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Abstract
Surface modification for micro-nanoparticles at the atomic and close-to-atomic scales is of great
importance to enhance their performance in various applications, including high-volume
battery, persistent luminescence, etc. Fluidized bed atomic layer deposition (FB-ALD) is a
promising atomic-scale manufacturing technology that offers ultrathin films on large amounts of
particulate materials. Nevertheless, nanoparticles tend to agglomerate due to the strong cohesive
forces, which is much unfavorable to the film conformality and also hinders their real
applications. In this paper, the particle fluidization process in an ultrasonic vibration-assisted
FB-ALD reactor is numerically investigated from micro-scale to macro-scale through the
multiscale computational fluid dynamics and discrete element method (CFD-DEM) modeling
with experimental verification. Various vibration amplitudes and frequencies are investigated in
terms of their effects on the fluid dynamics, distribution of particle velocity and solid volume
fraction, as well as the size of agglomerates. Results show that the fluid turbulent kinetic energy,
which is the key power source for the particles to obtain the kinetic energy for overcoming the
interparticle agglomeration forces, can be strengthened obviously by the ultrasonic vibration.
Besides, the application of ultrasonic vibration is found to reduce the mean
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agglomerate size in the FB. This is bound to facilitate the heat transfer and precursor diffusion
in the entire FB-ALD reactor and the agglomerates, which can largely shorten the coating time
and improve the film conformality as well as precursor utilization. The simulation results also
agree well with our battery experimental results, verifying the validity of the multiscale
CFD-DEM model. This work has provided momentous guidance to the mass manufacturing of
atomic-scale particle coating from lab-scale to industrial applications.

Keywords: atomic scale manufacturing, fluidized bed atomic layer deposition (FB-ALD),
computational fluid dynamics and discrete element method (CFD-DEM),
nanoparticle agglomerates, ultrasonic vibration

1. Introduction

Surface modification of micro-nanoparticles at the atomic and
close-to-atomic scales is of great importance to their applica-
tions in a variety of fields, such as energy storage [1–3], cata-
lysis [4, 5], sensors [6], biomedicine [7, 8], etc. In order tomeet
the industry requirements in these areas, it is urgently neces-
sary to develop high-volume manufacturing of atomically pre-
cise coatings on particulate materials. As an advanced extreme
manufacturing method, atomic layer deposition (ALD) is a
thin film deposition method which offers pinhole-free films
with precise thickness control at the angstrom level and excep-
tional homogeneity on complex structures [9, 10]. Fluidized
bed ALD (FB-ALD) has shown great potential in atomically
ultrathin films on large amounts of particles [11, 12].

However, with the surface area of nanoparticles increasing
dramatically in scale-up manufacturing, challenges for FB-
ALD begin to exist. High surface energy and strong cohes-
ive forces between nanoparticles can cause severe aggrega-
tion, leading to the formation of micro-sized agglomerates
and fluidization problems, such as channeling, bubbling, clus-
tering, and elutriation [13–15]. Large agglomerates cause the
decrease of exposed nanoparticle surface area and increase in
heat and mass resistances, leading to the non-uniformity of
nanoparticle coating and a long coating time [16]. Besides,
precursor molecules might be directly purged out before being
fully consumed by the active sites on particle surfaces, lead-
ing to a low precursor utilization. Enhancing the fluidization
quality of nanoparticles is of great importance to improve the
efficiency of FB-ALD, especially for the scalable production
of nanoparticle coatings [17, 18].

In the past few decades, different external assisting meth-
ods have been proposed to enhance the fluidization quality in
FB-ALD reactors, such as mechanical vibration [19], agitation
[20], pulsation [21], and rotation [22]. Experimental results
showed that these external forces could effectively facilitate
the breakage of agglomerates and the gas–solidmixing [23]. In
addition, as an indicator of the fluidization quality, the hydro-
dynamics in the FB-ALD reactor assisted with external forces
is also improved, such as higher bed expansion ratio and lower
minimum fluidization velocity. Due to these improvements,
the film conformality and the precursor utilization are both
effectively enhanced [24].

Despite various experimental investigations, a compre-
hensive understanding of the external field effects on the

FB-ALD process is still required. FB-ALD is a strong-coupled
multiscale process, where the fluid dynamics at the reactor
scale (∼s) is combined with diffusion in the micro-sized
agglomerates (∼ms) and ALD reaction kinetics (∼µs) at the
atomic scale [16, 25]. As a consequence, establishing a pre-
cise model to simultaneously investigate the behaviors under
different length and time scales for the fluid-particle system
is extremely complicated [26]. Whereas, since the fluidiza-
tion quality makes a great difference to the FB-ALD coating
process, the numerical simulation on nanoparticle fluidization
behaviors is a great alternative. At the reactor and agglomerate
scales, computational fluid dynamics (CFD) is themost widely
used approach to explore the hydrodynamics of gas–solid flow
[27, 28]. Depending on whether the particles are treated as
a continuum phase or discrete phase, CFD methods can be
categorized into Eulerian–Eulerian and Eulerian–Lagrangian
models [29–31]. Using the Eulerian–Eulerian method, Ross-
bach et al investigated the effect of ultrasonic waves on micro-
sized particle fluidization in a circulating FB riser [32, 33].
Both the numerical and experimental results showed that ultra-
sound waves enhanced the distribution of solid particles, and
a better fluidization quality was obtained with an acoustic fre-
quency of 20 kHz and input power from 10 W to 50 W. As for
the Eulerian–Lagrangian approach, particles aremodeled indi-
vidually by a discrete element method (DEM) [34–36]. In this
way, the particle-to-particle and particle-to-fluid interactions
can be simultaneously considered rationally. Using the CFD-
DEM method, Tang et al investigated the effects of the acous-
tic fields on the agglomeration behavior of cohesive micro-
sized particles [37]. Results showed that the application of
acoustic field promoted the breakup of agglomerates, lead-
ing to a remarkable improvement of the process performance.
As a source of high-frequency sound waves, ultrasonic vibra-
tion has also been proved to increase the heat and mass trans-
fer rates and promote chemical reactions [38, 39]. Neverthe-
less, the application of ultrasonic vibration on the low-pressure
FB-ALD process hasn’t been reported yet, neither CFD-DEM
simulations for the effect of ultrasonic waves on nanoparticle
fluidization.

