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Continuous vibrating spatial particle ALD reactors were developed to achieve high powder throughput while
minimizing reactor footprint. Unlike fluidized bed reactors, continuous vibrating spatial particle ALD reactors op-
erate below fluidization, using linear vibration to convey particles through alternating regions of precursor gas.
Fine powder convection in these vibrating bed reactors is still not well understood, so cohesive discrete-
element-method (DEM) simulations were performed to investigate the solids flowbehavior. Using a Fast Fourier
Transform (FFT) algorithm,we constructed a sum-of-sinesmodel for the reactor kinematics based on accelerom-
eter data. Accelerometer results and DEM simulations revealed the role of high-frequency excitations and need
for backsliding and sticking avoidance in horizontal conveyors at low-g accelerations. From these observations,
we propose a novel sawtooth excitation to enable convection of cohesive fine powders at low flow velocities.
The model results were compared to data from an in-house continuous vibrating spatial particle ALD reactor.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Particle atomic layer deposition (ALD) is a coating technique that
uses sequential gas–solid reactions to deposit thin films on particle sub-
strates [1]. Nanoscale conformal and pinhole-free films can be produced
using a series of self-limiting heterogeneous half-reactions [2,3]. ALD
can be used to deposit many kinds of coating chemistries on a variety
of substrate materials, making its way into diverse fields such as cataly-
sis, lighting, semiconductors, andbatteries [1,4]. The fast kinetics of a va-
riety of ALD chemistries, particularly for metal oxide deposition, allow
nanoscale coatings to be produced at a competitive price point. Particle
ALD has produced high quality ultrathin (<3 nm) alumina films with
unparalleled atomic-level thickness and conformality control on the
commercial scale [1].

Increasing the production rate in particle ALD is vital to its adoption
in newmarkets. The ALD coating process is typically performed on par-
ticle substrates using rotary drum reactors [5] or fluidized bed reactors
[6–8]. These batch systems have demonstrated high coating uniformity
and precursor utilization but suffer from low particle throughput.
Achieving multiple cycles of ALD in a high-throughput batch setup
would requiremultiple reactors in series, leading to a large system foot-
print and substantial overhead costs. By contrast, continuous vibrating
spatial particle ALD, where particles flow through alternating regions
of precursor gas via directional vibration, enables high powder
mer).
throughput while maintaining low capital costs. Thus, continuous spa-
tial particle ALD is a promising technique whenmaximizing production
is a high priority and the number of ALD cycles being performed is small.

In both batch and continuous particle ALD, vibration is incorporated
to improve gasflowuniformity through the powder bed. Vibration leads
to agitation in dense particle regions, helping to break up plugs and pre-
vent particle interlocking [9,10]. Mechanical, acoustic and magnetic ag-
itation are commonly used in fine powder fluidized beds to destabilize
cohesive channels and suppress slugging [11–13]. Bed agitation also
promotes efficient gas-particle and particle-particle mixing [14]. In a
continuous vibrating spatial particle ALD reactor, linear vibration trans-
ports particles through alternating gas zones withmoderate-frequency,
low-amplitude oscillations [15]. Thus, optimized vibratory convection
can accomplish two goals simultaneously: transporting particles and
promoting gas-solid contact. Prior experiments and simulations have
demonstrated that higher vibration intensities lead to bed compaction
[16,17] and smaller mean agglomerate sizes in fluidized beds of fine co-
hesive powders [18–20]. It is unknown whether these trends with vi-
bration intensity can be extended to a continuous spatial particle ALD
reactor, where vibration is two-dimensional and gas velocities are
below fluidization.

The dual role of vibration, among other features, makes continuous
spatial particle ALD complex as compared to its fluidized bed predeces-
sor. Although previous works cover many reactor-scale experimental
[4] and numerical [21–23] studies of spatial ALD on flat substrates, con-
tinuous vibrating spatial ALD on particle substrates was only developed
and commercialized within the last decade [24]. As a result, the
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Fig. 1. Approximate maximum forces due to gravity, van der Waals cohesion, Stokes drag
or Knudsen drag (for Kn = 1). Details on these calculations can be found in Appendix A.
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behavior of particles inside continuous vibrating reactors (CVRs) is still
not well understood. Modeling results for an ALD systemwhere a pow-
der substrate is driven by vibratory convection are lacking in literature.
Some studies have been published on a continuous spatial particle ALD
system driven by pneumatic convection [25], but to the authors' knowl-
edge, there are no published papers on CVR-ALD.

The relationship between vibration intensity and time-averaged
powder convection velocity in a vibratory conveyor is still not well de-
fined. Historically, algebraic expressions [15,26] have been developed
and single-particle or rigid body simulations [27–31] have been per-
formed to investigate this behavior, but empirically fitted coefficients
and lack of particle-particle collision treatment prevent these models
from being predictive. DEM simulations have also been used to predict
mean convection velocity of coarse powders in vibrating sieves [32], ba-
nana screens [33], and vibratory bowl feeders [34]. Prior investigations
into linear vibratory conveyors and feeders have focused on particle
shape [35], the so-called “reactive effect” [36], vibrator stall [37], and
particle dispersion [38].

However, DEM simulations of fine powders in vibratory conveyors,
where cohesive effects play a significant role, are still needed to investi-
gate and improve powder flow behavior in CVR-ALD. Processing of fine
(Geldart A) and ultrafine (Geldart C) powders are of great interest to
more than just the ALD community [39]. Lessons learned on improving
the flowability of powders in CVR-ALD reactors will have pertinence to
other fine powder processes such as coating, drying and granulation
[40–43]. DEM simulations, and ultimately CFD-DEM, could answer
some key questions about particle-particle and gas-particle interactions
during linear vibration. Here, we investigate the key particle-particle
and particle-wall interactions in CVR-ALD using DEM modeling.

