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Abstract

For biomass processing systems, feedstocks with small but equal sizes can improve flowability and thermochemical outputs.
The Crumbler rotary shear system was designed to achieve such ideal feedstocks to reduce costs and energy throughout the
biomass supply chain. Improving the wear resistance of major components in this system is important to decrease the cost.
Accelerating the feedstock flow through the rotary shear machine plays an equivalent role of improving its efficiency. An
analytical analysis and a finite-element analysis of the stationary clearing plate are presented in this work. These tools are
used to investigate the effect of contact surface curvature on the impact pressure. The optimized new clearing plate design
is expected to improve the component’s lifetime and wood chips flowability. The field tests confirm that the trend of the new
clearing plate design guided by FEA. The optimization method, model verification, and validation experience applied in this
work can also be applied to other static components with similar simple contact wear problems.
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1 Introduction

For bioconversion reactors, the fuel-grade wood chips are
always a major hurdle to consistent feed rate. The wood
chips’ various sizes and shapes can cause flow plug and poor
flow. Previous research has identified the major barriers for
efficient supply of feedstock [1-5], including the biomass
flowability. To guarantee flowability, ISO standard allows
only a small portion of larger chips [6]. Even within that
standard length, traditional hammer mills tend to generate
superfine particles, particles approaching the standard size
limit, or particles that are super long/short in one dimension
[7]. These variations frequently block the biomass flow in
the processing system. In general, hammer mills are more
energy consuming than other feedstock processing designs
and always have the flowability concern.
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Rotary shear mills are designed to improve upon the
traditional hammer or knife mills. They can increase the
percentage of biomass particles in small but uniform size,
thereby mitigating feeding difficulties. The Crumbler rotary
shear system is a rotary shear design developed by Forest
Concepts, LLC, that successfully converts wood chips into
much more uniform particles with improved system energy
efficiency [7].

Previous research showed that the rotary shear unit’s cut-
ters experienced significant abrasive wear [8, 9], especially
when processing hard and dirty biomass such as dirty log-
ging residue and recycled railroad ties. A new clearing plate
design has been developed by Forest Concepts, but further
analysis is needed to optimize the new design, not only to
improve component’s wear resistance but also, more impor-
tantly, to improve the wood chips’ flowability. Finite element
simulations and analytical solutions have been widely used
along with optimization functions [10—12] to improve the
rotary mechanical system’s or static structure’s performance.
Multiple optimization objectives were involved in the work
[11, 12], significantly complicating the methodology and
increasing the difficulties of experimental validation.

The following sections present how we simplify the
dynamic interaction between moving wood chips and
stationary clearing plate into analytical and numerical
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analysis. The basic geometry of the studied component is
introduced in the Section 2. Based on current new clearing
plate design and analysis results at the contact surface, the
Section 3 introduces three different contact profiles that are
proposed to further optimize the shape of clearing plate. The
Section 4 presents all the related simulation outcomes. In
the Section 5, the new clearing plate profiles are eventually
validated via field test by assembling corresponding plates
in a real rotary shear machine. Followed by the Section 6,
some findings of this work are briefly summarized in the
Section 7.

