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HIGHLIGHTS

« Dry mixing of a cathode material simulated using the Discrete Element Method (DEM).

+ DEM simulation experimentally validated using Positron Emission Particle Tracking (PEPT).
« Both DEM and PEPT show material surface pulling away from rotor at higher tip-speeds.

+ Transient mixing time shows limited gains in mixing performance with higher tip-speeds.
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by elimination of organic solvents, as well as the energy costs of slurry drying. The dry mixing dynamics of
NMC 622, a cathode electrode material used in lithium-ion batteries, were obtained experimentally in an Eirich
mixer using Positron Emission Particle Tracking (PEPT); the results were compared with simulations using the
Discrete Element Method (DEM). The internal rotor tip speed was altered between 10, 20 and 30 m/s, with
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the rotational speed of the co-rotating outer mixing pan kept constant at 0.7 m/s. Depth-averaged heat maps

of velocity obtained from PEPT were compared with DEM, focusing on key features of the mixer, namely
the internal rotor, rotating pan wall and wall-scraper. Both PEPT and DEM data showed that the velocities
were highest close to the rotor, and then dropped towards the wall-scraper, which disrupts material flow and
improves dispersion. At the wall edge the velocity was constant due to the unchanged rotating motion of the
pan. Both methods also capture a previously unobserved disengagement of the free surface of the electrode
material from the rotor at higher tip-speeds, diminishing mixing performance, confirmed by estimating the
transient mixing time using the Lacey mixing index. The gains in mixing performance are thus shown to have
diminishing returns with increasing tip-speed, suggesting that mixing at lower speeds may, for the materials
investigated here, prove more economical and thus more environmentally sustainable.

1. Introduction

With the push towards electrification of vehicles [1], and the need
for more renewable energy sources, the demand for batteries to enable
this change is expected to grow dramatically, due in part to large-scale
battery storage to smooth out the variability of renewable sources [2].
With this rapid increase in the demand for batteries, the supply chain
of the critical materials used to manufacture Lithium-ion batteries will
become strained as many of the required materials will need to be
mined [3]. This strengthens the crucial need to understand the use of
materials for existing and new battery chemistries [4], as well as how
to improve the recycling efforts for end-of-life cells [5]. In addition,
it is very important to be able to manufacture in an efficient way and
also to bring new products and technologies to market with a minimum
of trials and waste, especially as scale tends to bring about significant
energy savings [6]. This may help to lower the substantial energy costs
in the slurry casting process by which battery electrodes are made,
particularly in the drying step [7]. Increasing solids-content of slurries
yields potential energy savings of approximately 7% and moving to
a dry mixing process, approximately 18 % [8]. Furthermore, as the
energy mix used in production becomes more renewable, dry coating
technologies are highly ranked on potential emissions savings [9].

Lithium-ion battery manufacturing is a complex multistep process,
with each step requiring precise results to ensure both the final elec-
trochemical performance and the processability for each subsequent
downstream process [10]. Consequently, there is considerable aca-
demic and industrial interest in developing improved metrology and
modelling approaches to enable the early detection of manufacturing
defects that can cascade through the manufacturing process and impact
final electrode performance. In addition to improving existing manu-
facturing practice, this would also accelerate the development of new
formulations and processes, such as the development of water-based
binders for cathode slurries [11], solvent-free mixing [12,13], introduc-
tion of solid electrolytes [14], and lead to improved mixing procedures
to optimise the rheology and microstructure of the slurry [15,16].

The mixing of particulate and liquid components is a critical first
step in the formation of a battery electrode slurry. It is typically carried
out in a batch mixer, following a precise, yet empirically optimised
recipe after which the slurry is coated onto a metal film substrate.
As mentioned above, removal of solvent is a potential way of vastly
reducing energy costs and required factory footprint. To date, dry
mixing of particulate electrode components before addition of solvent
in a wet slurry process has been shown to be beneficial in creating a
preferential distribution of the conductive additive onto the surface of
the active material [17-19], improving final cell performance. There is
potential for this methodology to be extended to eliminate the solvent
entirely. However, before this operation can be explored, it is necessary
to generate an understanding of the dynamics of this process and the
relationships between the operating parameters of the batch mixer, the
mixing performance and ultimately how these impact the electrochem-
ical performance. As an example, for NMP-PVDF slurries, the carbon
black conductive additive forms a weak network that stabilises the
slurry [20], so a balance must be struck between coating the conductive
additive onto the surface of the active material [21] and leaving enough

free to both stabilise the slurry after coating, and to form the crucial
3D conductive network once dried and calendared [22].

Many different types of batch mixers are employed at different
scales in the manufacturing of Li-ion batteries, including hand grinding,
homogenisers, planetary mixers, ball mills, and high shear mixers [23-
27]. Some designs have the ability to mix wet and dry, and others are
known to possess issues with scalability, or only excel in one aspect or
component of slurry mixing. The Eirich mixer, which uses an eccentric
impeller with a rotating pan and wall-scraper, has emerged as a popular
choice now widely used within industry (e.g. UK Battery Industrialisa-
tion Centre https://www.ukbic.co.uk) due to its availability at scales
ranging from 0.1-12,000 L in capacity. This mixer design is thus the
focus of this research to test its applicability and capability for dry
mixing.