2. Methods

2.1. Discrete Element Method Equations

In the discrete element method, individual particles are tracked by

solving Newton's equation of motion for translation velocity u
*
i and ro-

tational velocity ω
*

i of each particle i with mass mi:
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thedisplacement vector from the center of particle i to its

contact point with collision partner j. Pure granular flow (neglecting

particle-fluid drag force term F⃑
i
D) will be considered in this study. This

approach is common when modeling systems with gas velocities much
lower than the minimum fluidization velocity umf [16] and has shown
good agreement with experiments when modeling vibratory systems
[9,44,45], including vibratory conveyors [38]. CVR-ALD reactors operate
below fluidization, resulting in fluid-particle drag forces that are small
compared to cohesive forces (Fig. 1). At sufficiently low reactor pres-
sures P < < 10 Torr typical of fluidized bed particle ALD, where the par-
ticle Knudsen number Knp (ratio of gas mean free path to particle
diameter) exceeds 1 [18,46] and drag forces are small at the relative
210
velocities seen in CVR-ALD, we expect a pure DEM approach to accu-
rately simulate the powder bed dynamics. By removing the fluid phase
in this work, we can isolate solids-only interactions like vibration in-
duced liftoff without the confounding effects of drag.

DEM takes the soft-sphere approach,where overlap is directly calcu-
lated for each collision, to resolve the contact forces. Soft-sphere contact
models use a network of springs and dashpots normal and tangential to
the point of contact to approximate the contact mechanics. A slider in
the tangential direction accounts for finite Coulomb friction. The linear
spring-dashpot model (LSD) was chosen as the soft-sphere contact
model in this study. In the LSDmodel, the normal (subscriptN) and tan-
gential (subscript T) contact forces are given by

F⃑
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C;N ¼ −kNδNû
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ûi; j
T ;
��F⃑ i; jC;T �� < μ

��F⃑ i; jC;N��
−μ
��F⃑ i; jC;N��ûi; j
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where k is the spring constant; η the dashpot coefficient; δ the overlap
for pair i, j; μ the sliding (kinetic) friction coefficient; and bui,j

N and bui,j
T

the unit vectors along and perpendicular to the i, j line of contact, re-
spectively. The normal dashpot coefficient ηN is related to the normal
coefficient of restitution eN by

ηN ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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wheremeff ¼ mimj

miþmj
is the effective mass of the i, j pair. The relationships

between tangential and normal spring constants kT=kN

� �
and dashpot co-

efficients ηT=ηN

� �
are typically set to a constant value of 2=7 and 1=2 in the

linear spring-dashpot model, respectively.

The van der Waals cohesive force
X
k

F⃑
i;k
vdW is determined using the

Rumpf adhesion model. This model accounts for surface roughness
through asperity height and requires fewer inputs than more complex
expressions like the Rabinovich model [47].
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Here, A represents the Hamaker coefficient, Rave ¼ 2RiRj=ðRi þ RjÞ
the average particle radius, s the separation distance of the adhesive
pair, and ri the asperity height. To avoid an infinite adhesive force at
zero separation, an inner cutoff value is chosen equal to the typical min-
imum intermolecular distance (0.3 nm).



Table 1
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2.2. Simulation Setup

For particle flow modeling, we chose the widely used open-source
code MFIX [48]. This multiphase flow package features many gas-solid
flow modeling frameworks, a flexible graphical user interface, and
easy implementation of user-defined functions. The discrete element
method (MFIX-DEM) allows for easy particle tracking and explicit
treatment of material properties such as friction coefficient and
particle-particle stiffness. Simulations were performed using distrib-
uted memory parallelization on the RMACC Summit supercomputing
cluster at the University of Colorado [49].

The breadth of relevant scales and the dynamic reactor motion pres-
ent significant modeling challenges. The 1200 × 13 × 45 mm particle
flow channel in a CVR-ALD system holds billions of 50 μm particles
under typical operating conditions, near the practical upper limit for
modern supercomputer calculations [50]. The simulation domain size
must be reduced to avoid computationally expensive DEM simulations.
Because we are working with light powder beds, where the conveyed
mass is small relative to the conveyor mass and thus does not signifi-
cantly influence the reactor's trajectory, we moved the conveyor kine-
matically using accelerometer data. This approach allows us to shrink
our simulation size by using a periodic box model, providing flexibility
in computational expense. The reactor kinematics can be incorporated
as a position, velocity, or acceleration condition in a periodic box
model. A hybrid condition with a fluctuating wall Y-velocity and fluctu-
ating gravitational acceleration [51] was chosen for highest accuracy
without the complexity of programming a movingmesh. These modifi-
cations were implemented using Fortran user-defined subroutines in
the MFIX source code.

Soda-lime glass microspheres (GL0191B4, 45–63 μm) from Mo-Sci
Corporation were chosen as the substrate material in this study
(Fig. 2). These microspheres are an ideal material due to their well-
characterized properties [52,53] and predictableflowbehavior asmildly
cohesive Geldart A powder. Ultrafine Geldart C powders (<20 μm) are
also used as substrates in CVR-ALDbut present amuch higher computa-
tional expense in DEMand additional interparticle forces such as hydro-
gen bridging [54], wet cohesion, and electrostatic charging [55] become
non-negligible at these small sizes. The particle-particle (P–P) Hamaker
constant App, the P–P friction coefficient μpp and the P–P restitution co-
efficient epp were chosen based on experimental measurements for
soda lime glass spheres [52,56]. An asperity height of 1 nmwas selected
tomatch experimental observations of pull-off force for 50 μmsoda lime
glass microspheres [53]. The particle-wall (P–W) Hamaker constant is
calculated as the geometric mean from the interacting materials, Apw

= (ApAw)1/2 [57]. Other material properties relevant to P–W interac-
tions were taken from manufacturer data sheets or literature
[52,56,58–61] (Table 1). The dimensionless granular P–P Bond number
Fig. 2. Optical microscope image of 45–63 μm soda lime glass microspheres.
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(Bopp∗ ) is also included in Table 1 to quantify the intensity of cohesive
forces for 50 μm soda lime glass spheres.

