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Hoppers are widely used biomass handling devices that channel bulk biomass
from storage to subsequent handling equipment. Jenike’s longstanding approach,
based on the Mohr-Coulomb model, has been successfully used to design
hoppers handling cohesionless granular materials such as grains and other
agricultural produces. However, designing a hopper to ensure reliable biomass
flow is found to be challenging due to cohesion, irregular particle shape, and bulk
material elastoplasticity. This study aims to address the biomass handling
engineering challenge with alternative constitutive material models concerning
the flow behavior of bulk solids. Finite element modeling is an approach that
allows for implementation of different material models, whose underlying
constitutive theories assist in investigating the origin and manifestation of bulk
mechanical behavior of granular materials. This study focuses on the incipient
gravity hopper flow of two types of biomass feedstocks, i.e., ground corn stover
and Douglas fir wood. Three widely used constitutive material models, i.e., Mohr-
Coulombmodel, modified Cam-Clay model, and Drucker-Prager/Cap model, are
implemented. Using the flow pattern represented by the volume of biomass
exhibiting more than 7% of axial strain (Kamath and Puri, 1999), the finite
element model predicts that the bulk corn stover particulate material forms an
arch, which represents a hampered transition from the static state to the dynamic
flow-state out of the hopper, whereas bulk Douglas fir wood particulate material
develops a reliable mass flow pattern. A laboratory scale hopper was used to
experimentally determine the biomass flow conditions, which were subsequently
compared with the predicted onset of flow by a finite element model (FEM). The
developed FEM was found to correctly predict the initiation of mass flow for the
milled Douglas fir wood, whereas corn stover was predicted to establish a strong
core flow suggesting an unreliable handling characteristic. This observation aligns
with the reported poor handling of milled corn stover.
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Introduction

Reliable biomass handling is an essential and urgent prerequisite in using biomass as a
significant part of renewable energy andmaterial resources (Paulrud et al., 2002; Jensen et al.,
2004; Miccio et al., 2009; Hinterreiter et al., 2012; Gil et al., 2013a; Gil et al., 2013b; Kenney
et al., 2013; Miccio et al., 2013; Tannous et al., 2013; Westover et al., 2015; Williams et al.,
2016; Gejdoš et al., 2018; Salehi et al., 2019). Unfortunately, the current knowledge and
understanding of biomass flow behavior is inadequate to resolve biomass handling issues
originating from the unique and cohesive flow behavior of biomass feedstocks.
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As a step toward a first principle-based approach in engineering
biomass handling systems, there have been efforts to quantify the
biomass flowability (Miccio et al., 2009; Gil et al., 2013a; Salehi et al.,
2019; Cheng et al., 2021; Lu et al., 2021). The term ‘biomass
flowability’ suggests a quantitative metric representing the ability
of biomass to flow. In reality, the flowability of bulk solid cannot be
expressed with a single parameter because ‘flowability’ is the result of
interactions between the physical and mechanical properties of bulk
biomass and the handling equipment (Prescott and Barnum, 2000;
Ganesan et al., 2008; Krantz et al., 2009; Blackwood, 2019).
Therefore, in order to analyze and predict the flow behavior of
biomass accurately, the use of a biomass flow model should include
the interaction between biomass and biomass handling equipment.

In the procedure of calibrating a chosen constitutive model, a
robust characterization protocol for determining material properties
is crucial. To that end, the need for bulk mechanical property
characterization free of confounding effects from the
measurement device is apparent (Schwedes, 2003; Shao et al.,
2017; Janssen and Verwijs, 2007; Ittershagen et al., 2011; Shi
et al., 2018; Wang et al., 2018).

For the material properties relevant to the handling of biomass,
the strength of the bulk biomass and the flow function are often
used. Flow function is defined as the ratio between the yield strength
of a consolidated material and unconfined yield strength (Jenike,
1961). Usually, yield strength is determined with a shear-cell type
device. However, material properties determined with a shear-cell
type device inherently include the interactions between the test
specimen and rigid die wall, both materially and structurally. The
states of a consolidation and shear plane are induced with implicit
effects of such interactions, i.e., the calibrated parameters are
confounded by the test device configuration.

For example, the shear test that is most widely used in the field
relies on the framework of Jenike’s flow factor that uses unconfined
yield stress of bulk material, which is defined as the major principal
stress at which an unconfined bulk material yields in shear.
Therefore, the determination of the unconfined yield stress of
biomass is a critical step in shear tests. However, the definition
of the yield does not always indicate the material failure, therefore,
the determined value may or may not indicate the conditions
indicating biomass flow.

