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ABSTRACT: Handling milled biomass particles in equipment like hoppers
and feeders has been a long-lasting challenge in the bioenergy industry
because of the poor flowability of these low density, high aspect ratio, and
irregularly shaped particles. The inner pores of woody biomass particles
complicate the granular flow behavior. When water exists in these intra- and
inter-particle pores with sizes ranging from nanometers to micrometers,
intricate processes such as hydrogen bonding, capillary effects, liquid bridge,
and lubrication occur. However, knowledge of how these processes alter the
bulk flow behavior of woody biomass particles is severely lacking. This study
investigates the bulk flow behavior of loblolly pine chips in wedge-shaped
hoppers considering moisture content. The fiber saturation point (FSP) of
the material (30%) was determined through the differential scanning
calorimetry analysis. The compressibility and shear resistance were found to
increase with the increased moisture content through meso-scale testing. Moreover, hopper flow simulations suggest that the
effective discharge rate decreases by 50% with the increasing moisture content up to the FSP, beyond which moisture content has no
apparent influence on the effective discharge. This study highlights the importance of quantifying the biomass FSP in understanding
biomass flowability at various moisture contents and sheds light on the trouble-free handling of wet woody biomass particles in the
bioenergy industry.
KEYWORDS: granular mechanics, soft particles, particle swelling, particle rheology, material handling, renewable energy

■ INTRODUCTION
Biomass to biofuel has become one of the most promising
energy resources to replace fossil aviation fuels.1−4 However,
the economic competitiveness of the biofuel industry still
suffers from the unstable flow and jamming of granular
biomass materials in various feedstock handling equipment like
hoppers and feeders.5−10 Solving these issues centers on the
fundamental understanding and accurate prediction of milled
biomass’s mechanical and rheological properties. Recent multi-
scale experimental and numerical investigations promoted the
knowledge of the flow behavior of dry or room-moisture
woody biomass particles.11−14 However, biorefineries often
have to process wet materials with water from the original
plants or due to outdoor transport and storage. Wet biomass
materials usually have worse flowability than dry particles15−17

due to particle swelling, softening, and capillarity. Under-
standing the effects of the moisture content on the flow
behavior of milled biomass is critical to comprehensively
evaluate the material flowability during feedstock handling.

Current studies on the influence of the moisture content on
biomass flowability include feeding and handling testing via
hopper,11,12,15,18,19 silo,16,17,20 and screw feeder.21,22 Labora-
tory characterizations of the moisture content influence on

material compressibility,12,15,23−28 angle of repose
(AoR),19,21,26,28,29 shear responses,11,12,15,19,25−28,30−32 and
wall friction,23,24,28,31−33 were also conducted. However, the
link between the moisture-induced particle-scale and meso-
scale property changes with macro-scale flow behavior has not
been established for woody biomass. Previous investigations
have mostly followed the Mohr−Coulomb framework,34 which
does not corroborate with experimental observations may be
due to the limitations of the model or the methods to
determine model parameters.15 Recent studies, however, show
that the Mohr−Coulomb framework is incapable of capturing
the high compressibility, dilation, and history-dependent shear
behavior of biomass particles13,35 that have been observed in
physical testings. Thus, it is necessary to apply the recently
developed numerical framework36 based on the Gudehus−
Bauer (G−B) hypoplastic model, which can describe the flow
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behavior of woody biomass materials, to investigate the
influences of the moisture content during feedstock handling.
The G−B hypoplastic model incorporates the critical state
theory, density dependency, and nonlinear elasticity, which are
critical for accurately predicting flow features of milled
biomass.14,37

In addition, milled woody biomass mostly has pores inside
particles, and the pore size is often at the magnitude of
nanometer to micrometer.38 These internal micropores
complicate biomass particle properties in the presence of
water as multiple mechanisms may exist simultaneously, e.g.,
hydrogen bonding, capillary force, water-induced particle
deformation, particle aggregates caused by surface tension,
and water lubrication. Understanding how these mechanisms
influence the flow behavior and identifying the range of
moisture content dominating mechanical behaviors are greatly
needed.

To address this knowledge gap, this study investigates the
flow behavior of loblolly pine chips influenced by the moisture
content with multi-scale experiments and numerical simu-
lations. The thermogravimetric analysis (TGA) and the
differential scanning calorimetry (DSC) test were performed
to understand sample components and obtain the fiber
saturation point (FSP) of the particles. Packing, oedometer,
and AoR tests were conducted to investigate the compressi-
bility and the shear behavior at bulk or laboratory scale.
Moreover, by deploying an existing numerical framework to
simulate hopper flow, the impacts of moisture on the flow
behavior of wet woody biomass at the equipment scale are
evaluated. The results highlight the importance of quantifying
the biomass FSP to better assess its flow behavior at various
moisture conditions.

