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This study presents an experimental, computational, and analytical comparison of a submerged, double-helix Archimedes
screw generating propulsive force against a bed of glass beads. Three screws of different pitch lengths were studied. Each
screw was tested at six speeds in approximately 10 trials for a total of 180 experimental trials. These experiments were then
replicated in EDEM, a discrete element method (DEM) software program. DEM simulation results for thrust forces in the
30-120 rpm regime had a 5%-20% inflation of forces compared to experimental results. These simulations were then com-
pared with resistive force theory (RFT) plate approximation of the screw geometries. We analyze a superposition-based
partition approach to the full-length screws as well as force generation in shortened, one- and two-blade screws. We find
that the force generation is dependent on the flow patterns and cannot be reduced to partitioned approximations as with
simple intruders. © 2018 American Institute of Chemical Engineers AIChE J, 00: 000-000, 2019
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Introduction

The current state of granular media modeling encompasses
many approaches. Techniques such as resistive force theory
(RFT) illustrate that granular intruders can be evaluated as a
collection of smaller, simple structures and added together for
many different shapes.'” Recently, advancements have been
made using continuum modeling, which treats granular media
as a continuum uniform body.6'8 Evidence suggests that RFT
and continuum approaches can be explained by plasticity theo-
ries’ and both have also been experimentally validated.*'® In
contrast, discrete element method (DEM) is a computational
approach widely used for studying granular media. Unlike the
former methods, which create analytical solutions from empiri-
cal data or treat granular media as a continuum, DEM models
the granular terrain by simulating each individual particle or
an approximation thereof. This provides a future path for
experiments, which may be difficult to replicate or characterize
responses for.' 112

Studies examining the comparisons between DEM simula-
tions and granular media experiments mainly focus on either
of the following two aspects: the flow patterns of the granular
material>'? or the generated reaction forces of a variety of
machines. Much of the literature focuses on the tumbling and
mixing patterns of drums or other rotating items.>*** Others
study blending and mixing®*” machines. Utilizing screw con-
veying of both powder and beaded material is another topic of
interest in the literature.”®>* This study presents experiments,

Additional Supporting Information may be found in the online version of this
article.

Correspondence concerning this article should be addressed to H. Marvi at
hmarvi@asu.edu

© 2018 American Institute of Chemical Engineers

AIChE Journal

DEM simulations, and RFT approach on a comparative basis
to evaluate the reaction forces on a screw embedded in granu-
lar media and the best approaches to estimate them.
Comparative results between DEM simulations and experi-
ments can vary widely. There is generally good agreement,
but it is necessary to identify what granular media qualities are
essential for a particular comparison. For example, there is
very close experimental validation for recent developments in
granular scaling laws'® for locomotion. This also serves to
show another DEM strength not easily replicated: testing grav-
ity variation, as it effects granular compaction in locomotion.
Recent cone crusher comparisons showed only slight variation
in the size distribution of produced rocks between simulations
and experiments.35 However, the power draws of the rock
crusher had significant errors. Likewise, pellets evaluated in
DEM utilizing a variety of parameter combinations showed that
several combinations produced good comparisons for a rotating
drum.*® The upper and lower angles of repose during rotation
matched well with experiments, but DEM significantly overesti-
mated particle velocities near surface level. DEM has also been
used for comparisons with noncylindrical drums.*” In another
drum experiment, fluid approximation resulted in good match
for speed, but pressure and particle front showed difference.*®
These can also be evaluated from a thermodynamic point of
view.*® Flow patterns for relatively small particles in hoppers
have been shown to be accurately simulated.** Wall smoothness
can often change frictional effects and introduce significant dif-
ferences between experimental and DEM results in terms of
flow patterns and forces.*'** Granular intruders have been suc-
cessfully simulated when compared to experiments as well.** In
addition, particles of similar size to ours (1-3 mm) have been
simulated in many Ways45'48 as have glass beads.*>>° These
experiment-and-simulation comparisons indicate that DEM sim-
ulations have the potential to accurately recreate a wide variety
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of granular media scenarios. The particular scenario in this arti-
cle had shown good preliminary matching between experiments
and simulations® and was explored further.