The schematic of the ultrasonic vibration-assisted FB-ALD
process is shown in figure 1. As is shown, nanoparticles
are fluidized as micro-sized agglomerates in the FB due to
the cohesive forces between the agglomerates, such as van
der Waals force, liquid-bridge force, and electrostatic force
[40]. The separation forces between the agglomerates include
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Figure 1. Nanoparticle application in power batteries for electric vehicles and the schematic of the ultrasonic vibration-assisted FB-ALD
process.

particle–wall, particle–particle collision forces, particle–fluid
drag force, and gravity force. Ultrasonic waves are induced
by the vibrating motion of the FB sidewall, which is activ-
ated by ultrasonic horns or transducers. The ultrasonic vibra-
tion causes increased particle–wall collisions as well as peri-
odic disturbance to the flow field in the FB-ALD reactor. After
reaching a stable fluidization state, precursors are success-
ively pulsed into the reactor to achieve ALD reaction on nano-
particle surfaces, typically being trimethyl-aluminum (TMA)
and H2O for Al2O3 films. It is noted that hydrodynamics in
the ultrasonic vibration-assisted FB-ALD reactor not only has
an impact on the agglomeration behavior but also affects the
mass and heat transfer rates in the reactor or agglomerates.

Towards the large-scale manufacturing of atomically thin
coatings on nanoparticles, this work aims to investigate the
effect of ultrasonic vibration on the hydrodynamics and the
particle agglomeration behavior in an FB-ALD reactor via
CFD-DEM simulation. The dynamic mesh method is adop-
ted to reveal the ultrasonic vibration of the FB sidewall, and
the Johnson–Kendall–Roberts (JKR)model is applied to simu-
late the cohesive forces between agglomerates. For forces act-
ing on particles, the particle–particle, and particle–wall colli-
sion forces, particle–fluid interactions are considered. The bed
pressure drops and expansions, fluid turbulent kinetic energy,
distribution of particle velocities and solid volume fraction,
as well as the agglomerate sizes are presented to character-
ize the fluidization quality. Different amplitudes and frequen-
cies of ultrasonic vibrations are investigated to find the optimal
conditions for enhancing the fluidization quality and the coat-
ing efficiency of FB-ALD process.

2. Numerical methodology

In this study, the effects of ultrasonic vibration on the hydro-
dynamics at the reactor scale and the particle agglomeration
behavior at the agglomerate scale are numerically investigated

through the Eulerian–Lagrangian simulation. The gas phase
is considered as a continuous phase by solving the Navier–
Stokes equations, and the particle agglomerates are tracked
individually through Newton’s equation of motion. Several
assumptions are made for the simplification of calculation.
Firstly, simple nanoparticle agglomerates are treated as spher-
ical DEM particles with the same properties. Secondly, the
ultrasonic vibration with constant amplitude and frequency is
applied to part of the FB sidewall. Therefore, the attenuation
of the ultrasonic energy hasn’t been taken into consideration,
as well as the propagation and reflection of ultrasonic waves
in solid structures. Thirdly, the FB is considered isothermal,
and mass transfer between phases is neglected.

2.1. Hydrodynamics of gas phase

The motion of the gas phase can be modeled using Euler’s
equations. According to the Navier–Stokes equations, the
mass conservation equation for the gas phase is described as:

∂

∂t
(αgρg)+∇

(
αgρg

−→vg
)
= 0 (1)

where αg is the local volume fraction of fluid, and −→vg repres-
ents the gas velocity. ρg is the fluid density, which is calculated
based on the ideal gas law:

ρg =
p
RT

(2)

where p is the gas pressure, R is the ideal gas constant of nitro-
gen with the value of 2969 J (kg·K)−1, and T is the gas tem-
perature with the value of 423 K. The conservation equation
of momentum for the gas phase can be written as:

∂

∂t

(
αgρg

−→vg
)
+∇

(
αgρg

−→vg−→vg
)
=−αf∇p+∇· τ̄ g

+αgρgg⃗+ S⃗ (3)
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where τ̄ g is the fluid phase stress–strain tensor:

τ̄ g = αgµg
(
∇v⃗g +∇v⃗Tg

)
+αg

(
λg −

2
3
µg

)
∇· v⃗gĪ (4)

where µg and λg are the shear and bulk viscosity of the
gas phase, respectively. Ī is the intensity of turbulent kinetic
energy. S⃗ is the volumetric gas–particle interaction force in a
computational cell, which is given by:

S⃗=

∑N
i=1fpg,i
Vc

(5)

whereN is the number of particles, fpg,i is the fluid force acting
on the ith particle, and Vc is the volume of the cell.

The turbulent flow in the ultrasonic vibration-assisted FB
is modeled by the standard k− ε dispersed turbulence model.
The transport equations of turbulence kinetic energy, k, and the
rate of dissipation, ε, are as follows:

∂

∂t
(αgρgk)+∇·

(
αgρg

−→vgk
)
=∇·

(
αg

(
µg +

µt
σk

)
∇k

)
+αgGk−αgρgε (6)

∂

∂t
(αgρgε)+∇·

(
αgρg

−→vgε
)
=∇·

(
αg

(
µg +

µt
σk

)
∇k

)
+αg

ε

k
(C1Gk−C2ρgε) (7)

where Gk represents the generation of turbulence kinetic
energy due to mean velocity gradients. σk and σε are the turbu-
lent Prandtl numbers for k and ε. µt is the turbulent viscosity,
and it is calculated by:

µt = ρgCµ
k2

ε
(8)

where C1, C2, and Cµ are the model constants with the empir-
ical values of 1.44, 1.92, and 0.09, respectively.