2 Current design of rotatory cutters
and clearing plate

The current Crumbler rotary shear system consists of two
rows of cutters that rotate against each other. The protrud-
ing blade teeth on the cutters drag and shear the feeding
wood chips into smaller particles. Figure 1 illustrates the
working mechanism of this rotary shear system, show-
ing one pair of rotating cutters, one clearing plate, one
spacer, and one feeding wood chip. The spacer blocks the
wood chips from entering the shaft. The clearing plate
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Fig.1 Rotary machine biomass processing illustration and initial
optimization idea of concave profile on contact edge. a System illus-
tration showing cutters, clearing plate, spacer, and wood chip. b Cur-
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has a Mickey Mouse-shaped design, as shown in Fig. 1
(green) that fits with the revisions in cutter blade and other
components. The big wood chip enters the gap between
cutters, and then the cutter’s teeth and edges break it into
smaller pieces. The resultant smaller wood particles hit the
clearing plate’s contact edge after moving along with the
rotating cutters and then slip away from the rotary cutter
system to the downstream. Forest Concepts have observed
erosive and abrasive wear at the clearing plate contact
edge, particularly at the A—C section in Fig. 1(b) and (c)
where the wood particles and clearing plate have major
contact interaction. Forest Concepts have also observed a
wood particle flow problem at the clearing plate contact
edge. The rotating cutters move the broken wood parti-
cles around to reach the clearing plate, bringing friction
from the cutters’ side surfaces to stuck wood particles in
the gap. The broken wood particle flow capability signifi-
cantly relies on the contact edge shape. As a new design,
this Mickey Mouse-shaped clearing plate has little data on
its flow capability. Therefore, a dynamic contact analysis
between wood particle and clearing plate and optimization
of the clearing plate contact edge are needed to improve
the design.
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3 Analytical analysis and numerical
simulation

Assuming the wood rotates with the cutter to touch clear-
ing plate edge AB, its rotating vector is centered at point
O, which is also the center of the rotary cutter. In the cur-
rent design, angle OAB is about 135°. Point C is about the
center of edge AB and coincides with the cutter’s outer rim.
The initial idea is to revise the straight edge AB, particu-
larly from section EF (point E and F are determined from
field experience, AE: 3.175 mm, EF: 38.1 mm, little contact
appears at AE section), into a concave curve. The concave
profile between points E and F is expected to decrease the
normal impact from wood particles, reduce the tangential
resistance, and facilitate wood particle movement.

A simple analytical method is introduced in Fig. 1(d) to
decompose the impact of wood particle on local concave
edge EF. The wood particle (mass m) moves with initial
speed ¥ to reach the contact point and then bounces back
with new speed v,,,, and angular velocity @ owing to the
tangential contact force F, from friction. When the particle
touches the edge, the vertical speed component v, decreases
to 0 at time interval At, converting the momentum into verti-
cal force F,. Because of the frictional coefficient u, the fric-
tional force F, on the tangential direction is proportional to
F, which results in the bouncing particle’s angular velocity
o. This analysis reveals that the small angle 8 will simulta-
neously decrease vertical force F, and tangential force F,.

To further verify the effect of concave profile design, we
perform a series of dynamic finite element simulations to
understand the effect of the concave edge on the contact
pressure. Between contact edge points E and F, three dif-
ferent concave profiles—shallow, medium, and deep—are
planned in the finite element simulation. The wood particle
has dimensions of 3.175-mm diameter and 3.175-mm length.
These dimensions are based on the average particle size in
the downstream. The finite element simulation focuses on
the contact pressure, so we simplify the orthotropic wood

chip material into an isotropic one: 12% moisture yel-
low birch was chosen as a representative so that Young’s
modulus E=13.9 GPa, Poisson’s ratio v=0.3, and density
p =762 kg/m>. The clearing plate is A2 tool steel, which
has density of 7870 kg/m?, Young’s modulus 214 GPa, and
Poisson’s ratio 0.29 according to Granta’s Cambridge Engi-
neering Selector database [13]. The frictional coefficient u
between wood particle and clearing plate is 0.3, and general
surface-to-surface contact interaction is used in the finite
element contact solution. By overlapping the three concave
profiles, Fig. 2(a) shows the geometry of the concave designs
and the initial location of the wood particle. Denoting the
center of the wood particle as point W, the radius R_wood
that the wood particle rotates around the clearing plate
center O has two values, 50.9 mm and 46.8 mm, and the
particle has the same initial rotational speed of 100 rad/s.
The radius of concave profiles R has three values: 58.7,
31.8, and 23.8 mm. The static clearing plate is fixed at the
two inner circles of the Mickey ears, as shown in Fig. 2(b).
Instead of using the algorithm to find the optimized contact
edge shape on the clearing plate, we performed dynamic
finite element simulations of the same wood particle hitting
different concave edges. These results were compared with
the result of original straight-edge design. This procedure
avoided the iterations of contact edge design and reduced
the optimization complexity.