This paper describes an experimental and numerical investigation
of how the dynamics of dry-blending of NMC 622, a commonly used
cathode material in Li-ion batteries, are affected by changing speed
of the internal rotor in an Eirich EL1 0.3-1 L capacity mixer, from
the point of view of industrial optimisation. The Eirich mixer differs
from classic stirred tanks due to its rotating pan (run co-current or
counter-current to the rotor) and wall-scraper, as well as operating
at lower fill heights. These design changes alongside the off centre,
eccentric impeller lead to substantial changes to mixing dynamics when
compared to simpler mixers. The velocity of the powder in the mixer
is measured experimentally using positron emission particle tracking
(PEPT), a nucleonic method which enables a variety of measurements
concerning particle velocity, residence time, mixing dynamics and a
variety of other key dynamical properties to be made in opaque ma-
terials via tracking of a single radioactive tracer particle of similar
properties to the powder [28,29]. These are the first experimental flow
measurements made for dry blending of electrode materials in a batch
system. Other typical constituents of LiB electrodes such as binder or
conductive additives were not included in this study since these tend to
influence the bulk behaviour significantly over time which was shown
in prior work [21,30], which would lead to a time-evolving change in
particle properties which could not be captured using the techniques
available. The experimental results are compared with values obtained
from Discrete Element Method (DEM) simulations, as a route to future
digital optimisation of mixer parameters.

2. Experimental
2.1. Mixer design

An Eirich EL1 mixer (nominal capacity 0.3-1 L) equipped with
a Z-type rotor was used, at rotor tip-speeds of 10 m/s (2300 rpm),
20 m/s (4600 rpm) and 30 m/s (6900 rpm), which were set to co-
rotate with the mixing pan, rotating at a constant speed of 0.7 m/s
(85 rpm). The tool speed of 30 m/s reflects the highest possible energy
input in the EL1 mixer. Earlier experimental work [21] with the same
NMC 622 cathode material showed via SEM imaging that even for
long mixing times of up to 90 min no significant particle breakage
of the active material is detectable. 3D models of the mixer and rotor
geometry are shown in Fig. 1. The mixer was filled with 0.7 kg of NMC
622 with particle size fractions of D5y, = 10 ym, D, = 5.5 pm and
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Fig. 1. Side on (a) and top-down (b) view of the Eirich EL1 mixer. The blue lines labelled 1 and 2 in (a) denote the planes along which granular temperature

is calculated.

Dy, = 17 pm, and a solids density of p, = 4650 kg/m3. When compared
to a conventional stirred tank, the fill height (25 mm) is low, due to
the mixing pan being wider (165 mm) than it is tall (130 mm), to
accommodate the option to angle the pan for other mixing/granulation
processes.

2.2. PEPT measurements

Since PEPT relies on the movement of a single radioactive tracer
particle which emits highly penetrative back-to-back gamma rays, it
can be used in opaque equipment (i.e. metal) and media. PEPT has
been applied to a wide variety of industrially relevant mixing sys-
tems, including coffee roasters [31], stirred tank reactors [32,33], ball
mills [34], fluidised beds [35], and others [36].

In addition to providing valuable information in its own right, PEPT
can also be used as a means validating numerical models, including
discrete element method [37], computational fluid dynamics [38], and
other [39,40] simulations. The ability of PEPT data to be analysed to
produce many of the same three-dimensional fields as, for example,
DEM, enables detailed, three-dimensional comparisons between exper-
imental and numerical data to be made across a range of relevant
properties, thus facilitating a uniquely rigorous form of validation for
rapidly-flowing particulate systems.

The tracer particle used was an ion-exchange resin bead, approx-
imately 300 pm in size, approximately 30x larger than the individual
NMC 622 particles (10 pm), but approximately 10x smaller than the
coarse-grained DEM particles (2 mm). The tracer was labelled with the
pT-emitting radioisotope Fluorine-18. This labelling process involved
immersing the resin in a solution containing free 8F ions, following
the indirect activation method described by Windows-Yule et al. [29]
and Parker et al. [41].

A modified ADAC Forte camera [42] was used to track the move-
ment of the radioactive tracer particle within the Eirich mixer. The
mixer was positioned between the camera’s two detectors, with the
mixing pan centred, while the detectors were adjusted to be as close
as possible to enhance data collection [36]. The ADAC camera can
locate a tracer travelling at 1 m/s approximately 250 times a second
to within 0.5 mm. This spatial accuracy can increase further to within
100 pm for slower tracers. Additional details on the ADAC camera can
be found in Parker et al. [43] and Herald et al. [42]. Annihilation of
the p* particles very close to the tracer particle produces back-to-back
gamma rays which are detected by the camera. Triangulation of these

events using the PEPT-ML algorithm enables the tracer position to be
obtained in three dimensions in Cartesian co-ordinates and time (x, y, 2,
t). This algorithm has the capability to further improve precision and
confidence in tracer position by using a machine learning clustering
algorithm [44] and has been applied previously for the wet blending
of electrode materials [45] due to its excellent balance of temporal
and spatial resolution [29]. Particle trajectories and velocities were also
calculated using PEPT-ML and then a Eulerian grid was applied using
the UP4 (Universal Post Processor for Particulate Processes) toolset to
allow for the generation of number fields and velocity fields as well as
3D free surface plots [46].