We would like to explore whether reaction force generation in
shallow submersion with a well characterized media can be
approximated using DEM under two conditions: while reducing
the Young’s modulus to a level that allows feasible computation
times, and with a complex, helical intruder such as a screw. This
was done with the aim of moving simulations to a cohesive,
reduced gravity environment. The ability to experimentally verify
a granular media in earth gravity and to confidently extrapolate
results in lower gravity would be an invaluable design tool for
space applications. To achieve this goal, we performed experi-
mental, computational, and analytical studies of screws buried
just below the surface of soda-lime glass beads. The experimental
results and trends for both thrust and vertical forces are discussed
first, followed by simulation results, and then a direct comparison
of the two. This is followed by a discussion on the nature of
force generation in screws and the feasibility of using RFT for
studying the screw-generated forces. Finally, discrepancies in all
cases and sources of error are discussed, and we conclude with
potential future paths for this work.

Methods
Experiments

Experiments were conducted in a 20 cm X 100 cm bed of
glass beads with approximately 15 cm of depth. Three screws
with dimensions of 10 cm axial length and 5 cm diameter were
designed in Solidworks and printed using arylonitrile butadiene
styrene (ABS) on a Stratasys three-dimensional (3D) printing
system as shown in Figure 1. Pitch lengths of 4, 6, and 8 cm
were used. These screws will be referred to as P4, P6, and PS,
respectively. As shown in Figure 1, the ABS plastic screw was
connected to a metal shaft collar coupling. This was then con-
nected to a 12 V Pololu motor. The motor was housed inside a
motor casing created with the same printer as the screw. The
back cover of the motor casing was then attached to a six
degree-of-freedom load sensor (interface force measurement
solutions, 6A27A-F11) using a laser-cut acrylic attachment with
six screws. The other side of the sensor was secured to another

Motor Box

P4 Screw

Figure 1. Experimental setup.
[Color figure can be viewed at wileyonlinelibrary.com]
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laser-cut acrylic piece attached to a vertical aluminum rod and
locked into place.

Horizontal leveling of the motor box was measured using
an electronic angle measurement device to ensure horizontal
alignment. Next, the load cell was zeroed when steady. This is
after running the load cell for a minimum of 45 min to mini-
mize the drift. About 8 mN/min load cell drift is seen in a typ-
ical trial. Then recording began before the test area was filled
with beads. The 2-mm glass beads were added such that the
screw was completely immersed. The surface level of beads
was smoothed for each trial and churned beforehand to avoid
compaction or influences of previous trials. Six speeds were
used: 30, 45, 60, 75, 90, and 105 rpm. Each trial ran for
approximately 15-20 s to ensure steady-state values. After
10 trials, the setup was unloaded by removal of all bead con-
tacts with the motorbox, screw, and other items. Measure-
ments were then taken for 10 s. Any differences between the
unloaded values before and after the experiment were noted.
Due to the thermal drift, the average of the zeroing before and
after experiments was subtracted from the average of all trials.
The motor control and rpm data collection were driven by an
Arduino Uno.

Simulations

Using the model developed in Solidworks, we set up simula-
tions in EDEM, a DEM program (Figure 2). The imported
model was then placed inside a simulated cylindrical bed. The
simulated environment was filled with particles composed of
two overlapping spheres, which were slightly offset from each
other. This was done to introduce an aspect ratio of 1.1 to elimi-
nate perfect sphericity to correlate with the manufacturer’s
given 90% roundness. This has been shown” to have a signifi-
cant effect in DEM simulations. The degree of eccentricity does
not seem to be as influential as its presence. For example, the
difference in flow patterns between a perfect sphere and a 1.1
aspect ratio particle is much larger than between a 1.1 and 1.2
aspect ratio particles. The particles were also polydispersed in a
normal distribution with standard deviation of 0.1 mm per the
manufacturer’s specifications. We allowed particles to settle until
we observed no movement. Both simulations and experiments

Diameter
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Figure 2. EDEM model with P4 screw (side view).
[Color figure can be viewed at wileyonlinelibrary.com]

began with the screw completely covered by granular media.
The amount of screw covered was not different across trials in
either experiment or simulation, or to each other. The horizontal
screw was tangential to the surface of beads. Its blades touched
the last layer of beads. At this point, we began the kinematic
motion of the screw at the specified rotational velocity instanta-
neously. We ran it until steady state was observed for 2 s; this
required at least 7 s of simulation. Steady state was defined as a
deviation of <1% with the previous 1-s average. The details of
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the DEM contact model are explained in the Potential sources of
error section.