2.3. Experimental Setup

Experiments were conducted using an in-house continuous vibrat-
ing bed reactor. (Forge Nano Inc., Colorado, Fig. 3). A pair of fiberglass
leaf springs support the stainless steel reactor housing vibrated by a
pneumatic linear actuator (Martin NTK 25 AL). Particles travel through
the reactor on top of a 1/16″ thick sintered stainless frit from Mott Cor-
porationwith a mean pore size of 10 μm to allow for purge gas and pre-
cursor gas flow during ALD. The gas flowwas turned off (vg =0) for all
experiments in this work. Oscillation frequency and amplitude can be
controlled independently by adjusting the supplied air pressure and
the outletmetering valve position (SMC ASN2–03) to the pneumatic ac-
tuator, respectively. A Mide Slam Stick X tri-axial piezoelectric acceler-
ometer (±16 g DC response MEMS, 1600 Hz sampling rate) was
attached to the top of the reactor to measure conveyor acceleration.
Powder convection velocity was determined by timing the powder's
travel between two lines on the reactor with a stopwatch. Flow tests
were performed at atmospheric pressure (626 Torr) and low pressure
(2 Torr) using a vacuumpump. A cameramounted on a tripod captured
top-view and side-view videos of powder flow behavior. The stainless
upper chamber of the reactor was replaced with a transparent acrylic
chamber during imaging tests. Stainless steel shim tape was placed
over the inner walls of the acrylic to mimic the stainless walls of the
upper reactor chamber.

A continuous function describing the reactor oscillations can be de-
veloped by reconstructing the accelerometer signal using the three
largest-amplitude harmonics from Fast Fourier Transform decomposi-
tion (the “FFT model”). By summing the cosine waves of eachmth com-
ponent with frequency fm, phase angle ϕm, and amplitude Am, the FFT
model for acceleration €x in the kth direction can be described by the
equation

€xk tð Þ ¼ ∑
m
Am cos 2π f mt−ϕmð Þ ð7Þ

This method requires a well-conditioned input data set with 2n data
points, where n is any integer, for accurate amplitude and phase angle
extraction. One challenge hindering accurate amplitude extraction is
the slight irregularity in accelerometer sampling interval. Time step ir-
regularities were corrected by resampling at a constant interval. Some
amplitude loss was encountered during FFT signal decomposition, so
Properties used in DEM simulations to simulate Mo-Sci glass microspheres on a
porous stainless surface.

Parameter Value

Mechanical properties
Particle diameter, dp 50 μm
Particle density, ρp 2500 kg/m3

P–P friction coefficient, μpp 0.273
P–W friction coefficient, μpw 0.4
P–P restitution coefficient, epp 0.97
P–W restitution coefficient, epw 0.83
Particle Young's modulus, Ep 73 GPa
Wall Young's modulus, Ew 22 GPa
Particle Poison's ratio, νp 0.22
Wall Poison's ratio, νw 0.07

Cohesive properties
P–P Hamaker constant, App 3.1 × 10−20 J
P–W Hamaker constant, Apw 6.2 × 10−20 J
Asperities 1 nm
Outer cutoff (for Fvan der Waals) 10 nm
Inner cutoff (for Fvan der Waals) 0.3 nm
Bopp

∗ = Fmax
cohesion=mpg 24



Fig. 3. Computer-aided design (CAD) model of the continuous vibrating bed reactor. CAD models of the pneumatic vibrator and accelerometer were obtained from GrabCAD. Exploded
inset provides context for the approximate region simulated by the periodic box model.
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the FFTmodel amplitudewasmagnified slightly throughmultiplication
by a constant “mod factor” based on themaximumamplitude of the low
pass filtered signal. Finally, a numerical fitting procedure was applied to
the phase angles, which are not well determined from FFT, using
MATLAB's fmincon function.With an FFTmodel in place, the signal is in-
tegrated once to determine velocity x

:

k and twice to determine position
xk as described by

x
:

k tð Þ ¼ ∑
m

Am

2π f m
sin 2π f mt−ϕmð Þ ð8Þ

xk tð Þ ¼ ∑
m

−Am

2π f mð Þ2
cos 2π f mt−ϕmð Þ ð9Þ

3. Results and Discussion

3.1. Characterizing Vibratory Convection

We need frequency and amplitude data to describe the reactor vi-
bration as inputs to the vibrating bed DEM simulation. Y and Z-
acceleration data (Fig. 4A, C) were obtained for an inlet pressure of 60
Fig. 4. Plots of raw time-domain (A, C) and frequency-domain (B, D) accelerometer results.
frequency components.
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psi at maximum amplitude (100% open throttle) and used as the
baseline case. A Fast Fourier Transform was performed on the Y/Z-
acceleration in MATLAB using the built in fft function to reveal the un-
derlying frequencies (Fig. 4B, D). For the purposes of this discussion,
the +Y axis lies along the primary flow direction (reactor long axis)
and -Z axis lines up with gravitational acceleration (Fig. 3). X accelera-
tion was disregarded as noise and omitted due to X-direction con-
straints by the reactor walls and lack of X-motion observed
experimentally. Accelerations are normalized by Earth's gravity through
the acceleration ratio €xk=g. A conveyor acceleration equal to gravity,
€xk ¼ 9:81m=s2, corresponds to a normalized “g-force” of 1 g.

Both the principal (Y) and gravity (Z) directions are characterized by
high-g total acceleration. Despite strong differences in high-frequency
content, both directions have similar acceleration amplitudes at low fre-
quencies. The dominant frequency in the FFT results matches the base
actuator frequency of 48 Hz, so although reactor displacement is only
submillimeter, maximum accelerations are >1 g in both Y and Z-
directions. Another interesting feature is the strong presence of integer
multiples of the fundamental frequency, also called “harmonics”. Both
directions have strong harmonics, but the Z direction shows signifi-
cantly stronger resonance than the Y direction. The bolts holding the
top and bottom halves of the assembly together may be acting as
Low-pass filtered (“LPF”) data are overlaid to emphasize the relative magnitude of low-



Fig. 5. (A) Raw accelerometer data with resampled waveform and FFT model overlaid. Velocity (B) and position (C) were determined by integrating the FFT acceleration model.
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nodes along the reactor body, allowing small standing waves to form
between anchor points in the unconstrained Z-direction. The resonance
behavior of steel, which makes up most of the reactor body, has been
correlated with microstructural properties such as alloy composition,
material hardness, fracture toughness, and the presence of nonmetallic
inclusions [62,63]. Rigidity and composition of the support can be tuned
to produce the desired harmonic response, enabling harmonic intensity
to be treated as a degree of freedom. The influence of resonance onpow-
der flow behavior is investigated further in Section 3.3. Details on the
waveform characteristics (amplitude, frequency, and phase for Fig. 5
data) can be found in Table 2.