2.2. DEM of particle motions

In the Euler–Lagrangian model, the fluidizing particles are
simplified as spherical particles with the same properties. The
forces acting on the particles include gravity force, particle–
wall and particle–particle contact forces, as well as the interac-
tion forces between particles and the gas phase. According to
Newton’s second law, the governing equations for the motion
of particle i can be written as:

mi
d−→vi
dt

=
N∑
j=1

(−−→
Fcnij+

−−→
Fctij+

−−→
Fdnij+

−−→
Fdtij

)
+
−−→
Fd, gi

+
−−→
Fp, gi+mig⃗ (9)

Ii
d−→wi
dt

=
N∑
j=1

−→
Tij (10)

where mi, Ii,
−→vi , and −→wi represents the mass, moment of iner-

tia, linear velocity, and angular velocity of particle i, respect-
ively.

−−→
Fcnij,

−−→
Fctij,

−−→
Fdnij, and

−−→
Fdtij are the normal contact force,

tangential contact force, normal damping force, and tangential
damping force between particle i and j that act on particle i. N
is the number of particles in contact with particle i.

−−→
Fd, gi and−−→

Fp, gi are the gas–particle drag force and pressure force acting

on particle i, accordingly.
−→
Tij is the torques that particle j acting

on particle i.
For the consideration of cohesive forces between particles,

Hertz–Mindlin with JKR cohesion model is adopted to cal-
culate the contact forces between particles [41]. According to
Hertz–Mindlin contact theory and JKR theory, the

−−→
Fcnij,

−−→
Fctij,−−→

Fdnij, and
−−→
Fdtij between particles can be calculated as follows:

−−→
Fcnij =−4

√
πγE∗α

3
2 +

4E∗

3R∗α
3 (11)

−−→
Fctij = Stδt (12)

−−→
Fdnij =−2

√
5
6
lne

√
Snm∗

−→
vreln√

ln2e+π2
(13)

−−→
Fdtij =−2

√
5
6
lne

√
Stm∗

−→
vrelt√

ln2e+π2
(14)

where γ is the surface energy of particles, which is set as
0.04 mJ m−2, based on the assumption that the maximum
cohesive force is equal to 20 times of the gravity force. δt rep-

resents tangential overlap distance.
−→
vreln and

−→
vrelt are the normal

and tangential components of the relative velocity. Sn and St
are normal and tangential stiffness, which is calculated by:

Sn = 2E∗
√
R ∗ δn (15)

St = 8G∗
√
R∗δn. (16)

The relationship betweenα and normal overlap distance δn can
be described as:

δn =
α2

R∗ −
√

4πγα
E∗ . (17)

E∗, R∗ andm∗ are the equivalent Young’s modulus, radius and
mass, which can be represented by:

1
E
=

(
1− vi2

)
Ei

+

(
1− vj2

)
Ej

(18)

1
R∗ =

1
Ri

+
1
Rj

(19)

1
m∗ =

1
mi

+
1
mj

(20)
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Figure 2. (a) Pseudo-2D geometry model and boundary conditions of ultrasonic vibration-assisted FB-ALD reactor; (b) enlarged view for
the setup of dynamic mesh in the fluid computational domain.

where Ei, Ej, Ri, Rj, vi, vj, and mi, mj are Young’s modulus,
Poisson ratio, radius, and mass of particle i and j.

The cohesive force between particles and walls is neg-
lected. Therefore, the Hertz–Mindlin model is used to calcu-
late the contact force between particles and walls, where γ is
assigned to zero. Besides, in particle–wall collisions, the mass
of particle j (the wall) is set infinitely large, leading tom∗ =mi.

The drag force is calculated by:

−−→
Fd, gi =

VPβ

1− εg
(⃗vg − v⃗p) (21)

where εg is the gas volume fraction, VP is the particle volume,
and β is the fluid-particle drag coefficient. The well-known
Gidaspow model is employed for the correlations of β:

β =


150

(1− εg)
2
µg

εgdp
2 + 1.75

ρg (1− εg) |⃗vg − v⃗p|
dp

εg < 0.8

3
4
Cd

ρg (1− εg) |⃗vg − v⃗p|
dp

ε−2.65
g εg ⩾ 0.8

(22)

where dp is the particle diameter and Cd is the drag coefficient
following the Schiller and Naumann correlation:

Cd =


24
Re

(
1+ 0.15Re0.687

)
Re< 1000

0.44 Re⩾ 1000
. (23)

The Reynolds number, Re, is defined by:

Re=
ρgεgdp |⃗vg − v⃗p|

µg
. (24)

The pressure force acting on a single particle is expressed as:

−−→
Fp, gi =−1

6
πdp

3∇p (25)

where p is the gas pressure.

2.3. Model geometry and boundary conditions

For the simplicity of computation, a pseudo-two-dimensional
(2D) FB model is established to investigate the effect of ultra-
sonic vibration on the fluidization process in the FB-ALD
reactor. The model geometry is shown in figure 2(a), with the
size of (3, 0.4, 20) mm. On the one hand, the width of the FB
should be small enough to ensure particle flow pattern with
little change along the width. On the other hand, the bed width
should exceed five times of the particle diameter, making the
wall effects negligible [42]. Cohesive particles are packed at
the bottom of the reactor with an initial particle bed height of
2 mm. The properties of the DEM particles are set the same
as that of the simple agglomerates. To avoid too much com-
putational cost, DEM particles with a diameter of 40 µm and
a density of 276 kg m−3 are selected in our study [43]. The
Young’s modulus of the DEM particles is 100 kPa and the
Poisson’s ratio is 0.3 [44]. Besides, the particle-to-wall and
particle-to-particle friction coefficients are 0.3. The restitution
coefficient is 0.9 and the rolling friction coefficient is 0.01. The
background gas pressure of the FB is set at 1000 Pa, according
to the reactor pressure in the high-volume particle FB-ALD
process. A uniform velocity-inlet of 0.04 m s−1 and a pressure
outlet with the gauge pressure of−200 Pa are implemented to
the fluid computational domain.