In addition, a typical shear tester uses a rigid wall, which
confines the sample and confounds the yield stress especially at
low consolidation stress levels, which is critical in determining the
unconfined yield stress. Further, a typical shear tester induces a
forced failure plane, which can lead to measurements deviating from
native yield condition. Therefore, it is important to use an
experimental protocol that can impose stress conditions close to
the first principle of given constitutive models, which enables the
first-principle-based engineering.

For the determination of mechanical properties with minimal
confounding effect, a triaxial tester is desired (Janssen and Verwijs,
2007; Yi et al., 2022). A conventional triaxial tester employs a
cylindrical test specimen, allowing independent stress directions
and modes of deformation in only two directions (Desai and
Siriwardane, 1984). Yi et al. (Yi et al., 2022) reports an improved
truly cubical triaxial tester (CTT) with a sample size appropriate for
milled biomass, i.e., biomass scale CTT. Yi et al. (Yi et al., 2022) also
demonstrate that such a fundamental characterization device and

protocol allows for the application of stress and the measurement of
corresponding strain in principal directions with minimal
interferences of the device. The properties determined with the
Forest Concepts biomass Cubical Triaxial Tester (fcCTT) (Forest
Concepts Analytics Model CTT250-A01-100, Forest Concepts, LLC,
Auburn, WA) are free of die-wall effects owing to flexible pressure
application and sample holding membranes. Yi et al. (Yi et al., 2022)
suggest that the bulk mechanical properties of biomass determined
with the fcCTT represent truer material properties than available
from cylindrical triaxial tester or a shear cell. Further, the stress
application and measurement of corresponding strain are
maintained in the principal axes, which makes the calibration of
material parameters of constitutive models unambiguous.

The contribution of biomass handling equipment characteristics
to flowability is equally important but not as systematically studied.
Such a contribution can be described in a structural model in a finite
element (FE) analysis. Important aspects of the structural model
include the geometry of specific handling and storing equipment, as
well as the interaction between biomass particles and the wall of
biomass handling equipment (Jin et al., 2020a). From the perspective
of FE biomass flow modeling, the biomass particle and wall
interaction is implemented as a boundary condition.

Widely used Jenike’s flow function and hopper opening design
implicitly combines the granular material properties of a bulk
particulate biomass and a structural model of a hopper. The
combination of the limits of the material model calibration using
a shear-cell and the deficient structural model of biomass handling
devices is thought to be responsible for unresolved engineering
challenges in reliable biomass handling (Prescott and Barnum, 2000;
Westover, 2014; Gejdoš et al., 2018). To that end, a computational
approach is a proposed to be a more capable tool by enabling the
modeling of holistic “biomass flowability.”

Recently, the discrete element model (DEM) has been actively
studied in biomass flow and is the most widely used particle-based
model owing to the advancement of computing capability. The major
limit of the DEM as an engineering tool in designing biomass handling
devices is that the model parameters calibration lacks direct
experimental protocol on biomass particles. Rather, the calibration
of parameters is achievedwith optimization of fitting simulation results
with a set of empirical tests, such as angle of repose or bulk density
(Geldart et al., 2006; Coetzee, 2016; Elskamp et al., 2017; Pachón-
Morales et al., 2020; Hoshishima et al., 2021; Soltanbeigi et al., 2021;
Fang et al., 2022). In addition, accurate modeling of anisotropic
biomass particles having high aspect ratios requires complex multi-
sphere elements or irregular geometry description that greatly increase
computing time and limits the utility of the DEM for day-to-day
engineering practices. On the other hand, a coupled-Euler-Lagrangian
scheme was shown to be able to simulate established biomass flow
using a hypoplasticity model (Lu et al., 2021). While these approaches
focus on the transient and steady-state biomass flow aiming to predict
the discharge rate, the initiation of biomass flow remains one of the
major challenges in bioenergy industry.

Therefore, this research aims tomodel and predict the onset of the
gravity flow of biomass stored in a hopper using a FE model based on
bulk properties rather than particle-level properties. In this study, the
biomass flow model comprises a material model describing bulk
biomass behavior and a structural model describing a gravity
hopper. For material models, elasto-plasticity models (Drucker and
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Prager, 1952; Jenike, 1961; Jenike, 1964a; Jenike, 1964b; Jenike, 1967;
Luis and Martin John, 1985; Han et al., 2008; Jiang andWu, 2012; Jin
et al., 2020b) and critical state model (Schofield and Wroth, 1968;
Szalwinski, 2017) are considered. These models are more
straightforward to calibrate with triaxial tests compared to the
complex governing equations used in Lu et al. (Lu et al., 2022),
therefore easier to adopt in existing engineering practices. Specifically,
we calibrated Mohr-Coulomb (MC), modified Drucker-Prager/Cap
(mDPC), and modified Cam-Clay (mCC) models, to compare and
identify an outperforming analytical biomass flow model. The
parameters of these models for milled corn stover and Douglas fir
wood were determined using the fcCTT as reported in (Yi et al., 2022).