EDEM allows user control over almost all aspects of the sim-
ulated granular material and geometry materials. In addition to
shape, there are six mechanical properties we will highlight that
influence the simulated flow patterns. Three of these are mate-
rial properties: density, Young’s modulus, and Poisson’s ratio.
These parameters are well-established for soda-lime glass.>?
The manufacturing method of ABS affects the mechanical

2.00e-003

0.00¢+000

Figure 3. Flow visualization of particles in side and front views.

[Color figure can be viewed at wileyonlinelibrary.com]

AIChE Journal Month 2019 Vol. 00, No. 0

Published on behalf of the AIChE

DOI 10.1002/aic 3


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

Total Force (N)
1.00¢-003

8.00e-004
6.00e-004
4.00e-004
2.00e-004

0.00e+000

o

Velocity (m/s)
1.00e-002

8.00e-003
6.00e-003
4.00e-003
2.00e-003

0.00e+000

Y

b

Figure 4. Buildup of particles from top and side views and colored by force and velocity respectively.

[Color figure can be viewed at wileyonlinelibrary.com]

properties of the plastic, but recent tests have established base-
lines for 3D-printed ABS parts.>* There are three remaining
properties that are interaction-dependent: coefficient of restitu-
tion, static friction, and rolling friction. These are different
between glass—glass interactions and glass—ABS interactions.
Several experiments have looked at glass—glass interactions
with beads of comparable size to ours. The coefficient of resti-
tution with isolated bead collisions taken from high-speed cam-
era tests in the literature™® estimate the value at 0.97 for
collision speeds under 1 m/s. The same studies estimate the
dynamic coefficient of friction at 0.092 and the static coefficient
of friction at between 0.16 and 0.29. We performed a sample
glass—glass static friction test and found values similar to the
lower end at 0.16. The rolling friction coefficient of glass beads
against each other is estimated at 2.5e-5 to 5e-5.%7

We did not find glass—ABS interaction properties reported in
the literature. The coefficient of restitution for several different
3D-printed materials has been measured before.”® Researchers
used an aluminum rod at various speeds on plastic plates com-
posed of these materials.’® The coefficient of restitution will
also change based on the order of magnitude of velocity. The
impact speeds for this study are comparably lower (below
0.5 m/s) than in our study, and hence the value of 0.7 was
selected as the best approximation. Because the glass—ABS
interaction properties were not reported in the literature, we con-
ducted our own measurements. For static friction, an inclined
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plane test was conducted. Static friction of glass—ABS was esti-
mated at 0.16, similar to that of glass—glass. In addition, a stan-
dardized ASTM rolling friction test was adapted59 resulting in a
rolling friction of 0.173 for glass—ABS interaction.

The simulated bed is 32 cm long and 20 cm in diameter. We
looked at force/velocity imaging for simulated particles, an exam-
ple of which is shown in Figure 4. We could not observe any
wall effects present, and particle forces were below 0.0002 N at
walls as shown. The piles formed at the end of the bed had the
same shape/height/extent in experiments and DEM. This was an
item of concern we considered before beginning simulations and
took care to avoid.

Results and Discussion
Experiments

The experimental force data were taken from the steady-
state plateau of each individual trial for multiple seconds and
averaged, per trial. All trials were then averaged with standard
error shown in the plots. A force graph of what an experimen-
tal trial run looks like is shown in Figure 5a and that of simu-
lation is shown in Figure 5b. The simulation takes slightly
longer to reach steady state, but the force evolves in a similar
manner. As each combination of design and speed was only
simulated once, there is no standard deviation to speak of for
DEM simulations. The given values are the mean force over
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Figure 5. Thrust force vs. time at 105 rpm for (a) experi-
ments vs. (b) simulations.
[Color figure can be viewed at wileyonlinelibrary.com]

the last 2 s of data, and the noise oscillations are typically
within a 0.5 N band.

All experimental results for thrust force as a function of
rpm are shown in Figure 6a. As the pitch is shortened and an
increased amount of surface area faces the axial direction,
thrust force increases. The force also increases with rpm, but
inertial forces are not the primary contributor to the magnitude
of thrust force in this case. For experiments, the thrust force
increases from lowest to highest rpm for P4, P6, and P8 were
11.9%, 4%, and 13.6%, respectively. These results are within
the range of other observations for increased force in granular
media due to inertial forces. For example, <20% increase in
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forces on intruders was observed when velocity was increased
from 1 cm/s to 1 m/s.”