Periodic motion is applied to part of the FB sidewall to
investigate the effect of ultrasonic vibration on fluidization
behaviors. The displacement of the vibrating wall can be
described as s= Asin(2πf(t− t0)), where A and f are the amp-
litude and frequency of ultrasonic vibration, and t0 is the time
when the ultrasonic vibration is applied to the reactor. There-
fore, to simulate the effect of ultrasonic vibration on the flow
field, a periodic moving boundary condition is applied to the
vibrating wall of the FB using the dynamic mesh method. As
shown in figure 2(b), the mesh of the fluid domain deforms
periodically with the ultrasonic vibration along the x-axis.
Three levels of frequencies (10, 20, 40 kHz) at the amplitude
of 20 µm and three levels of amplitudes (10, 20, 30 µm) at the
frequency of 20 kHz are implemented to introduce different
ultrasonic vibration conditions.
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Figure 3. Flowchart of CFD-DEM coupling method.

2.4. Numerical implementation

The CFD-DEM simulations in this study are implemented
in Fluent-E-discrete element method (EDEM) software with
the user-defined function (UDF) and application programming
interface. ANSYS Fluent 19.2 is used as the CFD solver to cal-
culate the governing equations of hydrodynamics in the gas–
solid system. The DEM code in EDEM 2020 is combined with
CFD to calculate the motion of cohesive particles. The hori-
zontal sinusoidal motion is added to the moving solid wall in
EDEM, and simultaneously a UDF is implemented in Fluent
to define the amplitude and frequency of ultrasonic vibration.

For the ultrasonic CFD simulation, the selection of the
time step has a significant influence on the numerical results
of hydrodynamics. Specifically, as the variations of the flow
variables occur in the order of microseconds, the time step

should be sufficiently smaller than the period of the ultrasonic
wave to cover all of the oscillation characteristics [45]. As a
consequence, the flow time step is set at 5 × 10−6 s for each
case. DEM time step is set at 5× 10−7 s, which is 13.9% of the
Rayleigh time step. The pressure-based solver is selected for
pressure–velocity coupling, and the phase coupled SIMPLE
algorithm is used for the transient calculations. The absolute
criteria for the convergence of continuity, velocity are set at
0.001.

2.5. CFD-DEM coupling method

Based on the above models and settings, the coupled CFD-
DEM solution process for the is explained as follows in
figure 3. Firstly, the initial conditions of the gas field and

6
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Figure 4. (a) Pressure drop versus the fluidization time for the cases of with or without ultrasonic vibration; snapshots of solids profile
colored by particle velocity of (b) normal FB, and (c) ultrasonic vibration-assisted FB.

particle properties are set according to the FB-ALD deposition
environment in the CFD solver and DEM code, respectively.
After the initialization, the coupling process begins, enabling
Fluent to get the particle properties from EDEM. DEM code
calculates the particle–particle and the particle–wall inter-
actions with the calculated wall motion. In the ultrasonic-
vibration FB-ALD process, the ultrasonic vibration begins
when the fluidization has already reached a steady state. There-
fore, when t< t0, the FB sidewall keeps static. When t⩾ t0,
the UDF of the wall motion is called and the fluid domain
mesh is updated. The governing equations and the turbulent
kinetic energy equations of gas motion are directly solved by
the CFD solver. When the solution of the governing equations
and turbulent kinetics energy equations reaches convergence,
the fluid forces acting on particles are transferred to EDEM.
Based on the obtained volume force, the particle motions are
calculated using Newton’s second law and the particle pos-
itions as well as velocities are updated. After a Fluent time
step, the updated particle positions and velocities are trans-
ferred into Fluent. Based on the new particle properties and
new fluid domain information, the local gas volume fraction
and the gas–particle interaction forces are recalculated and re-
imported to the governing equations of the gas motion. Then,
as similar to the above steps, the CFD solver starts a new
period. Through the coupled multiscale CFD-DEM method,
both the hydrodynamics of the gas and particle phases at the

reactor scale and the particle agglomeration behavior at the
agglomerate scale can be obtained simultaneously.

3. Results and discussions

3.1. Pressure drops and snapshots

Firstly, the pressure fluctuations and general flow patterns are
presented. Pressure drops of the normal FB with an inlet gas
velocity of 0.4 m s−1 are shown in figure 4(a). As the flu-
idization time increases, the pressure drop begins to reach
a steady value of about 3.8 Pa. The instantaneous flow pat-
tern of the solids is shown in figure 4(b). It is shown that
the bed height of the normal FB almost remains constant
from 0.55 s to 0.70 s, which indicates that the fluidization
has reached a steady state. Due to the strong cohesive forces
between particles, the particles are all fluidized in the form of
agglomerates, leading to non-uniform dispersion of particles
and obvious channeling in the normal FB. The velocity ofmost
particles is around 0.4 m s−1, while the particles with high
velocities (up to 1 m s−1) are distributed in the channeling
areas. It is noted that particle elutriation and the gas by-passing
by channeling is much unfavorable to the FB-ALD process,
since it can lead to a lot of waste of both the particle materials
and precursors.