The hard contact pressure—overclosure relationship in
ABAQUS implies that [14] (1) the surfaces transmit no
contact pressure unless the nodes of the secondary surface
contact the primary surface; (2) no penetration is allowed
at each constraint location (depending on the constraint
enforcement method used, this condition will either be
strictly satisfied or approximated); and (3) the magnitude
of contact pressure that can be transmitted when the sur-
faces are in contact is unlimited. This hard contact mode
agrees with the assumed behavior on the normal interface
between wood chip and cutters; therefore, we adopt it for all
the dynamic simulations in this project.

Fixed Boundary
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Fig.2 Concave profiles and finite element model setup. a Three concave profiles and location of wood particle. b Boundary condition and con-

tact surfaces
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4 Simulation results

All the simulations were performed using the 2019 Golden
(base) version of the finite element analysis software
Abaqus/Explicit (Dassault Systémes, 2018) [15]. With
this finite element model setup, Figs. 3 and 4 show the
contact pressures when the moving wood particle impacts
the clearing plate edges, including the straight edge named
“Original” and the other three concave profiles with radii
58.7, 31.8, and 23.8 mm, respectively. Figure 3 presents
the results of the case in which R_wood is 50.9, and Fig. 4
presents the case in which R_wood is 46.8 mm. In each
plot, the first row shows the contact pressure normal to
the edge surface, and the second row shows the contact
pressure tangential to the edge surface at the contact point.
The contact pressures of these two cases are compared
in Fig. 5. The contact pressure analysis among different
edge profiles, along with the analytical solution, support
using concave edges to reduce the normal contact pressure
and shear friction. New clearing plates with three different
concave profiles were manufactured and tested in a work-
ing machine to further validate our optimization design.
In finite element simulation, the contact pressure is
sensitive to the mesh density. The mesh sensitivity in this
clearing plate model is investigated by using the origi-
nal straight-edge design in the R_wood =46.8-mm case.
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3.35 MPa

Normal

contact

pressure
‘ODB: J3-Clearing-dyn-¢

inal-penaity.odd  Abaqus

= F7001E:04 Y Step: Step-1
xh Increment 3

CSHEAR2
CSHEAR2 +0.000e+00
+0.000e+00
-8.481e+04

1.02 MPa

\

-3.392e+05
-4.241e+05
- +

Tangential
contact
pressure

The original straight contact edge surface is divided into
3 (thickness) X 20 (length) elements, which returns a max-
imum normal contact pressure of 5.38 MPa. Two finer
meshes, 6 x40 and 12 x 80, were tested on the same model,
yielding maximum normal contact pressure of 19.29 and
41.85 MPa, respectively. The increasing maximum normal
contact pressure indicates the stress localization when the
mesh is refined, which is outside the scope of this work.
All the finite element models in this work had the same
mesh density, particularly on the contact edge, to enable
comparable results.

5 Benchmark test results

Clearing plates with three different concave radii were
manufactured and assembled in a real rotary shear machine
for field tests. In the same test machine, different clearing
plates—the original design and the shallow (R=58.7 mm),
medium (R=31.8 mm), and deep (R=23.8 mm) concave
designs—were assembled in different sections for a better
comparison. Owing to the difficulty of measuring the contact
pressure in situ, a thin layer of white primer was painted on
the concave surfaces to help expose the wear regions at these
surfaces. Figure 6(a) shows these clearing plates in initial
state before wood particles were fed into the machine.
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Fig.3 Contact pressure of R_wood =50.9-mm case, the first row for normal contact pressure and the second row for tangential contact pressure
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Fig.4 Contact pressure of R_wood=46.8-mm case, the first row for normal contact pressure and the second row for tangential contact pressure
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Fig.5 Contact pressure for different edge profiles. a R_wood=50.9-mm case. b R_wood =46.8-mm case