The presence of frequency fm in the coefficient denominators causes
high-frequency components to drop out upon integration, so Y and Z-
position are similar even though Y and Z-acceleration are not. The Y
and Z-positions form two in-phase sinusoids of similar magnitude, con-
sistent with the “forward and upward” extension and “backward and
downward” retraction mechanism. Under these conditions, many
modes of motion are available to the particles, including no-slip con-
veyor contacting, forward sliding, backward sliding and hopping [64].
There are two mechanisms that could explain the bulk convection of
powder in a CVR-ALD reactor. Mechanism 1 is a no-slip/slip mechanism
or “continuous contact” conveying and is common for non-sinusoidal
conveyors [65]. Continuous contacting assumes the particles maintain
some contact with the conveyor during extension but slide on the con-
veyor during retraction, giving net-forward motion. Mechanism 2 is a
throw or hopping mechanism, the most common method discussed in
literature [64]. Here, the particles once again maintain contact with
the conveyor during extension but then lose contact or “lift off” from
the conveyor during retraction, producing net-forwardmotion. In addi-
tion to conveyor design and operating conditions, we expect that parti-
cle properties such as friction coefficient, Hamaker constant, and
coefficient of restitution will determine which convection mechanism
dominates. To the authors' knowledge, there has been no investigation
into the possibility of a hybrid slide-throw mechanism. For certain fine
powders with low P–W friction or excited by high Y-acceleration, the
bed may convey in a hybrid state, where some micro-slipping occurs
for bottom-layer particles at the conveyor-particle interface and some
liftoff occurs in the powder bulk during frit retraction. The cutoff be-
tween hopping and sliding is difficult to distinguish experimentally,
Table 2
Sample waveform characteristics from FFT model fitting.

1Y 1Z 2Z 3Z

Amplitude, Am m=s2
� 	

10.581 10.273 10.114 9.154

Frequency, fm [Hz] 48 48 192 167
Phase, ϕm [rad] 3.08 3.08 −2.66 −1.38

213
but we can investigate the contact behavior at the particle-wall inter-
face under vibratory convection through DEM simulations.

3.2. Modeling Particle Convection With DEM

Simulations were run using the conditions defined in Table 3. A de-
tailed explanation for these simulation parameters can be found in Ap-
pendix B. To aid in discussion of the results, we will define several
theoretical limits for powder convection based on the reactor kinemat-
ics and idealized hopping trajectories (Fig. 6). First, we will use the
“straight drop” solution to define a lower limit on ideal convection.
This trajectory assumes that the particle travels with the conveyor on
the extension stroke and separates or “lifts off” at the start of the retrac-
tion stroke. In this case, the conveyor imparts theminimum forward ve-
locity possible (zero) to the particle during the flight stage, leading to no
forward motion during the retraction stage and a time-averaged con-

vection velocity of
ðA1=2π f2

1
Þ

T ¼ 226 μm
20:83 ms ¼ 1:08 cm=s. At the other extreme,

we have the “perfect flight” solution, where particles travel at the max-
imumconveyor velocity of 3.51 cm/s and only briefly contact the frit be-
fore being launched again. It is worth noting that perfect flight
conditions, which correspond to vibro-fluidization, typically require
high conveyor accelerations >3 g [66]. This speed can also be theoreti-
cally achieved through a slip/slip ‘sealskin’ convection mechanism if
the particles slide forward on a frit material with a high extension fric-
tion coefficient and low retraction friction coefficient [67]. The true ve-
locity profile of the powder bed will depend on the particle-particle
and particle-wall dynamics which determine exactly when liftoff or
sliding occurs. Here, any real convection velocity between the perfect
flight and straight drop solutions will be referred to as “ideal” convec-
tion, and any below the straight drop solution as “partial” convection.
Neither straight drop nor perfect flight are fully achievable in practice
but can still be used to benchmark conveying efficiency.

The simulated powder velocity profile includes features of the
straight drop and perfect flight limiting behaviors. As in the straight
drop approximation, the powder follows a quasi-sinusoidal forward tra-
jectory during frit extension but lifts off before the extension stroke is
complete. The point when liftoff begins varies from cycle to cycle but
Table 3
Simulation geometry and parameters.

Parameter Value

Periodic box depth 0.25 mm/5dp
Periodic box width 5 mm/100dp
Static bed height 0.75 mm/15dp
Simulated P–P spring constant, kpp 2500 N/m
Simulated P–W spring constant, kpw 1562.5 N/m



Fig. 6. Simulated powder convection velocity compared to limiting behavior under straight drop and perfectflight conditions. Time average for the simulatedprofile (square point) relative
to the time averages from the analytical solutions (straight and dash-dot lines) is displayed in AVE. Yellow shading spans the range of time-averaged velocities corresponding to ideal
convection.
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is typically near themiddle of the extension stroke, atmaximum frit ve-
locity. During liftoff, the particles travel under free flight as indicated by
the plateau in convection velocity. This trajectory is analogous to the
constant horizontal velocity imparted on a projectile in the absence of
drag. The particles then recontact the frit around the middle of the re-
traction stroke and undergo a deceleration period before establishing
no-slip contact with the frit. A lack of particle-wall sliding in the simula-
tions indicates that a pure hopping mechanism, not a hybrid sliding-
hopping mechanism, is dominant for 50 μm glass microspheres under
~1 g excitation.