In contrast to the horizontal thrust force data in Figure 6a,
the vertical force data in Figure 7a show virtually no relation-
ship between vertical force and rpm, nor vertical force and
screw pitch. The vertical force changes from 30 rpm to
105 rpm in experiments were — 1%, —10%, and 5% for P4,
P6, and P8, respectively. Figure 7b shows a different story for
simulations as P4, P6, and P8 vertical forces increase by
10.3%, 8.5%, and 8.6% from lowest to highest speed, respec-
tively. In these experiments, as previously mentioned, the trial
begins with the leveled surface tangential to the screw blade
as shown in Figure 2. It ends with a steady state mound at the
expelling end, as shown in Figure 4, continually regenerated
from beads falling after the angle of repose is exceeded. Note
that these results, indicating small vertical force compared to
the axial force, are limited to surface conditions. We cannot
extrapolate them to the force relationship a deeply buried
screw may experience.

DEM simulations

Thrust data for simulations are shown in Figure 6b. A pla-
teau appears at the end of the curve. Because of the screw’s
surface level, the majority of force being generated comes
from the accumulated pile of material near the discharging
side. While the rpm cannot change the angle of repose, a faster
speed can continue to recirculate and deposit material at a
higher rate, resulting in more thrust force. Hence, at higher
speeds, we see a mild increase in force. It appears that thrust
forces begin to plateau at high speeds. The avalanching slope
of the mound does not reach the boundary of simulation or
experiment according to our observations. Figure 4 shows that
boundary particles are not significantly affected. During both
experiment and simulation, we were cognizant to examine the
incoming data and observe that no wall effects were present.

The plateau can be explained if we think of the affected area
around the screw as a control volume. As the screw speeds up,
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Figure 6. Thrust force. (a) Experiments vs. and (b) simulations.
[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 7. Vertical force. (a) Experiments vs. and (b) simulations.

[Color figure can be viewed at wileyonlinelibrary.com]

the mass flow rate of particles out of this control volume
begins to increase. However, the maximum mass flow rate of
particles into the control volume, or “refill rate,” is a function
of both gravity (the acceleration forces pushing the particles
downward to open space) and particle’s angle of repose and
thus, it does not change. At a high enough speed, the mass
flow rate of particles out of the control volume begins to equal
or exceed the maximum mass flow rate into the control vol-
ume. This is analogous to a choked flow in fluid dynamics.

As shown in Figure 6b, the band between higher and lower
speeds stays consistent. For P4, P6, and P8, the amount of
force increase from 30 rpm to 105 rpm is 15.5%, 15.3%, and
16.7%, respectively. Similar to experiments, the simulation
forces in Figure 7b do not show much magnitude difference in
the vertical direction. In particular, P4, P6, and P8 vertical
force increases are 10.3%, 8.5%, and 8.6% from highest to
lowest speed, respectively.

As shown in Figure 6, the average thrust force increase from
experiment to simulation across all rpms is 16.0%, 15.2%, and
10.6% for P4, P6, and P8. The average vertical force difference
between experiment and simulation across all rpms is —5.4%,
12.1%, and 15.2% for P4, P6, and P8, respectively. Some of
the sources contributing to these differences in magnitude will
be discussed in the error section.

Resistive force theory

One recent approach to assess granular mobility and force gen-
eration is RFT. Under the assumptions of negligible inertial forces
and using superposition of geometric components, RFT examines
the forces on geometries in granular media. It does so by char-
acterizing the shape into discrete plate elements. These plate
elements, based on orientation, are compared with previously
acquired data in various granular media. As long as these ele-
ments are independent and do not influence each other, they
can be added together.®® The forces are derived from empirical
equations found through evaluation of a flat plate at different
orientations and velocities. By applying a Fourier transform to
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the data of multiple granular media, empirical equations were
obtained that linked the forces generated as a function of orien-
tation angle and velocity vector.

We applied an RFT approach to our horizontal, helical
screw under the assumption that it could be well approximated
with small plates. Estimations of our total screw force corre-
lated poorly between experiments and RFT (see Supporting
Information A). The RFT estimated forces were 10.34 N for a
2-cm (half-pitch) P4 screw buried at 4 cm and 19.90 for a
10-cm P4 screw with upper blades located just at surface level
of the granular media, compared to 4.51 N for P4 DEM simu-
lations. This prompted a closer investigation into the mechan-
ics of how a screw generates force in granular media. We
conducted a DEM simulation where the depth of the screw
was increased to 4 cm instead of just below the surface level.
This ensured that the depth would stay consistent rather than
the material piling to one side as with the surface case.