2.3. PEPT data filtering methodology

To compare the PEPT and DEM results on a valid basis, it is
necessary to have high statistical confidence in the tracer occupancy
and the resulting velocities calculated from the PEPT data. This requires
a sufficient number of tracer detections in each voxel of the mixer
internals once the data is discretised onto a Eulerian grid. This may
be interrogated using the particle occupancy, defined as the fraction of
the total time that the particle spends within a given location in the
vessel [36,47]. As can be seen in Fig. 2(a) there are low occupancy re-
gions predominantly in the centre of the vessel. Areas of low occupancy
are thus filtered out by removal of any grid points where the occupancy
is below one standard deviation from the average over all grid points,
shown in Fig. 2(b). One standard deviation was chosen due to the wide
distribution of occupancy throughout the vessel, as can be seen in the
histogram of occupancy values shown in Fig. 2(c), with the histogram
after filtering being shown in 2(d).

This approach provides a consistent way of improving the statistics
of the PEPT data for comparison to the DEM, avoiding use of arbi-
trary threshold criteria which might cause large variations in filtering
between datasets.

2.4. Péclet number

The Péclet number is the ratio between advective transport and
diffusive transport (dispersion). From PEPT data, a Mean Squared
Displacement (Eq. (1)) field can be calculated across the vessel volume,
a measure of advective motion.

MSD(41) = { ||r(t + 4 — r ()] ) @
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Fig. 2. Raw PEPT number field (a), PEPT number field after filtering (b), with both heat maps have x and y axis corresponding to the position within the ADAC
camera. Raw PEPT data occupancy histogram (c) where the red line shows where the filtering limit is, and the resulting PEPT data occupancy histogram after

filtering (d).

Table 1
Average mixer Péclet number.

Tip-speed Average Péclet number
10 m/s 14959

20 m/s 2067

30 m/s 2440

where r() is the position vector of a particle at time #, At is the
time step between two observations. As previously reported [45,48],
dispersion (Eq. (2)) can also be calculated from PEPT data across the
vessel volume.

n
o= L3 = 5P+ = 9P+ (2 - 2P @

i=1
where ¢ is the standard deviation, %, y,Z the mean final location, and
n the number of traces. Both MSD and dispersion are calculated for
a 700 ms time-step, which is approximately the slowest time for a
complete circulation of the PEPT tracer in the Eirich mixer, as well
as a short enough time-step that dispersion is not constrained by the
mixer volume. The resulting Péclet number field for 20 m/s tip-speed
is shown in Fig. 3, this variation in Péclet number is also seen at 10
and 30 m/s tip-speed. For all regions of the mixer, advection dominates
by several orders of magnitude, however dispersion is higher near the
rotor, leading to lower values of Péclet number in the narrow region
between the rotor and the pan wall. The average Péclet number for all
tip-speeds is shown in Table 1.

3. DEM simulations

The Discrete Element Method (DEM), first introduced by Cundall
and Strack in 1979 [49] has been widely adopted to model dense
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Fig. 3. Depth-averaged Péclet number for 20 m/s tip-speed PEPT data.

particulate flows in myriad applications. Table 2 gives examples of DEM
studies and their main findings on four commonly used mixer types
(helical ribbon, paddle blender, blade and ploughshare) in literature.
For all these studies the mixing tool velocities are considerably below
the tool speeds investigated in this study for the Eirich EL1 mixer.

Of particular relevance to this study, DEM was previously used
to analyse an Eirich RO2 intensive mixer by Moreno-Juez [75] and
Tokoro [76], though experimental validation of the findings was not
attempted. Using DEM, the velocity of a spherical particle is set by
Newton’s equations of motion where all forces acting on it are in
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Table 2
Literature review on DEM simulations for different mixer types.
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Mixer types are: a - helical ribbon, b - paddle blender, c - blade mixer, d - ploughshare.

Author Type Tool speed Main findings

Herman [50] a 0.1-1.7 m/s Scale-up reduces mixing efficiency and increases mixing time.
Chandratilleke [51] a 0.3 m/s Mixing quality depends on fill level, particle properties and tool design.
Halidan [52] a 0.2-2.1 m/s Impeller speed, fill level and tool design influence mixing performance.
Jin [53,54] a 0.5-2.1 m/s Liquid addition improves mixing performance.

Tsugeno [55] a 0.2-0.5 m/s Convection dominant mixing mechanism.

Gao [56] a 0.2-1 m/s Optimal mixing performance depends on tool speed.

Golshan [57] a 0.5-1 m/s Mixing quality enhanced by tool speed and filling method.

Kaneko [58] a 0.3-0.6 m/s Mixing performance critically influenced by bed height.

Qian [59] a 0.2-1 m/s Combining anchor and ribbon design enhances mixing efficiency.

Wang [60] a 0.1-0.4 m/s Scale-up depending on tool design and speed.

Jadidi [61] b 0.25-0.4 m/s Paddle geometry influences mixing time and homogeneity.

Hassanpour [62] b 0.3-1.9 m/s Good agreement between DEM and PEPT measurements.

Ebrahimi [63] b 0.5-1.1 m/s Diffusion dominates over convection in bi-disperse particle systems.
Emmerink [64] b 0.8-3.1 m/s Mixing quality is governed by tool speed and particle filling.

Garneoui [65] b 0.1-0.3 m/s Top filling and paddle number of five yields optimal mixing performance.
Wang [66] b 0.6-0.9 m/s Mixing is dominated by diffusion and optimal for paddle angles of 30°-45°.
Yaraghi [67] b 0.1-0.8 m/s Mixing quality is influenced by impeller speed.