Qualitatively, both the simulated and experimental results show
nearly ideal plug flow behavior (Fig. 7 and Supplementary Videos S1
and S2). Individualmicrospheres are difficult to distinguish during reac-
tor vibration, so a rowofmicrosphereswas coloredwith Jacquard Piñata
Color glass dye to track particle movement during the stopwatch tests.
Simulatedparticleswere also colored to aid in side-by-side comparisons
with the tracer tests from the experimental setup. Side views of the sim-
ulation results show a clear front of particles with nearly uniform pow-
der velocities in the bulk and lower, nonzero convection velocities at the
particle-frit interface. Dispersion can be observed in the bottom particle
layer due to cohesive particle-frit interactions impeding forward con-
vection. Top views from both the experimental and simulated results
show smooth, consistent fronts of tracer particles. Significant changes
in particle-wall stickiness or friction, which can occur with a new sub-
strate material or deposited film chemistry, will likely affect the shape
of this convection profile. It is also worth noting that the periodic box
model, by virtue of being periodic, assumes reactor-depth-independent
Fig. 7. Snapshots from experimental tracer tests at two different points in time illustrating the so
the experimentally determined convection velocities at ambient pressure (626 Torr) and lowpr
each actuator pressure.
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flow behavior. Here, wherewall-to-wall deviations from ideal plug flow
are relatively small, the periodicity approachwas able to produce realis-
tic results. Powders other than soda lime glass may not exhibit ideal
plug flow experimentally, so the validity of a periodic box for vibrating
bed reactor modeling should be verified on a case-by-case basis.

Differences in mean convection velocity between ambient pressure
and low-pressure tests indicate that drag effects play a role in the low
Knudsen number regime at all three actuator conditions tested
(Fig. 7). Even a stationary background gas phase would lead to notice-
able Stokes drag in a porous vibratory conveyor, wheremaximum reac-
tor Z-velocities are comparable to the minimum fluidization velocity of
the powder. The low-pressure condition shows closer agreement to the
DEM results than tests at ambient pressure. At room temperature and 2
Torr, the mean free path of nitrogen molecules is around 25 μm, half of
the mean particle diameter. Dense, highly coordinated particle regions
further confine the gas flow to small interstitial spaces between parti-
cles. Slip-flow or freemolecular flowmay be occurring in the interstitial
gaps, reducing the effective drag force and leading to improved agree-
ment between experimental and simulated results at low pressure.
The remaining disagreement between experimental and simulated re-
sults at 2 Torr may also be due to imperfect determination of the frit ex-
citation amplitude. All assemblies have finite rigidities and measured
acceleration is known to vary with accelerometer placement [68]. The
channel containing the thin reactor frit, which is too shallow for acceler-
ometer placement, may be experiencing higher accelerations than the
thick and rigid reactor upper chamber where the accelerometer is
mounted. The accelerometer sensor's signal-to-noise ratio and the FFT
lids flowbehavior. Time-averaged convection velocity from the simulations is compared to
essure (2 Torr). Errors bars represent the calculated standard deviation from 3 replicates at



Fig. 8. Raw time-domain (A) and frequency-domain (B) acceleration data when powder “flow” and powder “no flow” was observed.
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signal decomposition process also havefinite resolutions that limit their
accuracy. Jump discontinuities in the accelerometer data lead to ringing
artifacts such as Gibbs phenomenon during signal processing [69]. Fur-
ther studies will be needed to explore gas-phase effects in the low
Knudsen number regime.

3.3. The Role of High-Frequency Excitation

The rigidity of the reactor support plays a role in the solids flow be-
havior through amplification or attenuation of conveyor resonance. To
illustrate this, accelerometer results (Fig. 8) are provided for two differ-
ent conveyor support structures at the same actuator conditions (60 psi,
100% open throttle). The “no flow” conveyor support had a smaller leaf
spring separation and less rigid base than the improved “flow” conveyor
support structure fromFig. 3. There are two noticeable changes from the
no flow to the flow scenario. The first is an increase in the amplitude of
the first harmonic. The second is the magnification of higher resonant
frequencies. Resonance caused by operating frequencies near the
conveyor's natural frequency are hazardous, generating dangerously
large deflections and high stresses that compromise mechanical integ-
rity of the entire structure [70]. However, low amplitude resonance of
individual components such as the frit may improve powder agitation
and flow. Conveyor resonance characteristics are a key component in
resonance-based vibratory feeders but often ignored in brute force driv-
ing mechanisms like the pneumatic actuator in this study. Either, or
both, of these factors could explain the transition to steady powder
flow. Although the beneficial effects of increasing thefirst harmonic am-
plitude have been documented for low-g conveyors [15], the superposi-
tion of resonant frequencies and their effects on powder flow behavior
in brute force vibratory convection remain unreported.

To support the notion that resonant frequencies play a role in hop-
ping convection, FFT models are presented at near-1 g conditions
(Fig. 9). Shading corresponds to favorable periods for liftoff when the
net force due to gravity and vibration is <0 g and results in momentary
particle weightlessness. The importance of weightlessness in hopping
convection has been discussed by other researchers in the vibratory
conveying field [15]. Considering only the first harmonic (“1f” in
Fig. 9), a < 1 g casewill always remain above the 0 g threshold. Ensuring
Fig. 9. FFT model acceleration with regions < 0 g shaded to highlight instances of
weightlessness.
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hopping convection of bottom layer particles impeded by downward-
acting contact forceswill require a net force due to vibration and gravity
< 0 g. A first harmonic of 1.05 g (Table 2) leads to some instances of
weightlessness, but they are small and short-lived. After incorporating
the two strongest resonant frequencies (“3f”), the number and magni-
tude of weightlessness instances greatly increases. This increase in
<0 g occurrences with resonance can be seen in the raw accelerometer
data between the no flow and flow cases (Fig. 8). Thus, Z resonance can
be considered a tunable parameter to increase the duration of <0 g
events without changing Y acceleration.
3.4. Optimizing Convection Efficiency

Another implication of this frequency sensitivity is the opportunity
for optimizing the excitationwaveform. Alternatives to the simple sinu-
soidal waveform, from out-of-phase sinusoids [71] to non-sinusoidal
excitation [27,65], provide another avenue for improving powder flow
behavior in vibratory convection. Excitation modifications may be
needed in cases where increasing total acceleration amplitude to drive
powder flow comes with undesirable side effects. Y and Z are geometri-
cally linked by the leaf spring setup such that we cannot independently
vary the Y and Z excitationswithoutmaking supportmodifications. This
geometric constraint limits theminimumsteady powder convection ve-
locity that can be achieved under hopping convection in a horizontal
conveyor, which requires >0.5 g Z accelerations [64]. Lower convection
velocities corresponding to <0.5 g in the Y directionmay be desirable in
CVR-ALD for ultrafine powders that easily elutriate at >1 g or slow
chemistries that require longer dose times. Changes to the vibration
waveform or superposition of resonant frequencies by using stiffer
metal support structures, which introduces randomness to the agita-
tion,may bemore effective at separating cohesive particle-wall contacts
and promoting steady powder flow than increasing the first harmonic
amplitude.