As shown in Figure 8, the last 2 cm (a half pitch-length or
“turn”) of the 10-cm-length screw generated 55.8% of the total
force. The last 4 cm, a full turn, generated 63.1% of the total
force. RFT would predict uniform force generation across
the screw if none of the geometry was interfering with other
sections. Therefore, the initial conclusion for RFT failing to
reproduce the forces was that the current designs were violating
superposition by introducing leading edges. A leading edge is a
portion of the object’s geometry that is in front of another
portion of the object in the direction of travel. By doing this,
the first portion affects the flow pattern applied to the second
portion. This violates a key aspect of superposition, namely that
the additive portions do not affect each other. Each chamber
was moving the material forward along a path that the proceed-
ing chamber had already cleared. The section of the screw
pushing granules against a bulk of granules and generating the
majority of the force is the expelling end.

The above insights prompted an investigation to see
whether perhaps a screw that did not violate the leading edge
assumption would correlate better to a plate approximation.
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Figure 8. These instantaneous forces occurring at the given time across the discretized screw in the simulation are
unevenly distributed, showing much stronger forces generated at the expelling end (right side of the

screw).
[Color figure can be viewed at wileyonlinelibrary.com]

We ran similar simulations but with screws of half-pitch
length instead of the full 10 cm so that the leading geometry
assumption would not be violated.

We used a 2-cm P4 screw as the sample. The screw was
placed at 4 cm depth and run at 15 and 30 rpm with negligible
difference. This is within the range of depth tested during the
experiments used to create the empirical RFT approximation
equations. The results of this indicated a force generation of
approximately half of that predicted by RFT estimations.

This prompted another investigation into whether force
generation per screw blade would be additive. We refer to the
number of blades in the screw designation by “N” followed by
a number. An N1 screw, a screw with only one helix winding,
was evaluated in the same depth as the N2 screw. For the bur-
ied P4 N2, we obtained 5.5 N axial force. For the buried P4
N1 in identical conditions, we obtained an oscillating force of
2-5 N depending on blade orientation. To construct the hypo-
thetical force of a screw with two of these blades, we took the
results, offset by a half-cycle, and summed those forces. The
N1, N2, and theoretically constructed N1 + N1 are shown in
Figure 9. The results indicate that added blades do not scale
linearly even under ideal conditions. This perhaps seems intuitive
in hindsight, especially compared to bladed geometries interacting
with fluids, but it was unclear whether slow movement in granu-
lar media would hold to the same rule. This indicates that RFT

10

Force (N)
N =y a e

o
e

0.5 1 15

Time (s)

which relies on superposition should be approached with caution
when applying to screw-generated forces in granular media.

Indeed, the flow pattern of the screw is of utmost impor-
tance to the force generation if we compare results from a full
10-cm screw and a half-pitch screw. The last 2 cm of the
10-cm P4 screw generated 4.5 N of force. In comparison, the
2-cm screw with an identical section by itself generates 5.5 N
of force. This shows the importance of the previous screw sec-
tions in affecting the flow pattern and hence the amount of
force a screw will generate.

Potential sources of error

As discussed earlier, DEM uses a different approach from
analytical methods such as continuum mechanics or empirical
methods such as resistive force theory.”®! Each individual parti-
cle is modeled as to affect the other particles. There are different
physics models that can be selected for DEM simulations based
on the attributes of the granular media. Some models incorpo-
rate cohesion, adhesion, machine wear, and other aspects. The
Hertz—Mindlin model was selected based on the need for a
robust model without requiring wear, thermodynamics, or other
analysis. The model is built on Hertzian contact theory while
integrating tangential forces, damping forces, and friction forces.
In this model, normal contact forces, F,,, are functions of the spe-
cific Young’s modulus, E*, the specific radius of particles, R*,

—Fx N1+N1
Fx N1
—Fx N2

2.5 3 3.5

Figure 9. The force of a double-bladed screw is significantly smaller than the sum of two single bladed screws.