Boonkanokwong [68] c 0.05-1 m/s Tool design, fill height and particle properties influence impeller torque.
Chandratilleke [51] c 0.03-1.3 m/s Impeller speed increases convective mixing and efficiency.

Castro [69] c 0.2-2.4 m/s Impeller design can enhance mixing quality or reduce energy demand.
Herman [70] c 0.1-2.6 m/s At constant Fr numbers similar flow patterns emerge for scale-up.

Alian [71] d 0.9-3.4 m/s Mixing time depends on impeller speed, fill level and particle size.
Cleary [72] d 0.8-3.1 m/s Non-spherical particle shapes decrease mixing rates.

Laurent [73] d 0.1-1.8 m/s Spherical DEM particles underestimate mixing efficiency of rice grains.
Zhu [74] d 0.4-2.3 m/s Optimised geometry improves homogeneity and reduces wear.

balance (Eq. (3)). Cohesive forces are generally more prominent in
cases of very small particle sizes and drag forces may be considered
when the solids move in a continuous phase other than a vacuum.

md—u:F

dt gravitation

+ F,

contact

+ Fdrag + Fcohes/on + - (3)

Rotational velocity of the particles is solved by the torque balance
described by Eq. (4) if all relevant torques such as rolling friction are
known.

do
IE_ZM Q)

After all relevant forces and torques are applied, a time integration
scheme is used to calculate the particles’ translational velocity, updated
position and angular velocity. Since dense granular systems are charac-
terised by numerous collision events, the Hertz-Mindlin contact model
is used [77,78], which separates the normal and tangential contact
directions into separate spring and damping components. This model is
the most appropriate model for small particles without large/inelastic
deformation. Since NMC 622 particles are relatively rigid they are
not expected to experience significant plastic deformation, even during
high velocity impacts. For the normal direction the contact force is
calculated as in Eq. (5), with Young’s moduli E;, E,, Poisson ratios

of particles v, v, in E* = W, the radii of the particles r|,
1 2
my-my

ry in R* = % and the masses of the particles m,, m, in m* = — e
6, is the overlap in normal direction which allows the particles to have
a smaller distance than the sum of their radii when in contact. This
is done to mimic the elastic deformation of rigid spheres. Here, the
parameter e is the coefficient of restitution.
4 s
Fcamact,narmal = knan ~YnUreln = EE R*ﬁn '5,,
———

spring damper P
n

2\/€ ) 2E* /R 5, - mt v ©
_o 2. e . R
6 Vin%(e) + 2 ! e

In

The tangential contact force F, g sangeniias @CCOunts for friction dur-
ing contact. It is again divided into a spring and damping component
and is calculated according to Eq. (6), with the tangential overlap

é,, the relative tangential velocity v,,;, and equivalent shear modulus
*® E, E)
G = 2Q—v)(1H+v) Ey+2Q2—vy)(1+v)E; ©

Fcontuct,tangemiul =

kiby = ViUpery = 8G*/R* - 6,5,
——

spring damper k;

!
> ne) 8G* - \/R* 6, - m* -y,

—24/2.

6 VinZ(e) + n2 .

7t

(6)

Since very fine powders experience stronger cohesive and adhesive
forces, relative to gravity, the model by Johnson, Kendall and Roberts
(JKR) [79] is used to calculate the attractive surface force F;gy as
in Eq. (7), where y is the surface energy in J/m? and a the contact

surface area, calculated from the following non-linear expression §, =

2
< 4’# An analytical solution solving for a can be found in the

work by Parteli [80].

% 3
Frxn=2EC _\flexEra %)

3R*

For the numerical integration of Egs. (3) and (4) a suitable time
step has to be chosen. The highest frequency that needs to be resolved
stems from the highest wavelengths that can be propagated through a
particle and is calculated according to Eq. (8) formulated by Rayleigh.
To allow for a buffer in the calculation 4t ~ 0.2 - Atg,,.;e, Was chosen
as the effective time step size for all simulations.

Pp
T\ G

Al gy toian = ————————
Rayleish = (0 1631v + 0, 8766

(8

For real NMC 622 particles of 10 p m diameter, the necessary time
step size is At = 5- 107 s. For a filling weight of 0.7 kg NMC 622 in
an EL1 mixer, the particle number is estimated as n, ~ 7 - 10!, which
in combination with the calculated time step size leads to an extreme
computational burden.

To overcome this hurdle coarse-graining is an established method
[39,81-84], where multiple particles are tracked by one representative
DEM particle. For this study a fixed value of 200 is used as a coarse-
graining factor. In order to accurately predict the flow behaviour with
coarse graining and to estimate the material parameters that are needed
for contact modelling, different calibration experiments were used. To
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Table 3

DEM parameters used for NMC 622.
Parameter Value
particle diameter d, 2 mm
bulk density p, 2500 kg/m?
shear modulus G 1 x 10® Pa
Poisson’s ratio v 0.25
coefficient of restitution e, 0.5
coefficient of restitution e,, 0.5
coefficient of stat. friction u,,, 0.9
coefficient of roll. friction 4, ,, 0.075
coefficient of stat. friction 4, 0.9
coefficient of roll. friction g, ,,, 0.075
surface energy v,, 0.25 J/m?
surface energy v, 0.04 J/m?
number of particles n, 46 000
coarse graining factor CGF 200

ensure a comparable particle behaviour DEM parameters have been
carefully calibrated against real world experiments such as static angle
of repose tests, dynamic angle of repose tests using a Schulze shear cell
and rotating cylinder, as well as inclined plate test against stainless
steel. These experiments were chosen to guarantee that the powder
movement can be accurately simulated while maintaining reasonable
calculation times. These calibration experiments can be found in [85]
and the relevant simulation parameters are given in Table 3.