This study used corn stover and woody biomass samples. Corn
stover is a crop residue that is a potential source of alternative
biorenewable material. Corn stover was estimated to be more than
three-fourths of primary crop residues profitable to collect (Perlack
et al., 2011). However, difficulties in handling have obstructed
establishing corn stover as a profitable and reliable biomass
feedstock. Therefore, it is important to quantitatively examine its
flow behavior to engineer the storage and handling. Douglas fir is a
common softwood in Northwest U.S. with better handling
characteristics than corn stover for similar (milling method and
geometric mean particle size) bulk particulate materials. Current
forest harvest practices leave considerable residue, which are
considered to be a significant biomass resource.

This study assumes that the incipient flow pattern indicates the
flowability of biomass (Kamath and Puri, 1999). Using the flow
pattern represented by the volume of biomass exhibiting larger than
a specific magnitude of axial strain, i.e., 7% (Kamath and Puri, 1999),
the FE model predicts that the corn stover forms an arch, which
predicts a hampered transition from the static storage state to the
dynamic flow state out of the hopper, whereas Douglas fir develops a
consistent mass flow pattern.

A laboratory scale hopper was used to experimentally observe the
biomass flow, which was subsequently compared with the predicted
onset of flow by a FE model. The developed FE biomass flow model
was found to correctly predict the initiation ofmass flow for themilled
Douglas fir, whereas corn stover was predicted to establish a strong
core flow suggesting an unreliable handling characteristic. This
observation aligns with the reported poor handling of milled corn
stover (Bioenergy Technologies Office, 2016; Westover et al., 2018)
and demonstrates the potential of first principle-based approach in
engineering design for biomass handling systems.

Materials and methods

Materials

Corn stover samples were collected from bales that were
detangled by hand prior to milling at as-baled moisture content.
Corn stover was comminuted to a 2 mm nominal particle size using
a Forest Concepts model M24 rotary shear and model 2448 orbital
screen system. (Forest Concepts LLC.) Fuel-grade Douglas fir chips
were comminuted to a 1 mm nominal particle size using a Forest
Concepts model M24 rotary shear and model 2448 orbital screen
system and then dehydrated to less than 20% wet basis moisture
content. (Forest Concepts LLC.) All materials were stored at

ambient conditions after milling and prior to use in experiments,
and the moisture content of corn stover 2 mm and Douglas fir 1 mm
are 7.3% ± 0.3% and 10.3% ± 0.5%, respectively (n = 9 for each
material). The material sizes were selected from those commonly
requested by Forest Concepts’ customers for the respective materials
at the time of experiment design.

Experimental study of hopper flow

This study aimed to model and to simulate the biomass flow out
of the hopper using the FE analysis. For experimental verification of
the FE biomass flow model, a hopper was designed and constructed
with a transparent acrylic panel to allow visual observation of the
flow pattern (Figure 1).

The sidewalls of the hopper were designed and constructed to
have varying angles between 15° and 90°. This hopper has an opening
of 20 cm × 20 cm that could be closed to fill and opened to initiate a
discharge at the bottom. The hopper was filled with a consistent
height of 20 cm for both milled corn stover 2 mm bulk biomass and
Douglas fir 1 mm bulk biomass with the angle of the hopper wall of
45°. The gravity discharge of the biomass was measured with the
Ohaus AS8201 precision balance (±0.01 g with 8.2 kg maximum
load), and the flow pattern was observed and recorded with a Sony
NEX-VG10 video camera.

Finite element model: Geometric model

A finite element biomass hopper geometric model was
constructed with the same geometry as the experimental setup,
i.e., 20 cm height with the side walls with the angles of 45°. The
biomass volume was meshed with Gmsh v4.1.0 (Geuzaine and
Remacle, 2009) using three-dimensional tetrahedrons seeded with
two-dimensional Delaunay triangulation. The size of the mesh was
determined through the mesh sensitivity test of the simulation result
corresponding to the precision of the fcCTT, which was 0.1 kPa and
was used in the calibration of the constitutive model parameters.

FIGURE 1
Hopper with a variable wall angle.

Frontiers in Energy Research frontiersin.org03

Yi et al. 10.3389/fenrg.2023.1162627

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1162627


Material model parameters of finite element
biomass flow model

A finite element biomass flow model reflecting the
experimental hopper geometry was built using Abaqus
(Dassault Systèmes, 2017) V.2020. Respective parameters of the
material models were determined to implement biomass flow
material models. As mentioned previously, constitutive biomass
material models implemented in this study included Mohr-
Coulomb model (Jenike, 1961; Dimaggio and Sandler, 1971;
Heyman, 1997), Drucker-Prager/Cap model (Drucker and
Prager, 1952; Menetrey and Willam, 1995), and modified Cam-
Clay model (Schofield and Wroth, 1968; Tripodi et al., 1994;
Kamath and Puri, 1997).