Three batches (passes) of forest residuals were fed
into the rotary shear machine. After completing the three
batches, the machine was stopped to examine the differ-
ence in abrasion across the clearing plates. Figure 6(b)
shows the side-by-side comparison of the representative
clearing plates after the wear test. The baseline straight
edge clearing plates clearly exhibits concentrated rub-
bing (paint off) against the woodchips at the first half of
the arc (near the cutter center). The prototype clearing
plates with a shallow curvature (R=58.7 mm) had some-
what less concentrated rubbing. The clearing plates with
a medium curvature (R=31.8 mm) show more dispersed

paint removal. The deep curvature (R =23.8 mm) exhib-
ited uniform paint removal on the receiving edge of the
clearing plates but caused wedging problems during the
test (shown in Fig. 6(c)).

The curved contact edge reduces the maximum contact
pressure at the first half of the arc (near the cutter center),
as predicted by finite element analysis in previous section.
However, a higher chance of wedging occurred at the sec-
ond half of the arc (at cutter perimeter as particle exits the
machine). These hypotheses were confirmed in the experi-
ments and the medium curvature was identified as the opti-
mal design.
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Fig.6 Benchmark test of clear- R=58.7 mm R=31.8 mm R=23.8 mm
ing plates in different concave . . .
radii. a Clearing plates were Original Shallow Medium Deep

painted with white primer to
enable visualizing wear loca-
tion. b Clearing plates wear
results with worn area high-
lighted in boxes. ¢ Larger chip
shards at deep concave clearing
plates

Shallow

Original

6 Discussion

By comparing the pressure value of the original straight-
edge design with concave designs, the finite element analysis
suggests that the concave profile reduces the normal contact
pressure when the wood particle impacts the first half of
the concave profile (between point E and C). As the radius
of the concave profile decreases, the concavity goes deeper
into the clearing plate, yielding a smaller normal pressure.
The tangential pressure also generally becomes smaller as
the radius gets smaller, with only one exception in Fig. 3:
the R=23.8-mm case has a higher tangential value. A closer
look at the contact point suggests that it almost reaches the
point C, the midpoint of the concave profile. At this deepest
location of the concave profile, the local edge is equivalent
to its original straight edge, so the benefit of the concave
shape no longer exists. This exception does not apprear in
the R_wood =46.8-mm case.

@ Springer
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Of the new designs in the wear experiment, the shallow
concavity design appears to experience the paint removal.
The finite element analysis suggests that the near-tip sec-
tion of the clearing plate is supposed to have higher con-
tact pressure that potentially leads to wear and jam. A
curvature is introduced to reduce the maximum contact
pressure at the first half of the arc (near the cutters), but
this curvature increases the chance for wedging at the
second half of the arc (away from the cutters). For all the
concave clearing plates, the wear test caused mild paint
removal in the contact region and less material removal at
the edge tip than the original design. The results validated
the lower contact pressure with a deeper curvature result
predicted by finite element analysis. However, larger
chips wedged into the deep concave design in the analyti-
cal analysis and in the numerical simulation because of a
larger angle 0, which led to a longer worn area (more than
75% of the curvature length) on the concave surface. This
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exception suggested that deep concavity might be exces-
sive, and the shallow or medium curvatures appeared to
be more appropriate.

7 Conclusions

In summary, the concave profiles will reduce the normal
impact on the clearing plate edge and decrease the tangen-
tial contact pressure, which improves the wood particles’
flow along the contact edge. Prototypes of new clearing
plates with these different concave profiles were manufac-
tured and assembled in a rotary shear machine. Field tests
with wood chips revealed that the shallow and medium
concave clearing plates could reduce the contact pressure
on the contact surface compared with the original straight
design, thereby increasing the feedstock flow after shear-
ing and decreasing the abrasive wear. The deep concav-
ity design was not suggested because of the unacceptable
wedging of larger chips observed in field test.
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