To estimate the influence of air movement on the particle motion,
the Stokes number is calculated for a NMC 622 particle with a diameter,
d, = 10 pm, solids density, p, = 4650 kg/m?, air viscosity, u ;=
1,8-107 kg/ms and the distance between mixing tool and wall scraper,
L = 0.04 m. For the air velocity field a Computational Fluid Dynamics
(CFD) simulation of pure air flow in the EL1 mixer was done for the
three investigated mixing tool speeds of 10 m/s, 20 m/s and 30 m/s
which gave averaged air velocities between the mixing tool and the
wall scraper of approximately 0.9 m/s, 1.2 m/s and 2 m/s respectively.
Using these values, the Stokes number can be calculated according to
Eq. (9) which indicates that the particles follow the air flow at all
mixing tool speeds.

2
pp~dp~uf

St= ————
18- py- L

501 9)

To account for the air movement in the mixing vessel the CFD
simulated velocity field is introduced into the DEM simulation to give
the relative velocities v,,,. With this the drag force acting on the
particles can be considered according to Eq. (10).

1

Fp= Epfvi_lcl)ﬂ'rz (10)

The Morsi-Alexander Drag model is used to calculate the drag coef-
ficient Cj, of spherical particles in a wide range of Reynolds numbers.
The exact equations can be found elsewhere [86]. The DEM simulations
were run until a quasi-static flow field was established which was
usually achieved within 20 to 30 s of simulated mixing time. The
proprietary software EDEM 2023 (Altair Engineering Inc, USA) was
used to generate the DEM simulations.

4. Results and discussion
4.1. Comparison of PEPT and DEM velocity fields

To provide a qualitative spatial comparison between the simulations
and experimental datasets, 2-D depth averaged heat maps of both the
PEPT and DEM velocity fields were generated as shown in Fig. 4. Parity
plots comparing the filtered PEPT velocity magnitudes to the DEM
values were also developed.

Fig. 4 shows velocity fields for the DEM simulations (a), and velocity
fields extracted from the raw PEPT experimental data (b), and filtered
PEPT data, which illustrate the wide range of velocities in the mixer

Powder Technology 469 (2026) 121804

volume. The PEPT velocities were calculated using seven interpolated
tracer locations from the PEPT data file which stores particle position
(x, ¥, 2) as a function of time. This value was selected to be as small as
possible to allow for the detection of high velocity trajectories near to
the rotor, without excessively smoothing the data. The sensitivity of the
velocity distribution to this parameter was checked, with only a slight
shift in the overall distribution observed. This gives rise to maximum
tracer velocities which match with the tip-speed of the rotor. These
maximum velocity events are rare since the tracer must be hit by the
rotor with sufficient contact time to accelerate close to the rotor tip
speed before being slowed by the NMC material in the vessel.

The DEM data shown in Fig. 4(a) has a high velocity region forming
a small ring around the rotor, in the narrow area between the rotor and
wall, before the flow comes into contact with the wall-scraper which
then leads to a low velocity region around position (270,300). In the
immediacy of the wall, away from the scraper, there appears to be
a constant flow velocity at around 0.7 m/s, presumably as the wall
pushes particles along at the pan rotation velocity (0.7 m/s) showing
the benefit of co-current running of the Eirich mixer.

Fig. 4(c) shows the raw PEPT data, which includes the low occu-
pancy regions around/under the rotor (Fig. 2(a) shows the 20 m/s
example) as well as the gap between the wall and scraper. However,
by filtering the PEPT data Fig. 4(b) is generated. As can be seen, the
velocities in the main volume of the mixer remain unchanged; only
data with poor statistical robustness is removed. Although the overall
velocity field is qualitatively similar to that obtained from the DEM, the
PEPT velocities in the vicinity of rotor are lower. This can be attributed
to the time-averaged nature of the PEPT velocity calculations making
it less likely to capture the very highest velocities that are present
in the instantaneous DEM velocities. Despite this slight depression of
maximum velocity, there still remains a large region of higher velocity
in the narrow gap between the rotor and wall, with the same general
trend as the flow comes into contact with the wall-scraper, leading
to a region of lower velocity around (280,300). However, the regions
of higher velocity in the PEPT are larger than that of the DEM. Fig.
4(d) shows all comparable data for 10 m/s tip-speed as a parity plot,
where the higher instantaneous velocities in the DEM lead to apparent
outliers above parity (red dashed line). This is expected, as is the
apparent upper limit in the PEPT velocities shown in the inset at around
0.75 m/s, due to the time taken to calculate PEPT tracer velocity, as
well as the depth-averaged nature of the grid. However, both parity
plots show the vast majority of points lying on or near parity, providing
a strong indication that the DEM model has correctly captured the
physics of the system.