[Color figure can be viewed at wileyonlinelibrary.com]
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and the overlap, §,. The i and j subscripts denote two subsets of
qualities for the two particles colliding. As the physics model is
driven by a spherical contact, it looks at many calculations for
the two individual spheres, where each one has its Young’s mod-
ulus, radii, and so on. The E* and R* are then called the “spe-
cific” quality of the calculation. The specific Young’s modulus
is a function of the Young’s modulus and the Poisson’s ratio, v;,
of the two particles colliding. During particle collision, the simu-
lation creates a small overlap representing an estimated real
world deformation. The higher the Young’s modulus, the smaller
the allowable deformation. The smallest allowable deformation
determines the time step of the simulation due to more frequent
checks. A higher Young’s modulus would allow less deforma-
tion, which requires the program to check the simulations with a
much higher frequency.

Fn:f—lE*\/I?éi (1)
11 1
=t (2)
R R R
1 1= 1=y
E* E E (3)

A DEM time step is therefore a function of particle stiff-
ness. Real modulus values make EDEM simulations computa-
tionally costly. This leads to a decision to reduce Young’s
modulus by several orders of magnitude.’”**> For clarity, a
reduction of magnitude by 100 results in 10 times faster simu-
lation times in this case.®®

Bulk behavior such as the angle of repose does not change
significantly until Young’s modulus has been lowered beyond
the 10 MPa range.66 Materials close to this range of stiffness
(or lack thereof) will begin to see their piles collapse under
their own weight for most materials. However, flow behavior
may change if significant overlap is allowed with geometry.
Thus, we modify Young’s modulus to examine the difference in
simulation results with our chosen value for stiffness (20 MPa)
vs. a value closer to the measured stiffness of glass (680 MPa,
1% of the real world value). We saw a modest decrease in overall
thrust force of 4.31 N to 3.9 N when adjusting particle stiffness
from 20 to 680 MPa. This is due to the decrease in overlap
between flowing particles and thus packing less particles into the
same volume that the screw is pushing against.

The reduced particle stiffness introduces some uncertainty
into the simulations. The key aspect for our study is that the
particles are pressed against themselves as well as against a
complex geometry. When Young’s modulus reduction was
analyzed,® the possibility of force changes was discussed. The
takeaway is that Young’s modulus reduction can cause different
forces for simulations than their real-world counterparts when
particle compression against geometries or particles is a signifi-
cant feature of the flow. However, this difference was shown to
be predictable and consistent in our particular case. In addition,
experimental errors may also contribute to the modest discrepan-
cies between experiments and simulations. In particular, load cell
drift, minor screw misalignment, variabilities in mechanical proper-
ties, and 3D-printed imperfections may play a part in slight differ-
ences observed between experimental results and DEM simulations.

Conclusion

The primary driving goal of this research was the evaluation of
DEM capabilities for accurately predicting the forces generated
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by double-wound helices using a well-characterized granular
material. DEM is valuable for complex geometries which may
violate leading edge geometry conditions assumed in RFT or
continuum modeling to find accurate solutions. In particular, by
using a well-characterized material, we show that it is possible to
make reasonably accurate predictions about helix force genera-
tion with DEM at lower Young’s modulus values within the
explored range of speed, size, and granular material. In contrast,
we observed that a rotating helix in granular media may not be
well analyzed using RFT.

We evaluated three screw designs at six rotational speeds
with approximately 10 trials for each speed experimentally.
We evaluated those same screw designs with DEM software
using adjustments to Young’s modulus as suggested allowable
in the literature.®® The difference between experimental and
simulation results for thrust force in overall magnitude was
within 5%-20% for all screws. Addressing the differences in
simulations and experiments leads to the conclusion that DEM
is suited for evaluating forces generated by double-wound
helices in well-characterized granular media.

Future Work

The future work based on this study is primarily defined on
two paths. The first is exploration of dynamic screws using
both DEM and experimental approaches. This relies on creat-
ing multibody dynamics (MBD) simulations coupled with
DEM, which can simulate rover motion in granular media. By
performing these cosimulations, we can also find out what
influence, if any, Young’s modulus reduction has on dynamic
movement characteristics such as drag force and peak velocity.
The second path is experimental and simulation comparisons
involving a more complex and relevant granular material. We
would like to characterize lunar simulants for DEM simula-
tions. While these particles typically exist in size on the order
of 100 pm, there have been studies that show that scaling
small particles up to an acceptable size for simulation still
results in accurate predictions of forces on agricultural tools at
a macroscopic level.®” If this material can be characterized
successfully in Earth gravity, then it may be possible to predict
forces on crafts and tools in reduced gravity. Experimental
studies that test reduced gravity solutions on Earth may not
take the difference of gravitational compaction into account,’®
and therefore this would be a new advancement in designing
for space environments. Successful characterization would be
valuable to the space community and aid in vehicle design for
both lunar and asteroid mobility.
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SUPPLEMENTARY MATERIAL
| Mathematical Model of an Archimedes Screw with Cartesian Coordinates