We will investigate an excitation waveform that enables lower con-
vection velocities of highly cohesive fine powders in CVR-ALD. In both
the continuous contact and hopping mechanisms, we want to optimize
particle translation during extension. Lower speeds on the extension
stroke should decrease particle backward slipping during convection.
To discourage sticking during retraction, which reverses forward prog-
ress made during the extension stroke, higher retraction speeds are de-
sired. Here, we propose a reactor position profile that follows a
sawtooth waveform to minimize extension-backsliding and retraction-
sticking tendencies.

To approximate a sawtooth, we use a piecewise sinusoid with
low-frequency extension and high-frequency retraction (Fig. S1). The
maximum displacement of this pseudo-saw is set equal to the baseline
sinusoid (113 μm) for comparison purposes, so that the lower velocity
limits as defined by straight drop convection are the same. The piece-
wise function is defined using relative time t ∗=mod (t/T1) with respect
to the period of the baseline sinusoid T1. The constraints for a continu-
ous piecewise sinusoid with the same amplitude and total period as
the baseline sinusoid are



Fig. 10. Spatially averaged powder y-velocity for the baseline case from Fig. 6 (1.05 g sine)
versus low-amplitude cases (0.7 g, 1f and 0.7 g, 3f) and optimized sawtooth waveform
with an “effective” average acceleration equal to the baseline case (1.05gEQ saw). Time
average for the simulated sawtooth profile is compared to averages for the simulated
sine waves (AVE).

Fig. 11. Convection velocity and efficiency comparisons for the sawtooth and sinusoidal
waveforms.
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1
f a

þ 1
f b

¼ 2
f 1

ð10Þ

sin 2π f atcrit−ϕ1ð Þ ¼ sin 2π f btcrit−ϕbð Þ where tcrit ¼
1

4 f a
þ ϕ1

2π f a
ð11Þ

where tcrit refers to the transition point between half sines a and b, when
the first half sine is at its maximum. For simplicity, we have chosen
f a ¼ 2=3 f 1 in this study.ϕb is solved for numerically using the constraint
defined in Eq. 11. Combining these relationships results in a piecewise
function as described by Eq. 12.

x t⁎
� � ¼

A1

2π f 1ð Þ2
sin 2π f at

⁎−ϕ1
� �

, t⁎<tcrit

A1

2π f 1ð Þ2
sin 2π f bt

⁎−ϕb

� �
, otherwise

8>>><>>>: ð12Þ

The pseudo-saw waveform results in higher convection velocities
than the sinusoidal waveform (Fig. 10). Although the pseudo-saw
travels slower on extension, giving a lower perfect flight maximum of
2.27 cm/s than the baseline sine from Fig. 6, the hopping convection
cycle is more effective, giving a higher time-averaged velocity of 1.57
cm/s. Particles under this excitation remain in liftoff during the full re-
traction phase, avoiding the low or even backwards velocities observed
under pure sinusoidal excitation.

Simulations incorporating higher resonant frequencies were also
performed to verify the role of resonance proposed in Section 3.3. As ex-
pected, the time-averaged convection velocity increased from 0.33 to
0.58 cm/s when the next two resonant frequencies were added to a
bed excited at 0.7 g (Fig. 10). Liftoff plateaus appeared once higher fre-
quency contentwas included, indicating an improvement in convection
behavior. Smaller dips in the bulk velocity profile also demonstrate a de-
crease in backflow for the three-frequency case. Higher amplitude exci-
tations (>0.9 g) at the same fundamental frequency showed little to no
change when additional frequencies were incorporated, indicating that
resonance improves convection through promotion of weightlessness
when the first harmonic is <1 g. Thus, high-frequency Z resonance con-
tributes to achieving the weightlessness necessary for powder liftoff in
sub-1 g conveyors.

The robustness of the pseudo-saw waveform is best demonstrated
with a highly cohesive substrate. Large Hamaker coefficients of
App = Apw = 4 × 10−19 Jwere used to describe a highly cohesive pow-
der, increasing the Bopp

∗ number from 24 to 307. Hamaker constants or
Bopp

∗ numbers of this magnitude can be expected among metallic sub-
strates [57] or particles in high humidity environments based on pull-
off force measurements [72] and have been used by other researchers
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to simulate micron-size cohesive powders [73]. Effective acceleration
for the sawtoothwaveform,which has a piecewise varying acceleration,
refers to acceleration based on the displacement equalization procedure
described in Eqs. 11 and 12. A regular basismust be defined for compar-
isons since the sawtoothwaveformhas a lowermaximumextension ve-
locity at each effective acceleration than the sinusoidal waveform. Here,
we normalize the results by defining a convection velocity efficiency ηcv
based on the time-averaged simulated particle velocity vp,ave and maxi-
mum frit extension velocity vw,max:

ηcv ¼
vp,ave
vw,max

���� ���� ð13Þ

As expected, the sawtooth waveform produces higher convection
velocities and more consistent convection efficiencies than the sinusoi-
dal waveform at sub-2 g input accelerations (Fig. 11). The sinusoidal
waveform is unable to produce consistent andmeasurable powder con-
vection until >1.4 g acceleration, indicating a failure to break cohesive
particle-wall bonds during frit retraction. The 1.4 to 2 g input region is
also marked by severe fluctuations in bulk velocity and hopping sup-
pression. Consistent powder flow behavior is not observed until at
least 2.2 g, when the sinusoidal waveform stabilizes at around 38% con-
vection efficiency. The 2.2 g cutoff corresponds to a minimum convec-
tion velocity of 2.84 cm/s that can be reliably achieved with this
sinusoidal excitation, higher than the <2 cm/s velocities ideal for ade-
quate precursor exposure in typical CVR-ALD reactors. By contrast, the
sawtooth waveform demonstrates stable powder convection for veloc-
ities as low as 0.33 cm/s with clear and consistent liftoff regions for all
accelerations >0.4 g and stable convection efficiencies around 34% for
>0.8 g accelerations. When cohesive particle-wall interactions prevent
powder convection, sinusoidal excitation can be replaced with an opti-
mized sawtooth waveform to achieve slow, steady powder flow.