It is interesting to note the majority of both the DEM and PEPT
velocities are below 1 m/s, whilst the rotor tip-speed is 10 m/s,
showing that momentum transport is much lower for dry mixing in
the Eirich when compared to wet mixing, where similar PEPT tracer
velocities were seen at tip-speeds as low as 2 m/s [45]. Furthermore,
the heterogeneous nature of material movement means that it is key
to establish good vessel turnover, to ensure that all material has the
opportunity to be exchanged through all the different regions of the
mixer to yield a homogeneously mixed product.

For 20 m/s tip-speed, good qualitative agreement between the DEM
and PEPT datasets is again observed, as shown in Fig. 5. The DEM data
shown in Fig. 5(a) still has a ring of highest velocities in the narrow
region between the rotor and wall (bottom right), with the central
region of the vessel (280,300) having the lowest velocity. However,
the velocities in the region where the flow is disrupted by the wall-
scraper (240,280) are slightly higher for PEPT than the DEM and the
high velocity region is slightly larger. The impact on filtering the PEPT
data is much clearer with the 20 m/s dataset, with Fig. 5(c) showing
the occasional trajectories at high velocity when the PEPT tracer passes
through the region occupied by the rotor, which are then not present in
Fig. 2(b). The velocities in the main volume of the material are again
not impacted by the filtering process. Comparison between the DEM
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Fig. 4. DEM velocity field (a) with filtered (b) and raw (c) PEPT data velocity field, as well as a parity plot (d) comparing the DEM and filtered PEPT velocities.

For 10 m/s tip-speed.

5(a) and PEPT 5(b) shows the same trends present in both, with the
highest velocity in both being located around (260,370). This is due to
the high velocity tracer trajectories seen in Fig. 5(c), where the tracer
is ejected from the material flow, passes through the rotor region at
high velocity and then rejoins the material at higher velocity than if
it had followed the general material flow. The velocities close to the
vessel wall are similar in both experiments and simulation, as was the
case for a rotor tip speed of 10 m/s. The parity plot shown in Fig.
5(d) shows how there continues to be reasonable agreement at lower
velocities, with the majority of the outliers explainable due to the high
DEM velocity for some grid zones as seen at 10 m/s.

At 30 m/s tip-speed, the same general features are observable. The
high velocity region at the bottom right is larger than at lower tip-
speeds, reaching almost to the wall. The velocity gradient around the
wall-scraper is again present, with the particles having the lowest ve-
locity again around (280,300). For the PEPT data 6(c), the filtering has
a larger impact due to the high number of trajectories passing through
the centre over/under the rotor. The filtered PEPT data 6(b) does show
the same slow moving area, with minimum velocities (280,300) as the
DEM and other PEPT datasets at lower tip speeds, but does have a
smaller region around (290,330). The reason is unclear, but may be a
consequence of poorer statistics close to the rotor due to a much larger
data removal in filtering. This is seen in the parity plot 6(d) where the
distribution of points is compacted on the x axis due to the narrower
range of velocities present in the PEPT data.

Table 4 shows the median, mean and standard deviation of veloci-
ties for each dataset. These are calculated from the raw velocities. At

Table 4
Summary of key statistics for PEPT experiment velocities, and DEM simulation
velocities, all units are m/s.

Dataset Median Mean St. Dev.
PEPT - 10 m/s 0.590 0.599 0.204
DEM - 10 m/s 0.595 0.614 0.319
PEPT - 20 m/s 0.637 0.681 0.289
DEM - 20 m/s 0.636 0.659 0.388
PEPT - 30 m/s 0.670 0.762 0.362
DEM - 30 m/s 0.670 0.703 0.464

all tip-speeds, the median for both the PEPT and DEM datasets are
almost identical, and the mean values agree reasonably well, with the
largest difference being at 30 m/s tip-speed where the PEPT data mean
is 0.059 m/s (8.4%) higher than the DEM mean. This can be attributed
to the higher minimum velocities observed in the PEPT data, shown in
Fig. 6(b). The 30 m/s dataset also has the largest number of trajectories
in the rotor region, however, these are likely to have a smaller impact
on the mean velocity as the DEM also shows very high velocities as
seen in the parity plot in Fig. 6(d) .

Overall, there is reasonable agreement between the DEM and PEPT
data in Figs. 4-6, with all datasets showing the same key features: a
high velocity region in the narrow gap between the rotor and wall
(bottom right all heat maps), flow disrupted by the wall-scraper (top
right) which leads to a lower velocity around the wall-scraper, followed
by a lower velocity region in the central portion of vessel around
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Fig. 5. DEM velocity field (a) with filtered (b) and raw (c) PEPT data velocity field, as well as a parity plot (d) comparing the DEM and filtered PEPT velocities.

For 20 m/s tip-speed.

(280,300). The high velocity region increases with tip-speed for both
the DEM and PEPT, and the velocity of the low region is similar for
all DEM simulations but does appear to increase with tip-speed in the
PEPT experiments.

4.2. Identification of material free surface in PEPT and DEM

Comparison of the free-surface dynamics between the PEPT and
DEM data provides another means through which to assess the accuracy
of the simulations. The location of the free surface changing with tip
speed has previously been seen in a wet anode slurry mix in the Eirich
mixer [45].

