
this gives an approximate average velocity V =ri/(p, - S) = 0.18/(500 -
0.022) = 0.0164 m/s. Substituting the average sAoR of granules and
powder for 6, we find that the inertial number can be estimated as:

0.0164 - 1.8 - 1073
5-1.8-10734/9.81-5- 1.8 - 103 - cos(33.5°)

Vd

hy/ghcos(0)

~3-1072

=2 3
2 2

(3

for the granules. For the powder it is unclear from what the flowing
layer thickness will be. The powder particles will likely move in clumps,
but this is not clearly visible from the experiments. If we assume that
both d and 4 scale with the ratio of d,,,4./dgranues ~ 0-33/1.8 = 0.183,
then I,,,,,, can be estimated as I,,qy1c; -0.183/0.183!3 ~ 0.07, which is
also the dense flow regime. Thus, we can assume the ledge test operates
in the dense flow regime — as expected — for both the granules and the
powder.

A.3. Rotating drum

Two estimates of the inertial number can be determined for the
rotating drum simulations: a lower estimate for 1 rpm and a higher
estimate for 60 rpm. Similar to the ledge tests, the inertial number
has to be calculated for free-surface flows, and hence the flowing layer
thickness h and average velocity V have to be estimated.

The flowing layer thickness is estimated using the work of Félix
et al. [59], who identified the h/d ratio for various drum to particle
ratios (D/d and W/d, where D is the drum diameter and W the drum
width) and rotational speeds. For granules with an average size of
1.8 mm, D/d = 46.6 and W/d = 11.11, yielding a corresponding h/d
of approximately 5 for 1 rpm. . For powder with an average size of
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Fig. B.2. Wall yield loci data of NaBH, using the Schulze Ring Shear Tester for (a) granules-perspex, (b) granules-aluminium, (c) granules-stainless steel, (d)
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Fig. B.3. Measured wall surface
intervals.
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Fig. C.1. Snapshots of rotating drum with NaBH, samples after 10 min of consolidation, right before material collapses and measurement of the slope starts for
(a—e) granules and (f—j) powder.
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Fig. C.2. Breakpoints for piecewise linear polynomial analysis for the dynamic angle of repose of NaBH, for (a) granules increasing speed, (b) powder increasing
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Fig. D.1. XRD measurements of NaBH, powder as received (red) and NaBH, powder which has absorbed water from ambient air (until it was completely
dissolved) and subsequently dried at 50 °C (green). The y-axis offset of the latter is used purely to improve readability.

0.33 mm, D/d = 255 and W/d = 60.1, such that h/d is approximately Félix et al. also measured the velocity profiles for various rotational
20 for 1 rpm. Félix et al. did not investigate rotational speeds of 60 rpm, speeds across the flowing layer. Extrapolating their results, a conserva-
but extrapolating their results for speeds up to 20 rpm, similar h/d tive estimate of the average flow velocity would be 2 cm/s (1 rpm) and
values can be found as for 1 rpm. 120 cm/s (60 rpm), independent of the particle size.

23



M.C. van Benten et al.

Using this, we can estimate the inertial number for both gran-
ules and powder, for both rotational speeds, substituting 8 with the
corresponding dAoR. For 1 rpm:

. . 1073
Igranulesl = é 0.02-18-10 ~3.8-1072
’ 2 -3 -3 o
5-1.8-10 \/9.81-5-1,8-10 - c0s(40°)
5 0.02-0.33-1073 _
Ipowder,l = ~1.1-10 2

220-.0.33-10-3 \/9.81 -20-0.33 - 1073 - cos(40°)
For 60 rpm, we need to scale the found inertial numbers with the ratio
of the average flow velocities, 1.2/0.02, such that:

1.2
granules,60 = ]granules,l m
1.2
Ipowder,60 = Ipawder,l m

1 ~ 2.28

~ 0.66

Consequently, the flowing layer of both granules and powder can be
classified as dense flowing, which transition into the gaseous flow
regime for increasing the rotational speed to 60 rpm. It has to be noted
that these are estimates, but since both Iy, ,ue560 @0d Tpppger60 are
significantly higher than the threshold for the gaseous regime (0.1-0.3),
we can safely assume that the 60 rpm experiments approach this
regime, at minimum.

Appendix B. Additional ring shear test results
See Figs. B.1-B.3.

Appendix C. Additional rotating drum results
See Figs. C.1 and C.2.

Appendix D. XRD measurements
See Fig. D.1.

Data availability

Raw data, processing scripts, and other supportive data is stored in
a data repository [43].
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