4. Conclusions

The solids flow behavior of fine cohesive powder in a vibrating bed
reactor was studied using the discrete element method. Bulk simulated
velocity results revealed clear liftoff plateaus typical of a hopping con-
vection mechanism. In experimental and simulated tracer tests, the
powder bed exhibited nearly ideal plug flow behavior. For the pure
DEM approach taken in this work, close agreement between experi-
ments and simulations can only be expected in the high Knudsen num-
ber regime where gas-particle drag is negligible. With gas manifolds
turned off, particles moving through a quiescent background gas
phase at ambient pressure travel at conveyor velocities close to themin-
imum fluidization of fine Geldart A powders, generating appreciable
drag forces. Tests at high and low reactor pressures corresponding to
particle Knudsen numbers in the continuum and slip-flow regimes, re-
spectively, confirmed that only the low-pressure case achieved
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quantitative and qualitative results that were comparable with the ex-
perimentally observed solids flow behavior.

FFT decomposition of the reactor acceleration revealed the impor-
tance of high-frequency excitation for horizontal conveyors at low-g ac-
celerations. Adjustments to the excitation waveform or the resonance
behavior provide another avenue for improving powder flow behavior.
Flow improvements under the novel sawtooth waveform demonstrate
the importance of high-g retraction for convection of highly cohesive
finepowders at lowflowvelocities. If steadypowderflow is not possible
under simple sinusoidal excitation, the waveform can be optimized by
tuning half-wave frequency and amplitude. Future work will incorpo-
rate the gas phase in a CFD-DEM model for investigations into the
gas–solid coupling and its effects on flow behavior.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.powtec.2021.03.038.
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Appendix A. Estimating Maximum Forces

The maximum force estimates in Fig. 1 were determined using CVR-
ALD reactor conditions and equations from literature. The cohesive
force was calculated using Eq. 6 for a single contact (single-particle)
and 5 contacts (multi-particle) at a minimum separation of 0.3 nm, a
Hamaker constant of A = 3.1 × 10−20J and an asperity radius of 1 nm.
Drag forces were determined using the single-particle drag expression

FD ¼ 1
2
ρg up−vg
� �2Cd

π
4
dp

2 ðA1Þ
Fig. B1. (A,B) Sensitivity tests on periodic box size. Box dimensions are specified in terms
of number of particle diameters.
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where ρg is the gas density; up the particle velocity; vg the gas velocity;
Cd the drag coefficient; and dp the particle diameter. A maximum rela-
tive velocity of ~2 cm/s was chosen for 50-μm soda lime glass micro-
spheres based on minimum fluidization velocity and tested actuator
conditions. Stokes drag CD ¼ 24

Re

� �
was used in Fig. 1 due to the low char-

acteristic Reynolds numbers Re ¼ ρg up−vgj jdp
μg

< 0:1

 �

at CVR-ALD reac-

tor conditions. For multi-particle drag, an estimate based on the Ergun
drag coefficient correlation

CD ¼ a
Re

1−ε
ε2

þ B
ε2

ðA2Þ

with a = 180, b = 1.8, and ε = 0.50 was used [74]. The single-particle
Knudsen drag correction from Loth at Kn= 1,

CD,Kn,Re ¼
24
Re 1þ 0:15Re 0:637
� �

1þ 2:514þ 0:8e−0:55
Kn

� �
Kn

� � ðA3Þ

was used for the Knudsen estimate in Fig. 1 [75]. The presence of nearby
particles is known to increase the drag force, and while multi-particle
correlations for high-Knudsen aka “rarefied” flows are lacking in litera-
ture, an approximate magnification factor was applied in Fig. 1 using
Lattice Boltzmann simulation data on multi-particle arrays in
boundary-slip flows at low Re [76]. The chosen magnification factor
(8) is likely an overestimate for Kn = 1 and thus a conservative guess
for maximummulti-particle Knudsen drag. As the Knudsen number in-
creases (i.e. lower reactor pressures) the relative influence of drag will
continue to decrease.

Appendix B. Choosing Appropriate Simulation Conditions

The domain size and simulated P–P/P–W stiffness in a periodic box
model must be chosen carefully. At a minimum, the periodic box must
be large enough that further increases in the box size do not affect the
simulation results. Domain sensitivity tests revealed the need for peri-
odic box sizes ≥75 particle diameters wide and ≥5 particle diameters
deep for system-size independent results based on trends in the spa-
tially averaged (“bulk”) powder velocity (Figs. B1A, B).

Simulations using a nonlinear (Hertzian) spring-dashpot model
were performed to verify the accuracy of a linear spring-dashpot
model for low-g vibratory convection. The Hertzian model is based on
the linear theory of elasticity and is highly accurate for low-strain colli-
sions of elastic spheres [77]. The linear spring-dashpotmodel provides a
computationally efficient linearization to Hertzian contact mechanics
and, for near-elastic behavior (epp > 0.8), has been shown to agree
with experimental results fairly well [78]. Both models predict similar
forces for collisions involving small deformations and low impact veloc-
ities. Since no prior DEM simulations have been performed on CVR-ALD,
it was important to test the validity of the LSD model against the
Hertzian results.