7
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In order to investigate the effect of ultrasonic vibration on
the general fluidization behaviors, a typical ultrasonic vibra-
tion with a frequency of 20 kHz and an amplitude of 20 µm is
applied to the FB after the fluidization reaches a steady state.
For the case without ultrasonic vibration, it is shown that the
pressure drop reaches a steady value of 3.8 Pa at around 0.2 s.
However, when the ultrasonic vibration is implemented to the
FB at 0.5 s, the pressure drop fluctuates sharply immediately.
From the enlarged view of the pressure drops in figure 4(a), it
is found that the amplitude of the pressure fluctuations is about
3 Pa. Besides, the frequency of the fluctuations is the same as
that of the ultrasonic vibration. This indicates that the peri-
odic intense fluctuations of the pressure signal can be attrib-
uted to the application of the external ultrasonic field, which
transfers much energy into the FB. The particle flow pattern
in the ultrasonic vibration-assisted FB is shown in figure 4(c).
With the induce of the ultrasonic vibration, the velocity of the
particles close to the vibrating wall increases up to 0.1 m s−1

immediately. The number of particles with high velocities
also increases, leading to more particle–particle collisions.
Besides, the bed height increases gradually as time increases,
which implies that the ultrasonic vibration can effectively pro-
mote particle dispersion.Moreover, channeling is also reduced
by the ultrasonic field. These improvements of fluidization
behaviors are beneficial to the particle coating process, since
the precursor molecules can diffuse faster and more uniformly
into the agglomerates, thus increasing the overall coating
efficiency.

3.2. Effect of ultrasonic vibration on hydrodynamics

In this section, the hydrodynamics of both the gas and particle
phases are studied to comprehensively understand the mech-
anism of the ultrasonic vibration effect. Fluid turbulent motion
is the primary reason for particles to achieve random motion,
and turbulence kinetic energy is the key factor for evaluating
the breakage energy for particle agglomerates [46]. Figure 5
is the distribution of the fluid turbulence kinetic energy with
or without ultrasonic vibration along the FB length. Without
the ultrasonic vibration, the turbulence kinetic energy is quite
small, and it remains unchanged along the x-axis direction.
However, once the ultrasonic vibration is applied, the max-
imum turbulence kinetic energy increases sharply. It is shown
that the maximum turbulence kinetic energy increases with the
frequency or amplitude increasing, and the maximum value is
found to be about 200 m2 s−2, when the frequency is 20 kHz
and the amplitude is 30 µm. Nevertheless, the turbulent kinetic
energy also decreases rapidly along the x-axis direction due to
the energy dissipation. Moreover, it is found that the ultrasonic
energy with a frequency of 40 kHz decreases the fastest. The
intense turbulence caused by the fluid-wall collision provides
the source power of the particle disorder motion. As a con-
sequence, the ultrasonic vibration with a frequency of 20 kHz
and an amplitude of 30 µm transfers most energy into the FB-
ALD system, which is bound to improve the breakage energy
among the agglomerates.

As for the flow field in all FBs, the gas velocity vectors of
the gas phase are shown in figure 6. Different colors are used

Figure 5. Distributions of fluid turbulence kinetic energy in the FB
along the x-axis for all cases.

to distinguish the different gas velocity magnitudes. For the
normal FB, the fluid velocity magnitude is below 0.1 m s−1,
and the velocity field is relatively uniform through the whole
FB. As for the FBs with ultrasonic vibration, the velocity field
of the gas flow becomes much uneven. More specifically, gas
flow near the vibrating wall owns high velocities, with a dir-
ection of positive x-axis and values of more than 1 m s−1.
The gas velocity decreases along the direction of the posit-
ive x-axis, which has the same tendency of the turbulent kin-
etic energy. This phenomenon can be attributed to the fast dis-
sipation of turbulence kinetic energy at high frequencies. It is
shown that the area with high gas velocities increases with the
amplitude increasing, and the FB with an ultrasonic vibration
of 20 kHz and 30 µm owns a maximum area of gas flow with
high velocities. According to equation (21), higher gas velo-
city will bring larger particle–fluid drag force, which improves
the particle motion and promotes de-agglomeration.

In addition to the gas flow field, the effect of ultrasonic
vibration on particle velocities is also examined. The aver-
age particle velocities and the distribution of particle velocit-
ies along the x-axis of the FB under different conditions are
shown in figure 7. For the case without ultrasonic vibration,
the distribution of average particle velocity magnitude along
the x-axis is relatively uniform, fluctuating within a range from
0.02 to 0.06 m s−1. However, when the ultrasonic field is
applied, the average velocities of the particles close to the
vibrating wall increase rapidly, due to the violent particle–wall
and particle–fluid interactions. Besides, the particle velocity
gradually decreases along the positive x-axis, which is similar
to the tendency of the flow velocity field. It is also shown that
compared to the frequency, changing the ultrasonic amplitude
has a greater impact on the overall particle velocity. The max-
imum average particle velocity lies in the case of 20 kHz and
30 µm, with an average value of 0.05 m s−1 and a maximum
average velocity along the x-axis of 0.17m s−1. The increasing
particle velocity will definitely lead to more intensive particle–
particle collisions.
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Figure 6. Gas velocity vectors in the FB for all cases.

Figure 7. Average particle velocit and the distribution of particle velocities along the x-axis of the FB under different (a) frequencies and
(b) amplitudes of ultrasonic vibration.