Shear cell type instruments had been widely used in determining
biomass flow properties, specifically, cohesion coefficient (c) and angle
of internal friction (ϕ) for Mohr-Coulomb (MC) Model. A shear cell
could also produce experimental data to determine d and β for
modified Drucker-Prager/Cap (mDPC) Model, and critical state
line slope (M) and shear modulus (G) for modified Cam-Clay
(mCC) model. However, other elastic properties involving the
volumetric strain, such as bulk modulus (K) or Poisson’s ratio (])
for MC andmDPCmodels, or elasto-plasticity compression index (λ)
or spring-back index (κ) for mCCmodel were not straight forward to
determine with a conventional shear cell. Therefore, the calibration of
these constitutive models was done by determining parameters of

each model with the combination of hydrostatic triaxial compression
test and conventional triaxial compression test using fcCTT.

Triaxial tests using a cubical triaxial tester, e.g., fcCTT, generated
a set of data that could be used in populating the material properties
for an analytic biomass flow models in a straightforward way (Desai
and Siriwardane, 1984; Fang et al., 2022; Kamath and Puri, 1997;
Donaghe et al., 1988). This was because the triaxial tester was a
fundamental mechanical tester capable of applying and measuring
stress in principal directions. It was shown that the properties
measured with the biomass-scaled fcCTT can be used in
determining above mentioned constitutive models in an
unambiguous way (Yi et al., 2022).

The calibrated material parameters of the above-mentioned
biomass flow models are listed in Tables 1, 2. The details of the
calibration of these constitutive models can be found in Yi et al. (Yi
et al., 2022).

Results and discussion

Hopper flow patterns

The weight of milled biomass discharged from the hopper was
measured as listed in Table 3. While the total discharge represented
the tendency of the hopper flow in its entirety, the static nature of the
finite element hopper flowmodel was limited to calculating the onset

TABLE 1 Material parameters of selected constitutive models determined with Hydrostatic Triaxial Compression Test using the Forest Concept CTT using the
calibration procedure of (Yi et al., 2022). The range is the standard deviation value.

Constitutive models Parameters Corn stover 2 mm Douglas fir 1 mm

Common to all models E 1740 ± 515 kPa 3210 ± 865 kPa

Poisson’s ratio 0.053 ± 0.003 0.038 ± 0.002

modified Cam/Clay κ 0.39 ± 0.05 0.27 ± 0.05

λ 2.57 ± 0.81 1.74 ± 0.58

TABLE 2 Material parameters of selected constitutive models determined with Conventional Triaxial Compression Test using the Forest Concept CTT using the
calibration procedure of Yi et al. (Yi et al., 2022). The range is the standard deviation value.

Constitutive models Parameters Corn stover 2 mm Douglas fir 1 mm

Mohr-Coulomb C 3.8 ± 3.5 kPa 0.4 ± 0.9 kPa

ϕ 34.3° ± 3.3° 41.8° ± 1.0°

Drucker-Prager/Cap d 6.9 kPa 0.0 kPa

β 8.7° 24.1°

R 5.6 2.2

position (εinitialvol ) 0.0 0.0

α 0.01 0.01

modified Cam/Clay M 22.4 61.7

position (εinitialvol ) 0.0 0.0

β 0.5 0.5
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of flow rather than a fully developed steady flow state. Therefore, it
was appropriate to use additional discharge metrics that can be
related to the incipient hopper flow. In this study, the flow rate was
chosen under the assumption that it was maintained throughout the
discharge once a flow is established.

Experimentally, the flow rate was determined using the
measured weight of completed hopper discharge of respective
biomass and the duration of discharge determined with the video
recording. Computationally, the discharge rate is determined using
the amount of volume, which exhibits the axial strain larger than the
flow criterion, and the time duration determined from experiments,
i.e., the duration from the opening of the bottom hopper gate to the
initiation of the flow out of the hopper using the video recording of
each test.

From the experiment, corn stover was found to have a tendency
of developing core flow resulting in a rat-hole (Figure 2 A and B). On
the contrary, Douglas fir tended to develop mass flow, where the
entire mass flowed smoothly out of the hopper (Figure 2 C).