Fig. 7 shows the free surfaces for the PEPT (left) and DEM (right)
datasets, with the PEPT data being a surface plot of tracer occupancy,
and the DEM showing a snapshot of the particle positions. Under the
assumption of ergodicity, it is reasonable to take these surfaces as
equivalent [47]. The PEPT surface is thresholded to remove the bottom
5% of occupancy counts. This removes the individual trajectories that
can occur in and around the rotor (such as those seen in Fig. 2(a)). Both
the PEPT and DEM show excellent agreement at 10 m/s tip-speed, with
a similar region where the free surface detaches from the rotor towards
the wall scraper.

At 20 m/s tip-speed, as shown in Fig. 8 both the PEPT and the DEM
show that the granular material becomes further disengaged from the
rotor, leaving more pins of the rotor not in contact with the material,
which provides a possible explanation as to why there is a larger region
of low velocity in Fig. 5. This trend continues at 30 m/s, shown in

Fig. 9, with an even smaller edge of the free surface of the granular
material being in contact with the blades of the rotor (highlighted in
Fig. 10). This pulling away of the free surface from the rotor is key
when considering the performance of the mixer at higher tip-speeds,
as will be discussed further in the next section. Whilst this behaviour
is unlike previous PEPT experimental data studying anode mixing, the
density of NMC 622 is significantly higher, and the dry nature of the
mixing would lead to less energy transport throughout the material,
causing the material to be thrown less up the side of the mixer and to
sink back down quicker when compared to a wet slurry or fluid.

4.3. Granular temperature and free surface changes

Granular temperature is used to describe the random motion and
kinetic energy of particles in a granular material, analogous to thermal
temperature in molecular systems [87]. The granular temperatures
presented are calculated in EDEM Altair using Eq. (11), where ¢, is the
granular temperature, v;(¢) is the velocity of particle i at time ¢, and
v(r;(1),1) is the velocity of the particle at position r;() and time ¢.

1g = % <Z (0, = vy (@), t))2>

1
Figs. 11 and 12 show granular temperature along the 2 planes
shown in Fig. 1(a), one in line with the paddle element of the rotor, and
one in line with the downwards facing pins at the bottom of the rotor.
For both planes, the granular temperature are qualitatively similar and

1)
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Fig. 6. DEM velocity field (a) with filtered (b) and raw (c) PEPT data velocity field, as well as a parity plot (d) comparing the DEM and filtered PEPT velocities.

For 30 m/s tip-speed.

Fig. 7. Free surface of PEPT (left) and DEM (right) data at 10 m/s tip-speed.

do not change significantly with increasing tip-speed, with all having
the highest granular temperature in the region immediately around the
rotor, and a lower but larger area region at the edge of the wall-scraper
(top right of each heatmap). In the region around the rotor, the area
of high granular temperature is observed to increase slightly with tip
speed, but the magnitude of change is much less than the concomitant
increase in tip-speed.

Figs. 11(d) and 12(d) show the dependence of granular temperature
for each tip-speed upon simulation time. For both planes and all tip-
speeds the length of simulation has little to no impact on the granular
temperatures calculated.

The relative insensitivity of the granular temperature in the bulk
flow to the changes in rotor tip speed confirms the poor momentum
transport through the dry powder due to the limited region of high
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Fig. 8. Free surface of PEPT (left) and DEM (right) data at 20 m/s tip-speed.

Fig. 9. Free surface of PEPT (left) and DEM (right) data at 30 m/s tip-speed.

Fig. 10. Zoomed in view of the rotor and free surface at 10 m/s and 30 m/s tip-speed.
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Fig. 11. DEM granular temperature field for 10 m/s (a) 20 m/s (b) and 30 m/s (c) tool speed at plane height of 1 mm above vessel bottom (plane 1 in Fig.
1(a)). Number density plots for granular temperature (d) comparing different tip speeds and averaging intervals between 5 s and 15 s simulation time.

temperature around the rotor, and also shows the importance of the
other elements of the mixer (rotating pan and wall-scraper) in generat-
ing mixing. Furthermore, as the free surface pulls away from the rotor,
the granular temperature at the edge of the material is similar, even if
it is further away from the rotor.

Fig. 13 shows depth-averaged granular temperature fields close to
the rotor at 10 and 30 m/s tip-speed. They both show a region of higher
granular temperature immediately around the rotor, this confirms the
presence of a granular gas as seen in Fig. 10, with particles being free of
the surrounding granular fluid. This can also be seen in the unfiltered
PEPT data shown in Fig. 6(c) where the PEPT tracer leaves the material
and passes through void region.

The granular temperature of this region increases with tip-speed,
leading to outward pressure from the increased energy input. This
“bubble” of granular gas then expands due to the higher granular
temperature into the least constrained region of the vessel, which is the
side of the rotor furthest from the pan wall, resulting in the free surface
disengagement observed in both the PEPT data and DEM simulations.
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4.4. Estimation of transient mixing time from DEM

As the free surface of the granular material disengages from the
rotor, there is a potential outcome that higher tip-speeds will give
diminishing returns in terms of mixing performance. Given the above
discussion, where the DEM simulations have been shown to provide
a reasonable approximation of the physical system, they have been
used to evaluate the transient mixing behaviour, which is challenging
to reproduce from PEPT data. The Lacey mixing index [88] for each
tip-speed was calculated by splitting the DEM particles into 2 groups
(x-axis split is shown in Fig. 15(a) and the 3 axis along which particles
were separated in Fig. 14(b)) which are completely segregated at first,
and then calculating how they become mixed over time. The optimal
number of bins was determined through a mesh-independence study
where radial, azimuthal, and vertical splits were systematically varied
whilst monitoring changes in the Lacey mixing index. The analysis
showed that increasing beyond 6 radial, 8 azimuthal, and 30 vertical
divisions produced negligible improvements, and this configuration
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for x, y and z axes.

was therefore selected. Three snapshots of this can be seen in Fig.
15, with each group separated before mixing 15(a), during the mixing
where the 2 groups are partially-mixed 15(b), and when both groups
have reached a mixed steady-state 15(c).