The distribution of solid volume fraction for different cases
has been presented in figure 8, which has indicated the solid
phase dispersion condition to a certain extent. As shown in
figure 8(a), for the case of normal FB, the highest volume
fraction reaches 0.45, and high solid concentrations can be
observed through the whole bed. Besides, most of the areas
with high solid volume fraction lie in the bottom region of the
bed. This indicates severe agglomeration and bad dispersion
of particles in the normal FB. While for the FBs with ultra-
sonic vibrations, the bed heights are all higher than that of the
normal FB. Besides, the particle phase is more dilute and uni-
form in the middle area of the FB. Distribution of solid volume
fraction along the x-axis of the FB for different frequencies
and amplitudes of ultrasonic vibration has been numerically
provided in figures 8(b) and (c). It is shown that when the
ultrasonic vibration is applied to the FB, the average solid
volume fraction decreases obviously within 0.5–2 mm from

the ultrasonic vibrating wall. However, it is noted that the solid
volume fraction increases abruptly within 0.3 mm from the
ultrasonic wall. Besides, the higher ultrasonic frequency leads
to a higher solid volume fraction in the area near the vibrat-
ing wall. This can be attributed to the agglomeration effect of
the ultrasonic field, as reported in previous studies [47, 48].
According to the orthokinetic agglomeration mechanism, the
differences in amplitude and speed force the agglomerates to
collide and condense with each other. Comparing figure 8(b)
to (c), it can be found that the agglomeration effect of ultra-
sonic vibration mainly depends on the ultrasonic vibrating fre-
quency. The maximum solid volume fractions in the cases of
10 µm and 30 µm are both lower than that of the 20 µm. The
reason is that the ultrasonic vibration with lower amplitudes
is not intensive enough to cause agglomeration, while ultra-
sonic vibration with higher amplitudes leads to excess energy
to disperse the aggregated particles.
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Figure 8. (a) Contours of solid volume fraction in the FB for all cases; distribution of solid volume fraction along the x-axis of the FB under
different (b) frequencies and (c) amplitudes of ultrasonic vibration.

3.3. Effect of ultrasonic vibration on nanoparticle
agglomerates

The analyses in the previous sections indicate that the ultra-
sonic field makes a great difference to the macro-scale
hydrodynamics in the bed. In this section, changes in the
agglomerate sizes will be considered for discussing the
effect of ultrasonic vibration on micro-structures. The aver-
age coordination number of particles for different frequencies
and amplitudes of ultrasonic vibration is shown in figure 9. It
is observed in figures 9(a) and 9(b) that once the ultrasonic
vibration is applied, the average particle coordination num-
ber decreases rapidly. Then, the average coordination number
increases slightly and reaches a steady value at about 0.6 s.
When the ultrasonic frequency is set as 10 kHz or 20 kHz,
the average coordination number first decreases rapidly from
0.50 s to 0.51 s. After 0.51 s, the average coordination number
of particles begins to increase. This can be attributed to the
agglomeration effect of the ultrasonic vibration. The steady
value of the average coordination number with the case of
40 kHz is slightly lower than that of the normal FB, which
indicates that a high ultrasonic frequency of 40 kHz makes
little difference to the de-agglomeration of agglomerates in the
whole FB. Higher amplitudes of ultrasonic vibration lead to

more decrease in the average coordination number, due to the
larger breakage energy from the ultrasonic fields.

Characterizations of the coordination number and agglom-
erate size distribution for all cases are also carried out to quant-
itatively investigate the particle agglomeration and breakage
behaviors, as shown in figure 10. The statistics are performed
at the fluidization time of 0.7 s since the fluidization state
at this time is considered relatively stable. The probabilit-
ies of coordination numbers under different cases are shown
in figures 10(a) and (b). For all cases, the probability of the
coordination number of 0 in the ultrasonic vibration-assisted
FB is much more than that in the normal FB, indicating the
effective breakage of large agglomerates by ultrasonic field.
When the ultrasonic vibration with an amplitude of 10 kHz is
applied to the FB, the probabilities for the average coordin-
ation number more than 3.0 decreases rapidly. At the same
time, the probability for the average coordination number
between 1.0 and 2.5 increases, indicating that the ultrasonic
vibration with a frequency of 10 kHz can effectively break
large agglomerates into small agglomerates. For the case of
20 kHz, the decrease of probabilities for the coordination
number between 3 and 6, as well as a probability increase
from 0.015 to 0.075 for the average coordination number of
0 indicates that the ultrasonic vibration with an amplitude of
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Figure 9. Average coordination number of particles under the conditions of different (a) frequencies and (b) amplitudes of ultrasonic
vibration.

Figure 10. Probabilities of coordination number and agglomerate size under different frequencies and amplitudes of ultrasonic vibration.

20 kHz and 20 µm can effectively break the large agglomer-
ates into small agglomerates and individual particles. How-
ever, when the ultrasonic frequency increases to 40 kHz, it is
shown that although the probability for the coordination num-
ber of 0 increases from 0.015 to 0.038, the probabilities for
the coordination numbers more than 4 also increase slightly.
Moreover, the probability for the coordination numbers of 2
and 3 decreases from 0.051 to 0.044. This means that the ultra-
sonic vibration with a frequency of 40 kHz will not only lead
to the de-agglomeration of agglomerates into small agglomer-
ates or individual particles, but also cause the agglomeration of
particles. When the ultrasonic frequency is set as 20 kHz, the
de-agglomeration effect of the ultrasonic field increases with
the ultrasonic amplitude. More specifically, the probabilities

for the coordination numbers more than 3 gradually decrease,
and the probabilities for the coordination numbers less than 2
gradually decrease when the amplitude of the ultrasonic vibra-
tion increases from 10 µm to 30 µm. This indicates that at the
frequency of 20 kHz, the breakage instead of the agglomer-
ation effect of ultrasonic vibration is dominant. As explained
earlier, the breakage results from the enhanced particle–wall
and particle–particle collisions, and the increased particle–
fluid drag force by the introduced ultrasonic field.

The distributions of the agglomerate sizes in different FBs
are shown in figures 10(c) and (d). Due to the strong cohesive
forces between the particles, large agglomerates are formed
in the normal FB, and the probability of small agglomer-
ates formed by two primary particles is lower than 0.01.
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Figure 11. Distributions of average coordination number of particles along the x-axis under different (a) frequencies and (b) amplitudes of
ultrasonic vibration.