Finite element model predictions

Using predetermined parameters of MC, mDPC, and mCC
models, hopper flow of corn stover 2 mm and Douglas Fir 1 mm
bulk particulate materials were simulated and compared with
experimental results. The axial deformation in the direction of
gravity indicates the inclination of bulk biomass to establish the
onset of flow. Figure 3 illustrates the region of corn stover and
Douglas fir exhibiting different levels of axial deformation. For both
corn stover and Douglas fir, the region with higher axial strain
develops around the center. Qualitatively, Douglas fir was predicted
to develop the deformation in the gravity direction throughout the

cross-section, whereas corn stover was predicted to develop the
gravity direction deformation near the core region for all three
material models, i.e., MC, mDPC, and mCC models. This
observation indicated a strong core flow pattern for corn stover
leading to handling issues such as a rat-hole, whereas a mass flow
was predicted for Douglas fir.

Quantitatively, corn stover was predicted to have a smaller
magnitude of axial deformation than Douglas fir, which
conformed with the experimental results. It was notable that the
region exceeding the 7% of axial strain, which indicated an incipient
flow, was established for Douglas fir, but it did not for corn stover.

This observation suggested that the 7% axial strain at the onset
of flow might be a conservative criterion considering the
experimental hopper discharge results showing discharges for
both biomass feedstocks. In FE biomass hopper flow model, the
core region of corn stover simulation showed larger than 3.5% of
axial strain. Therefore, smaller axial deformation levels than 7%
were investigated as alternative flow criteria.

To make a quantitative comparison, the total volume that
deforms in the gravity direction enough to initiate the flow at
different strain levels, i.e., 3%, 5%, and 7%, was calculated and
compared to the experimental results. It should be noted that the
predicted incipient flow volume was not a direct predictor of the
eventual total discharge, although the predicted volume at the onset
of flow was thought to be related to the eventual total discharge. To
complement this comparison, the discharge rate is estimated and
compared to the experimental results.

The computational predictions of the biomass volume that
establish large enough axial deformation to be considered at the
onset of the flow are also shown in Figure 4. The 7% axial strain
criterion results in underestimated flow volume for both corn stover
and Douglas fir. Especially for corn stover, no volume deformed as

TABLE 3 Experimental biomass discharge from the PSU hopper. The range is the standard deviation value.

Hopper wall angle Corn stover 2 mm Corn stover 2 mm Douglas fir 1 mm Douglas fir 1 mm

Total discharge Mass flow rate Total discharge Mass flow rate

kg kg/second kg kg/s

45° 0.79 ± 0.05 0.53 ± 0.03 2.68 ± 0.45 0.73 ± 0.08

FIGURE 2
A hopper flow experiment of (A) a core flow pattern of corn stover 2 mm, (B) a rat-hole development of corn stover 2 mm, and (C) mass flow of
Douglas fir 1 mm.
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FIGURE 3
Comparison between incipient biomass flow simulation and experiment: (A) Experimental corn stover 1 mm hopper discharge. (B–D) FE prediction
of corn stover 2 mm hopper discharge with Mohr-Coulomb, modified Drucker-Prager/Cap, and modified Cam-Clay models, respectively. (E)
Experimental Douglas fir 1 mm hopper discharge. (F–H) FE prediction of Douglas fir 1 mm hopper discharge with Mohr-Coulomb, modified Drucker-
Prager/Cap, and modified Cam-Clay models, respectively. The color bar represents axial strain levels in the gravity direction.

FIGURE 4
Comparison between experimental and predicted hopper discharge. Error bars of the experimental result represent standard deviations.
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much as 7% axially in any of the three biomass flow models. When
5% of axial strain was used as the incipient flow criterion, the
amount of volume at the incipient flow increased, but they remained
as underestimations compared to the experimental results. However,
Axial strain values of 3.5% resulted in much closer predictions for
both corn stover 2 mm and Douglas fir 1 mm. This result suggests
that biomass consolidated under self-weight may fail at a smaller
axial strain under a tensile shear than the recommended value in the
(Donaghe et al., 1988; ASTM Standard D4767, 2011; ASTM
Standard D7181, 2020) or previously reported cohesive granular
material (Kamath and Puri, 1997). This result also suggests that
different biomass feedstocks may exhibit the onset of tensile failure
at a different axial strain value.

For corn stover, MC model resulted in the closest to the
experimental observation, and mDPC model predicted the least
amount of volume to be at the onset of flow. For Douglas fir, there
were virtually no differences in the prediction between the three
material models. This was thought to be because of the cohesionless
flow characteristics of Douglas fir.

When comparing the prediction power of the finite element
model, all material models and incipient flow criteria correctly
predicted the cohesionless and mass flow of Douglas fir (c = 0,
d = 0), and the cohesive and core flow of corn stover (c = 3.8 ±

3.5 kPa and d = 6.9 kPa). This observation suggests that the incipient
flow prediction of a finite element hopper discharge model can be
used as a tool for estimating the flow pattern of a gravity hopper.