To address the forces of granular media on a uniform Archimedes screw with analytical methods, it first becomes
necessary to define the screw in Cartesian space to describe its motion. To be more specific mathematically, we are
using a right-handed helicoid. The equation of a helicoid is given by defining the Cartesian coordinates with their

parameterized counterparts:

x = rcos(@) y= rsin(f)z= pb (1)

This defines the x, y, z coordinates based on the radius of the helix, the chosen pitch, and the rotation with respect
to the z-axis. We are then able to define the center locations of discretized plates as shown in figure 11. With the
surface curvature defined by the coordinates, as well as location, we can determine the direction of the normals. We

obtain the normal vectors for the primary planes by using the respective Jacobian of each component:

dy/dr 9dz/adr _ psin() @)
dy/08 0z/00
dz/dr dx/or
= = - 0 3
Y7 o0z/08 ox/oe peos (6) )
_| ox/or oy/or _, @)
dx/00 dy/o8

From the magnitude of the normal vectors in eq(5), the unit normal vectors are then developed. These are the
direction cosines for the surface normals. These are the cosines of the angle away from a primary axis. For instance, if z,
=1, then its angle away from the z-axis is O; it is aligned entirely on the z-axis. The x, and y, would then be 0, and their

respective angles 90° because the normal vector is perpendicular to both directions.
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L= \/psin 0)% + pcos (8% +r2 = \/p2 +r? (5)
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(6)

Infigure 11, the normal vectors of a target helix have been generated and laid over a CAD model for verification.

| Applying the RFT Model

The equations for resistive force theory ! are simplified below. B and y are the angle of a horizontal plate away from the
horizontal plane, and the angle of attack of velocity from the horizontal plane, respectively. These angles are evaluated
from a perspective defined by assuming a horizontal screw pushing material sideways. While the screw rotates, the
material sees a sideways movement in small, discrete timesteps. In this fashion, y = O consistently. 8 of each plate varies
depending on the position around the screw radially. z,, therefore, determines how our approximated plates are tilted
towards the main axis of the screw. This happens in a radial fashion around the screw axis and our evaluation relies on a
key assumption from later work 2 in testing granular intruders: that horizontal tilting of an intruder’s orientation results
in similar forces to vertical tilting of an intruder’s orientation. If there is sideways motion, then 8 applied to pitch or yaw
produces roughly similar forces in that axial direction.

The model used for this interpretation is given in figure 10. We chose to lift the two-dimensional model from
the literature and apply it as an approximation to our three-dimensional screw. We used this interpretation to try to
estimate thrust force; if we change the plane our ability to predict thrust disappears. The change in a point translating
along a helix’s curve is related by the equations of its pitch and radius. The translational and rotational motion are
coupled. If this screw were not static, it would travel forward in a horizontal path (with slight offset due to handedness).
For a static screw, during a discrete timestep, while the actual contact point on the screw rotates in a circle around the
axis, small, discrete, horizontal strips of the granular media appear to be pushed forward by a discrete plate element.
What an individua grain sees is a small, continuous push in the horizontal direction as the helical surface rolls over it
while appearing to translate sideways. This is the interpretation we evaluated because we could not evaluate thrust with
this approach otherwise. The coefficients are those utilized for 3 mm glass beads in the literature 1, as they appeared to

be of acceptable similarity.

Two a parameters, which are the depth-independent, pressure factors for each section in both an axial and outward
direction are functions of these angles. Since y = O, the equations from the resistive force theory 1 for a simplify to those
below

@j.outward = Aoo + A10€0s (28) + By1sin(28) + B_11sin(-28) (7)

@ Thrust = C11€08(2p) + Cor + Dy1sin (28) (8)
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These a are then multiplied by the respective surface areas for each plate, leading to the depth-independent force.
The results are multiplied by their respective depth with matrices and summed:

Frhrust = Zai, Thrust * Aj

Foutwards = Z ai, Outwards * Ai

We also explored how discretizing plates may affect the results. The MATLAB code was tested at discretized plate
dimensions of 1-5 mm sides with no difference observed in the estimated forces.
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