When the ultrasonic frequency is 10 kHz, the probabilities for
the agglomerates formed by two to ten primary particles all
increase, which implies that the large agglomerates (formed by
more than 30 primary particles) have been broken into smal-
ler agglomerates. When the ultrasonic frequency increases
from 10 kHz to 20 kHz, the probability for the agglomer-
ates formed by two primary particles increases rapidly from
0.019 to 0.029, while the agglomerates formed by three to ten
primary particles all decrease. This indicates that the ultra-
sonic vibration with the frequency of 20 kHz can further break
the small agglomerates into the smallest agglomerate or even
individual particles. However, when the ultrasonic frequency
increases to 40 kHz, the probabilities for all the agglomer-
ates formed by two to ten primary agglomerates all decrease.
Therefore, the ultrasonic vibration with a frequency of 40 kHz
will lead to the re-agglomeration of small agglomerates. Thus,
the optimal frequency is 20 kHz, for the number of the smallest
agglomerates is the highest. When the ultrasonic frequency is
fixed at 20 kHz, the probabilities for the agglomerates formed
by two to five primary agglomerates all increase as the amp-
litude increases from 10 µm to 20 µm, indicating the break-
age of large agglomerates. When the ultrasonic amplitude
increases to 30 µm, the probability of the smallest agglomer-
ates further increases, which implies that the ultrasonic vibra-
tion with the frequency of 20 kHz and the amplitude of 30 µm
shows the most remarkable effect for the de-agglomeration of
large agglomerates.

The distribution of the average coordination number of
particles along the x-axis for different frequencies and amp-
litudes of ultrasonic vibration has also been investigated. As
shown in figure 11, when no external field is applied to the
FB, the average coordination number is relatively uniformly
distributed along the bed length, with a steady value of around
3. When the ultrasonic vibration with an amplitude of 20 µm
and frequencies of 10 kHz or 20 kHz is applied to the FB, the
average coordination number of the particles near the vibrating
wall within 2 mm decreases rapidly. When the distance away
from the ultrasonic vibrating wall exceeds 0.5 mm, the average
coordination number increases with distance due to the dissip-
ation of ultrasonic energy along the x-axis. As a consequence,

the agglomerates mainly distribute at the right side of the
FB. Nevertheless, when the ultrasonic frequency increases
to 40 kHz, the average coordination number near the wall
increases sharply to greater than 3.5. This can be explained by
the ultrasonic agglomeration effect, which becomes stronger
as the ultrasonic frequency increases, but becomes weaker as
the distance from the vibration source increases. Therefore,
when the ultrasonic vibration is at a frequency of 40 kHz,
apart from the right side of the FB, large agglomerates also dis-
tribute near the vibrating wall. It can be concluded that there
exists a critical value of the ultrasonic frequency. When the
ultrasonic value is lower than the critical value, the average
particle velocity and the agglomerate size increase with the
ultrasonic frequency increasing. However, when the ultrasonic
frequency exceeds this critical value (e.g. 40 kHz) the particles
begin to agglomerate near the vibrating wall. In the ultrasonic
vibration-assisted FB, the ultrasonic waves mainly propag-
ate through the gaseous medium. When the ultrasonic fre-
quency increases to 40 kHz, the particle agglomeration beha-
vior near the vibrating wall is too severe, which has hindered
the propagation of ultrasound in the FB. As a consequence,
the particle agglomeration becomes more serious. When the
ultrasonic frequency is fixed at 20 kHz, the average agglomer-
ate size decreases as the amplitude increases. As for the cases
in which the vibration frequency is fixed at 20 kHz, and the
amplitude varies from 10 µm to 30 µm, large agglomerates
mainly distribute at the right side of the FB. Moreover, as the
amplitude increases, the agglomerate size near the vibrating
wall becomes much smaller. Since the particles in the FB are
in a circulating state, when the agglomerates are circulated to
the area near the vibrating wall, ultrasonic vibration with a fre-
quency of 20 kHz and an amplitude of 30µm is themost effect-
ive for breaking the agglomerates.

In the high-volume ultrasonic vibration-assisted FB-
ALD manufacturing process, particles experience fluctuating
stresses, leading to both aggregation and breakage of agglom-
erates. The selections of the ultrasonic frequencies or amp-
litudes depends on many factors, such as the reactor pressure,
the equivalent inter-particle cohesive forces, as well as the
particle size distribution in the whole FB. Knoop et al have
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Figure 12. (a) The morphology and SEM images of the nanoparticles after coating using normal FB-ALD reactor and ultrasonic
vibration-assisted FB-ALD reactor; (b) agglomerate size distribution of coated NCM811 nanoparticles using FB-ALD with and without
ultrasonic vibration and a TEM image of the NCM811 particle coated with 50 cycles of Al2O3 with ultrasonic assistance.

found that an increase in primary particle size or density leads
to a decrease in the ultrasonic power needed to achieve a cer-
tain probability of breakage, due to the decreased equivalent
cohesive force. In contrast, an increase in relative humidity
requires higher specific breakage energy [49]. Moreover, the
inner structure of the FB-ALD rector and the installation posi-
tion or number of the ultrasound sources onto the reactor wall
also play important roles in the hydrodynamics of the gas–
solid flow, thus influencing the agglomeration behavior at the
micro-scale and the deposition behaviors at the atomic-scale.
Due to the inconsistent distribution of fluidization mass in the
height direction of the FB, it may be necessary to arrange ultra-
sonic wave sources with different ultrasonic frequencies and
amplitudes at different locations. For the optimal design of
the ultrasonic vibration-assisted FB-ALD reactor, knowledge
from adjacent fields such as hydromechanics and mechanical
engineering is further required.