From the comparison between experimental total discharge and
predicted incipient flow volume of corn stover 2 mm and Douglas fir
1 mm, it is found that the incipient flow volume is a good predictor
of the total discharge (correlation coefficient = 0.96). Considering
the limited sample size of the experimental hopper flow (n = 3), the
discharge rate was examined as an alternative metric.

Figure 4 shows the comparisons between the experimental
observation and finite element model predictions of the total
discharge of the biomass out of the hopper. Finite element model
predictions were based on three criteria of the incipient flow, i.e., 3%,
5%, and 7% of axial deformation in the direction of gravity. The total
discharge of Douglas fir was found to be significantly greater than
the corn stover (p < 0.01, Wilcoxon test, n = 4).

Discharge rate

Discharge rate was experimentally measured with the hopper
discharge experiments that were recorded with a time-stamped video
recording. The weight of the total discharge of each test was divided by

FIGURE 5
The comparison between experimental and predicted hopper discharge rate. Error bars of the experimental result represent standard deviations.

Frontiers in Energy Research frontiersin.org07

Yi et al. 10.3389/fenrg.2023.1162627

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1162627


the duration of the total discharge time obtained from a video
recording. For the computational modeling, the time required to
reach the incipient flowwas also obtained from the video recording by
taking the timestamp of the first frame of visible biomass discharge.
This duration was estimated to be the time interval between the start
of the hopper gate opening and the onset of the biomass discharge.
The experimental observation and computational predictions of the
biomass discharge rates were compared (Figure 5).

Similarly the total hopper discharge of biomass, the discharge
rate of the corn stover 2 mm was found to be significantly less than
Douglas fir 1 mm (p < 0.01, Wilcoxon test, n = 3). The discharge rate
predicted with the 7% of axial strain was significantly smaller than
the experimental results for all material models. At the same time, a
relaxed axial strain criterion of 3.5% resulted in predictions closer to
the experimental observation.

The discharge rate was slightly overestimated for Douglas fir
when 3.5% was used as the criterion and slightly underestimated
for corn stover when 5% was used as the criterion. This trend was
consistent with all three material models with no noticeable
differences for Douglas fir, whereas mDPC model resulted in the
most conservative prediction and MC model resulted in the least
conservative prediction for corn stover. The discharge rate of
corn stover was underestimated by all three material models.
Similar to the total discharge comparison, it was hypothesized
that the difference in the discharge rate arose due to the material
properties and the interaction between biomass and the
handling device as further discussed in the ‘other discussions’
section.

Variability of bulk biomass flow prediction
reflecting the variances of the parameters

It is well known that the large variability in mechanical
properties of the milled biomass contributes significantly to
unreliable handling operation. To engineer the biomass handling
system, the magnitude of such a variability should be quantified.
Descriptive statistics of the properties of milled biomass is a crucial
starting point for this purpose. At the same time, the implication of
the quantified variability in the biomass properties on the biomass
handling operation should be also examined. Such an insight can be
achieved via inferring the parameters of constitutive biomass flow
models as discussed below.

For the three biomass flow models considered in this study, the
Lamè parameters are commonly involved reflecting an isotropic
elastic behavior before the deformation becomes plastic. Table 1
above lists the average and standard deviation of bulk modulus (K)
and Poisson ratio (]) representing a Lamè parameter pair.

At the same time, the predicted hopper discharge fluctuated
when the variation of bulk mechanical properties was considered.
Tables 4, 5 list altered predictions of hopper discharge when the
standard deviation of bulk modulus values was considered. When
bulk modulus (K) increases from 463 kPa to 834 kPa, the
predicted biomass discharge decreases from 0.208 kg to
0.006 kg for corn stover and from 0.602 to 0.0 with Mohr-
Coulomb model. FE biomass flow model predictions with
modified Drucker-Prager model and modified Cam-Clay
model show the same trend for both corn stover and Douglas.
This observation suggests that consideration of the variation will
change the design target of biomass handling systems. For
example, the upper bound value of bulk modulus (K +
standard deviation) results in a smaller discharge prediction
than a discharge predicted with a mean bulk modulus value
(Table 4). When a hopper is designed with the upper bound of
bulk modulus value, the actual discharge is expected to be larger
and more reliable hopper performance. On the other hand, when
a hopper is designed with the lower bound of bulk modulus value,
the predicted discharge is an overestimation and the actual
discharge will be smaller than expected, leading to an
inadequate hopper performance.

Investigating the effect of the variability in the measurement of
mechanical properties in this way can be expanded to other biomass
flow material model parameters. In other words, by comparing
calibrated model parameters, one can predict the flow characteristics
of bulk biomass, such as MC model parameters (coefficient of
cohesion and internal angle of friction). For mDPC and mCC
model parameters, a chosen confidence intervals of respective
regression analysis can be used for this purpose.