The Hertzian contact model utilizes a nonlinear relationship be-
tween overlap δ and contact force as described by

F⃑
i; j
C;N ¼ −

4
3
Eeff

ffiffiffiffiffiffiffiffi
Reff

q
δN3=2ûi; j

N −ηN
dδN
dt

ûi; j
N ðB1Þ

F⃑
i; j
C;T ¼ −

16
3

Geff

ffiffiffiffiffiffiffiffi
Reff

q
δN1=2δT û

i; j
T − ηT

dδT
dt

ûi; j
T ;
�� F⃑ i; jC;T �� < μ

��F⃑ i; jC;N��
−μ
��F⃑ i; jC;N��ûi; j

T ; otherwise

8><>: ðB2Þ

In the Hertzianmodel, both the tangential and normal contact forces
are dependent on normal overlap δN, and the material properties of in-

terest are the effective Young's Modulus, Eeff ¼ 1−νi2
� �

Ei
þ 1−νj2
� �

Ej


 �−1
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Fig. B2. (A) Relationship between time-averaged normal overlap and simulated Hertzian stiffness using a fixed material Hamaker constant versus a stiffness-scaled Hamaker constant
(“reduced cohesion”). (B) Relationship between simulated stiffness in the Hertzian model (Young's modulus) and calculated stiffness for the LSD model (effective spring constant)
with and without reduced cohesion.

Fig. B3. Time evolution of spatially averaged particle-particle coordination number at different reduced spring stiffnesses without reduced cohesion (A) and with reduced cohesion (B).
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and an effective Shear Modulus, Geff ¼ Eeff
2þ2νeff

, for each i, j pair. The effec-

tive radius of the colliding pair, Reff ¼ RiRj

RiþRj
, also plays a role in the

resulting force. The normal damping coefficient ηN can be related to
the normal coefficient of restitution eN by the relationship

ηN ¼ −2
ffiffiffiffiffiffi
15

p
Reff

1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
meff Eeff

p
ln eN

3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π2 þ ln 2eN

q δN1=4 ðB3Þ

Unlike in the LSD model, the Hertzian dashpot coefficient depends
on normal overlap δN. Typically, the tangential damping coefficient ηT
is assumed equal to the normal damping coefficient ηN [79].

In the LSD model, material stiffness is described by the spring con-
stant k. The Hertzian model uses Young's modulus E for stiffness. To
make direct comparisons between both models, Hertzian stiffness can
be recast as a linearized spring constant [80] kn, eff through the equation

kn,eff ¼ kn,Hertz
ffiffiffiffiffi
δn

p
¼ 4

3
Eeff

ffiffiffiffiffiffiffiffiffiffiffi
reff δn

q
ðB4Þ

Linearized spring constants based on collisional velocity [80,81] and/
or overlap [80] gave similar results of around 1000–4000 N/m for the
material spring stiffness. Particle behavior was dominated by enduring,
multiparticle contacts rather than binary collisions, so the value based
on average overlap (2500 N/m) was chosen as the true linear spring
stiffness in this study.

Reduced stiffnesses are often used to keep the computational ex-
pense low when modeling gas–solid systems. For cohesive particle
modeling, care must be taken to avoid choosing an excessively reduced
spring constant. Previous studies have shown that a reduced stiffness
can artificially increase the area of contact and lead to overprediction
of the cohesive force if an appropriate scaling law is not implemented
[82,83]. Kobayashi et al. demonstrated the need for spring constants
≥1000 N/m to obtain fluidized bed bubbling patterns that match
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experimental results for mildly-cohesive 60 μm soda lime glass spheres
[81].When using reduced stiffnesses, a reduced Hamaker constant of Ar
should also be chosen relative to the material Hamaker constant Am

using the correlation Ar ¼ Am ER=Em

� �2=5 for a Hertzian model with mate-
rial Young's modulus Em and reduced Young's modulus ER or the corre-

lation Ar ¼ Am kR=km

� �1=2 for a linear spring dashpot model with material
spring constant km and reduced spring constant kR [82,83].

Stiffness sensitivity of our powder bed was tested using 2D LSD and
Hertzian simulations up to the material Young's modulus (73 GPa). A
consistent correlation between the Young's modulus and the linearized
spring stiffness was observed (Figs. B2A, B). Similar to the approach by
Kobayashi et al., trends in the spatially averaged particle-particle coordi-
nation number were used to quantify the effects of a reduced stiffness
and cohesive force on vibratory convection flow behavior,

CNpp ¼ N j,PP

2N
ðB5Þ

where Nj,PP is the number of overlapping particle-particle pairs (neigh-
bors within a radial distance r = Ri of each particle i) and N is the total
number of particles in the system. As observed with fluidized bed sim-
ulations [81,83], the coordination behavior of vibrated mildly-cohesive
soda lime microspheres changes with spring stiffness when a reduced
Hamaker constant is not used (Fig. B3A). “Hard” particles near the ma-
terial stiffness of 73 GPa were characterized by low average coordina-
tion numbers CNpp and uncoordinated flight periods. By contrast,
“soft” particleswith stiffnesses under 1.8 GPa (effective spring constants
of ~200 N/m or less) were characterized by continuous particle-particle
contact (CNpp > 0). By contrast, when a reduced spring stiffness is
employedwith an appropriately reducedHamaker constant, the coordi-
nation network remains relatively insensitive to spring stiffness down
to at least k = 3 N/m or E = 0.018 GPa (Fig. B3B). Particle-wall coordi-
nation numbers CNpw exhibited similar trends with increasing spring
stiffness.



J. Hartig, H.C. Howard, T.J. Stelmach et al. Powder Technology 386 (2021) 209–220
To ensure all features of vibrated soda lime glass microspheres are
captured accurately, the LSD model at the true material stiffness was
used in all remaining simulations (Table 3). LSD model simulations
gave similar results to theHertzianmodel butwith larger time steps, en-
abling a faster solution, so the LSD model was chosen for modeling fine
powder vibratory convection. The small overlap observed in these sim-
ulations (below 17 nmor< 0.03% of the particle diameter) is commonly
accepted as a valid regime for the linear spring-dashpot model.
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