4. Experimental verification

To verify the simulation results, comparative coating experi-
ments have been performed with ultrasonic vibration-assisted
FB-ALD reactor on LiNi0.8Co0.1Mn0.1O2 (NCM811, pur-
chased from Shenzhen Kejing Star Technology Company)
particles, which can offer high energy density in automotive
lithium-ion batteries (LIBs) [50]. The coating process is per-
formed in a homemade ultrasonic vibration-assisted FB-ALD
reactor for surface coating of NCM811 nanoparticles. TMA
and H2O are selected as the organometallic precursor and the
oxidant to fabricate Al2O3 films. An ultrasonic transducer is
connected to the sidewall of the FB-ALD reactor to induce
ultrasonic waves. During the assistance of ultrasonic vibra-
tion, the ultrasonic frequency is set at 19.59 kHz. About 100 g
NCM811 nanoparticles are loaded in the designed powder
holder with the top and bottom being sealed by a stainless-
steel screen. In each half-reaction, the precursor molecules are
carried by N2 into the bottom of the FB. After each reactant
dose, the system is purged with N2 to eliminate the unreacted

precursors as well as the byproducts. The coating process
proceeds at the temperature of 150 ◦C. One ALD cycle for
Al2O3 consists of the following four steps: (a) a 600 s pulse of
TMA precursor, (b) a purging time of 800 s, (c) a 600 s pulse
of H2O precursor, and (d) a purging time of 1000 s.

The morphology and SEM (Quanta 200) images of the
NCM811 nanoparticles after coating using normal FB-ALD
reactor and ultrasonic vibration-assisted FB-ALD reactor are
shown in figure 12(a). For the case of the normal FB-
ALD reactor, large agglomerates are found in the mor-
phology image, leading to a very rough surface. In con-
trast, the agglomerates of nanoparticles coated by ultrasonic
vibration-assisted FB-ALD reactor are much smaller. This
phenomenon indicates that the ultrasonic field has led to
effective breakage of large agglomerates. The SEM images
of the coated nanoparticles also show that, compared to the
severe agglomeration in the normal FB-ALD reactor, the
particles in the ultrasonic vibration-assisted FB-ALD have
been effectively dispersed, which is favorable to the full con-
tact between precursor molecules and the nanoparticle sur-
faces, leading to more conformal layers and a higher coating
efficiency.

The agglomerate size distribution of coated NCM811 nan-
oparticles is shown in figure 12(b). Due to the strong cohes-
ive forces between nanoparticles, the agglomerate sizes of
NCM811 are concentrated between 2 and 7 µm. Compared to
the case without ultrasonic vibration, the probabilities of the
agglomerates with the size between 2 and 7 µm increase a lot,
and the probabilities of large agglomerates with the size from
7 to 10 µm all decrease. This has demonstrated that the ultra-
sonic vibration can effectively break the large agglomerates
in the FB-ALD reactor, leading to a more uniform distribu-
tion of precursors on particle surfaces. The experimental data
also agree well with the simulation results shown in figure 10,
which has verified the effectiveness of the dynamic multiscale
CFD-DEM model. To clearly show the ALD coating on the
particle surface with ultrasonic assistance, a TEM characteriz-
ation of the NCM811 particles coated with 50 cycles of Al2O3

is performed. As shown in figure 12(b), a uniform layer is
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coated on the particle with a thickness of 8.0 nm. The film
growth rate is 1.6 Å/cycle, which is within the normal range
of ALD growth. The initial capacity of the button half-cells
of the NCM811 material coated with 0.2 nm Al2O3 layer by
ultrasonic vibration-assisted FB-ALD is basically the same
as that of uncoated particles, which is about 210 mAh g−1

(under the test condition of 3–4.7 V, 0.2 ◦C). This indicates
that ultrasound-assisted FB-ALD achieves uniform particle
dispersion and conformal atomic-level coating on individual
particles. Both the simulation and experimental results have
proved that ultrasonic vibration-assisted FB-ALD reactor is a
promising manufacturing method for the mass production of
nanoparticle coatings, especially for the surface modification
of high-volume LIB cathode materials.

5. Conclusion

In this study, the effects of ultrasonic vibration on the nano-
particle fluidization behaviors in the atomic coating process
are numerically investigated via a multiscale modeling and
experimental study. Simulations are performed with different
frequencies (10 kHz, 20 kHz, and 40 kHz) and amplitudes
(10 µm, 20 µm, and 30 µm). It is found that the ultrasonic
vibration can effectively increase the bed height, promoting
the solids dispersion as well as the agglomerate breakage near
the vibrating wall. Experimental results have also demon-
strated that better fluidization quality and higher coating effi-
ciency can be obtained in the ultrasonic vibration-assisted FB-
ALD reactor.

It is expected that various kinds of particulate materials are
going to benefit a lot from the ultrasonic vibration-assisted FB-
ALD technology. Compared to the normal FB-ALD process,
the assistance of ultrasonic vibration can effectively acceler-
ate the velocity of fluid and particles near the vibrating wall.
This leads to much more violent particle–particle collisions
and larger particle–fluid drag force, resulting in the decrease
of agglomerate size and improvement of the particle disper-
sion. Enhanced fluidization quality of nanoparticles is also
bound to facilitate the heat transfer and precursor diffusion in
the whole FB-ALD reactor and the agglomerates, which can
largely shorten the coating time and improve the film conform-
ality as well as precursor utilization.

For the scale-up of ultrasonic vibration-assisted FB-
ALD system, a multiscale model with the consideration of
the macro-scale reactor, meso-scale particle structures and
micromechanics is of great importance. Although the cur-
rent multiscale CFD-DEM model covers scales only from the
simple agglomerates to the FB with a size of a few milli-
meters, it has successfully revealed the particle agglomeration
and breakage behaviors with ultrasonic assistance. With the
development of the multiscale theory and computational sci-
ence, this model is believed to be further developed for a bet-
ter investigation from lab-scale to manufacturing-scale. It can
also provide numerous guidance to the process optimization as
well as the reactor design for the atomic-scale manufacturing

of high-volume particle coating, thus broadening their various
commercial applications.
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