Parameters relevant to the quantitative
flowability

As discussed before, the flowability of biomass should be
quantified in conjunction with the geometry of and interaction
between biomass and the handling equipment. Therefore, referring
only to the properties of materials to describe the flowability is an
incomplete description. Nonetheless, a relative flow tendency of a
material is a useful information at an early stage of biomass handling
system design.

Some of the intrinsic bulk mechanical properties of biomass can
be inferred from parameters of constitutive biomass flow models.
For MC model, the angle of internal friction (ϕ) represents the
hardening tendency of biomass under the hydrostatic pressure or
self-weight. A higher value for internal friction is associated with
harder materials while a lower angle is associated with softer

TABLE 4 Predicted corn stover 2 mm discharge in kg at different Elastic modulus at 3.5% axial strain as a failure criterion.

mean K—standard deviation Mean K Mean K + standard deviation

Mohr-Coulomb Model 0.208 0.115 0.006

Modified Drucker-Prager Model 0.171 0.070 0.000

Modified CamClay Model 0.150 0.038 0.000
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materials when they are subjected to a same magnitude of
consolidation pressure. The ϕ values of corn stover and Douglas
fir were determined to be 34.3° ± 3.3° and 41.8° ± 1.0° with the fcCTT,
respectively. The difference is significant (p< 0.01, Wilcoxon test),
i.e., this observation suggests that the hardening of bulk biomass can
be an indicator of flowability.

The cohesion coefficient (c) represent the intrinsic cohesiveness
of the bulk biomass and is related to the unconfined yield stress. The
c values of corn stover 2 mm and Douglas fir 1 mmwere determined
to be 3.8 ± 3.5 kPa and 0.4 ± 0.9 kPa with the fcCTT, respectively.
The difference is significant (p< 0.01, Wilcoxon test), and this
observation also suggests that the cohesiveness of bulk biomass
can be an indicator of flowability. It should be noted that the c values
of Douglas fir were found to be close to zero, and it suggests that
Douglas fir will flow as a cohesionless material. Although cohesion
coefficients represent the cohesion between biomass particles, it is
also possible that Douglas fir may exhibit low friction between the
bulk biomass and the wall of the hopper. Considering that the
internal angle of friction (ϕ) of Douglas fir is larger than ϕ of corn
stover, it is reasonable to predict that Douglas fir will stiffen faster
when compressed than corn stover, which will make it more difficult
to flow. This reasoning leads to a hypothesis that the cohesion
coefficient (c) rather than the internal angle of friction (ϕ) may
control the initiation of the biomass flow.

For parameters of mDPC and mCC models determined with
regression analysis using pooled data, i.e., d, β, andM, statistical test.
Thus, there is no straightforward way to conduct statistical tests.
However, some of mCC model parameters, including the
compression index and elastic moduli, i.e., bulk modulus (K) and
Poisson’s ratio (]), were determined directly from each triaxial test.
Therefore, these parameters can be statistically tested. More
specifically, the bulk modulus (K) can be determined with HTC
data, and the shear modulus (G) can be determined with CTC data.
Using these two values, the Lamè parameters, i.e., Young’s modulus
(E) and Poisson’s ratio (]), can be determined.

For corn, stover, and Douglas fir, the bulk modulus (K) and
shear modulus (G) were significantly different (p< 0.01,
Wilcoxon test), respectively. However, the compression index
(λ) was not significantly different (p � 0.05, Wilcoxon test). It is
notable that both bulk modulus (K) and shear modulus (G)
involve the shear resistance of the bulk material, whereas the
compression index concerns the change in void spaces only. This
observation implies that the different flow behavior of corn stover
when it is compared to Douglas fir originates from the shear
behavior.

On the other hand, the spring-back index (κ) of corn stover was
significantly greater than Douglas fir (p< 0.01, Wilcoxon test).
Spring-back index also concerns the change in void spaces within

the bulkmaterial, but it measures the volumetric expansion upon the
release of hydrostatic stress inside the biomass. This observation
suggests that the volumetric expansion during the initiation of
discharge out of a gravity hopper is more detrimental to reliable
flow than the compression of stored biomass during the storage.
This observation also explains the development of a core flow for the
stover, in which the subsidiary region of the biomass volume
establishing the onset of flow simultaneously develops a
resistance to flow because of the larger degree of the volumetric
expansion.