As the tip-speed increases, the mixing rates forx and y direction
both increase, as shown in Figs. 15(d) and 15(e), which is quantified
by value k from the fit equation shown in Fig. 14(a) and Eq. (12).

M =max (1 — (1= My)e ™79 M) (12)

The k values for the x and y directions for each tip-speed are similar
to one another as would be expected, 0.454 and 0.463 for 10 m/s, 0.566
and 0.591 for 20 m/s, and 0.640 and 0.667 for 30 m/s respectively.
Despite the larger variation for 20 and 30 m/s when compared to
10 m/s, this is markedly smaller when compared to the change between
tip-speeds. However, tip-speed does not appear to impact mixing in the
z-axis, as seen in Fig. 15(f). This difference can be rationalised by the
fact that the height of the free surface is not impacted by tip-speed,
and if there was a change in mixing rate in the z direction, it would
be expected that material would be centrifuged higher up the vessel
sides and thus impact the height of the free surface. Despite the x and
y directions requiring much more movement to become fully mixed
when compared to the relatively low fill height for the z direction,
the fact that solid body rotation is the main driving force behind the
mixing in the Eirich mixer leads to similar Lacey times for the x, y and
z directions. In all directions, there is little to no impact on mixing time
with increased tip-speed, showing the significantly diminishing returns
due to the free surface of the material disengaging from the rotor at
higher tip-speeds. Assuming a constant power number, a reduction in
tip-speed from 30 m/s to 10 m/s could lead to approximately a 27-fold
reduction in power, with little impact on mixing time.

Whilst the Lacey mixing index between NMC 622 particles does not
directly capture the dynamics of coating the NMC 622 with the carbon
black nanoparticles, it provides a useful proxy measurement: the more
rapid the turnover of, and intermixing between, the NMC particles, the
more rapidly one may expect them to obtain an even coating of carbon
black.

A heavily coated NMC 622 particle can have carbon black knocked
off by either interaction with another particle or interaction with the
mixer. If the NMC particle it interacted with is poorly coated, then the
carbon black become more evenly distributed between the 2 particles.
If the carbon black is removed from the NMC 622 particle surface by
the mixer, then it is free to coat another NMC 622 particle that enters
that region of the mixer. Thus high vessel turnover will improve the
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consistency of coating by ensuring that many particles interact with
one another and all of the regions of the mixer.

The results show that each particle can be expected to experience
all of the mixing regions within the vessel. The rapid and homogeneous
nature of the particles’ intermingling shows that larger clumps of
unmixed particles are highly unlikely, and will lead to each particle
interacting with many other particles within a rapid timeframe. As
such, any particles highly loaded with carbon black will likely interact
with many particles which are under loaded or not coated with carbon
black, which will lead to a better distribution of carbon black over
all particles over a mix, typically of 2 to 5 minutes’ duration (cf. the
observed mixing time of ~ 15 s).

5. Conclusions

Using the Positron Emission Particle Tracking (PEPT) technique,
we have provided first experimental insight into the three-dimensional
dynamics of dry powder blending within an Eirich mixer. The velocity
field data obtained have been used to validate a discrete element
method (DEM) model. Considering the large degree of coarse graining
required for the DEM simulations, agreement between PEPT and DEM
is very good, demonstrating that even this simplified model can success-
fully capture the fundamental dynamics of the system, though careful
calibration will be necessary before extension to systems at different
scales.

Both experimental and numerical results identified a large area
mostly devoid of material in the centre round the rotor, a region of
high velocity in the narrow channel between the rotor and pan wall,
velocities decreasing as flow is disrupted by the wall-scraper, followed
by a central region of the lowest velocity (but not zero movement).
As tip-speed is increased, the free surface of the material appears to
disengage from the rotor, believed to be caused by an increase in
granular temperature of the granular gas around the rotor. This increase
in granular temperature then exerts an outward pressure which causes
the material to disengage in the least constrained region of the mixer.

The validated DEM data was then used to estimate the transient
mixing dynamics. It was observed that while increasing the rotor tip
speed increased the rate of mixing within the system, the increase was
modest even when tripling the rotor speed, and showed diminishing
returns. The origin of these diminishing returns is thought to be an
increased tendency for the powder bed to disengage from the rotor as
tip-speed increases.

Due to the commodity nature of Li-ion batteries, even small in-
cremental optimisations of individual manufacturing steps can yield
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significant improvements in sustainability both in a environmental and
financial sense. With this work the diminishing returns with tip-speed
show a clear avenue to reduce the energy use in the mixing process.
Whilst the energy costs of mixing are modest compared to the drying
step, future use of the validated DEM model allows for the exploration
of mixer dynamics across a broader and denser parameter space for
potentially a wider variety of electrode materials than would be feasible
experimentally, with consequent advances possible in dry processing
and product optimisation.
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