Other discussion

In the classical plasticity constitutive models employed in this
study, the yield stress of bulk material is thought to indicate the onset
of flow. However, milled biomass deformation becomes plastic as
soon as a load is applied, even in hydrostatic compression. This
observation indicates that milled biomass exhibits very low
compressive yield stress. It is thought to behave so because the
milled biomass under a slow loading condition behaves
viscoelastically and the bulk modulus and strength of milled
biomass keeps evolving due to continued creep and stress
relaxation arising from the rearrangement and viscoelastic
deformation of biomass particles. Therefore, the duration of
triaxial tests is not long enough to capture the delayed
consolidation and suggests a need to investigate time-dependent
responses of biomass.

This behavior does not conform with the premises of constitutive
models considered in this study because the yield of milled biomass is
not solely due to the deviatoric stress. In other words, the onset of flow
does not coincide with the compressive yield shear stress determined
with a conventional triaxial compression test, in which the steady-
state shear strain is measured in response to a compressive shear
stress. Such a stress path does not allow determining compressive yield
and tensile (extensive) shear failure. It is expected that a conventional
ring shear test will aggravate such a discrepancy with confounding
effect stemming from the unaccounted changes in the principal stress
directions (Saraber et al., 1991). This observation suggests that the
determination of shear failure represent the onset of a gravity flow
requires different stress paths, such as reduced triaxial extension or
conventional triaxial extension test (Desai and Siriwardane, 1984),
which can be conducted with Forest Concept’s new Model CTT250-
A01-100 biomass cubical triaxial tester (fcCTT).

It should also be noted that no distinct shear failure was
observed for either corn stover 2 mm or Douglas fir 1 mm.
ASTM standard and literature (Donaghe et al., 1988; ASTM
Standard D7181, 2020) recommend the axial strain of 15% as an

TABLE 5 Predicted Douglas fir 1 mm discharge in kg at different Elastic modulus at 3.5% axial strain as a failure criterion.

mean K—standard deviation Mean K Mean K + standard deviation

Mohr-Coulomb Model 0.208 0.115 0.006

Modified Drucker-Prager Model 0.171 0.070 0.000

Modified CamClay Model 0.150 0.038 0.000
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alternative axial strain when a test does not exhibit a distinct failure.
However, it was observed that the excessive consolidation of bulk
biomass induces a very large amount of volumetric compression
leading to a limited dimension of the biomass sample not allowing
the axial strain of 15%. This study found that the axial strain value
should be smaller than 15% or previously reported 7% (Kamath and
Puri, 1997). The corresponding values were used in determining
model parameters as in Table 1 following Yi et al. (Yi et al., 2022).
The examination of the finite element hopper flow model suggests
that the axial strains of the onset of flow of corn stover and Douglas
fir are as small as 3.5%. This finding calls for a further examination of
the relationship between the magnitude of the axial strain of
consolidated bulk biomass and the unconfined yield stress.

In addition, the hydrostatic compression test results suggest a
significant anisotropic compression as well as nonlinear responses.
However, most of the widely used biomass flow models, including
the ones used in this study, assume an isotropic behavior. This
discrepancy is thought to be a confounding factor of the reported
study. The combination of the anisotropic and nonlinear behavior
may induce the observed underestimation of the strength of biomass
and thus leading to the overestimation of the biomass flow.

Conclusion

Biomass flowability is the result of interactions between the
physical properties of bulk biomass and the handling equipment.
Finite element analysis is a desirable modeling tool that can utilize a
wide range of continuum bulk biomass flow models and incorporate
diverse biomass handling equipment geometries.

For the calibration of biomass flow material models, Forest
Concept’s new Model CTT250-A01-100 biomass cubical triaxial
tester (fcCTT) was used to conduct fundamental triaxial tests to
determine coefficients to use in continuum biomass flow models,
i.e., Mohr-Coulomb (MC), modified Drucker-Prager/Cap (mDPC),
and modified Cam-Clay models (mCC).

To enable testing of the effect of hopper geometry of the biomass
handling device, a hopper with 45° wall angle with a 20 cm square
opening was built and gravity hopper flow experiments were conducted
using corn stover 2 mm and Douglas fir 1 mm at air-dried moisture
contents. The onset of flow predicted by the finite element model was
compared to the experimental hopper discharge of corn stover 2 mm
and Douglas fir 1 mm with 3, 5, and 7% axial strain values as the
incipient flow criteria. Both the total discharge and discharge rate
indicate that 3% of axial strain is a more accurate predictor of the
hopper flow. It is hypothesized that the observed small axial strain is
enough to initiate the gravity hopper flow because of the high
compressibility of bulk biomass. Also, it was discussed that the angle
of internal friction and coefficient of cohesion of MC model, bulk
modulus (K), shear modulus (G), and Spring-back index (κ) are
significantly different at the of 95% confidence level for corn stover
2 mm and Douglas fir 1 mm bulkmaterials. These observations suggest
that some of the fundamental mechanical properties of constitutive
models can be used as relative flowability indicators.
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