■ METHODS
Biomass Sample. The material used in this work is milled loblolly

pine.13,36 The original wood was hammer-milled until the particles
could pass a 6 mm sieve, and then, the wood chips were dried in a
rotary drum until the room moisture content was reached. The
particle size distribution obtained from sieve analysis is presented in
Figure 1a with a photo showing particle size and shape. Admittedly,
sieve analysis tends to measure the smallest dimension of an elongated
particle-like shredded pine here and thus is not an ideal method.
However, the aspect ratio of these particles is typically around 1:6 to
1:10. The original moisture content of pine chips is 9.5% (dry basis)
measured by the oven-drying method. During each test, the sample
was first oven dried for 24 h, and then, a specific amount of water was
added to and mixed uniformly with the dry particles to achieve the
desired moisture content. The moisture content in this study is
defined according to dry basis, i.e.

m
m

MC 100%w

s
= ×

(1)

where mw and ms stand for the mass of water and solids, respectively.
Experimental Methods and Setups. Differential Scanning

Calorimetry. The DSC test was conducted with the TA DSC 250 to
determine the FSP of pine chips. The DSC test measures the moisture
content at which the cell walls are fully saturated with bound water,
and no free water exists. Water was first added to the original pine
samples until the moisture content was higher than the FSP, which
can normally range from 10 to 50%.39 Then, around 5 mg of the
sample was placed in the DSC cell, heated from −20 °C until 20 °C
with a heating rate of 2 °C/min. During heating, the time-lapse
temperature was measured, and the time-lapse heat flow was
calculated by comparing the temperature difference between the
sample and a reference point in the tester. The tests were conducted
four times with different starting moisture contents (see the Fiber
Saturation Point Section).
Thermogravimetric Analysis. TGA was performed using EXSTAR

TG/DTA 7300 to understand the components of the pine sample.
Around 7 g of the original sample (with room moisture content) was
placed in the TGA cell and heated from room temperature (around

Figure 1. (a) Particle size distribution of the pine sample used in this study with the size and shape presented in the photograph. (b) Vibration test
setup to measure the maximum density of the sample with varying loads. The setup consists of a shaker and the biomass sample placed in a cylinder
with dead loads on the top. (c) Oedometer test setup to obtain the density−pressure response. (d) Schematic view of the AoR test with the funnel
method.
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20 °C) to 950 °C with a heating rate of 20 °C/min in a nitrogen
atmosphere (with a flow rate of 100 mL/min). Then, the sample was
kept at 950 °C with air for 10 min followed by cooling back to room
temperature. The temperature-dependent weight change and the rate
of weight change were determined.
Packing Density. The density evolution with pressure was

determined by the minimum/maximum (min/max) density tests
according to the ASTM standards.40,41 The minimum density was
achieved by the “rainfall” method described in our previous work;36

while the maximum density was obtained by vibrating the sample for
5 min with the W.S.Tyler Ro-tap RX-29 shaker (as shown in Figure
1b). The maximum density was determined with the pressure ranging
from 0 to 10 kPa, which covers the pressure range in most of the
bioenergy material handling applications.36 The sample is placed in a
cylindrical container with an inner diameter of 102 mm (Figure 1).
Oedometer Test. Continuous density−pressure relationships of the

pine samples with various moisture contents were obtained from the
oedometer tests. As shown in Figure 1c, samples were air-pluviated

into a 102 mm (4 in.) diameter oedometer cell, which was placed
within a loading frame with displacement and load measurements. All
samples were loaded until the vertical pressure exceeded 20 kPa,
which can cover most of the bioenergy material handling applications,
at a rate of 20% strain per hour.
Angle of Repose. AoR tests with a funnel42 were conducted for the

tested pine chips at different moisture contents. An illustration of the
funnel method is presented in Figure 1d. The funnel has a diameter of
265 mm and an inclination angle of 40°. The mass of the sample was
kept constant at 1.2 kg, and the dropping height was kept 15 cm
above the top of the cone. The material was discharged through a 25.6
mm (1 in.) orifice, right after being deposited without a settlement.
Materials flowing from the funnel deposit on a smooth-surface acrylic
plate, forming a conical pile. The AoR was determined through image
analysis of the taken photographs of the deposited piles. For each
moisture content, at least 10 tests were repeated.

Figure 2. Particle characterization results. (a) Results from the TGA showing the evolution of mass and its derivative by raising the temperature.
(b) Results from the DSC tests presenting the heat flow as a function of temperature. (c) Heat of fusion as a function of the initial moisture content
computed from the DSC tests.

Figure 3. Experimental results demonstrating the material compressibility. (a) Minimum density ρb
min as a function of the moisture content. (b)

Maximum density ρb
max determined after vibration at different surcharge loads and different moisture contents. (c) Bulk density changing with

compressive pressure at different moisture contents determined from oedometer tests. (d) AoR determined by the funnel method as a function of
the moisture content, where each point was averaged from 10 data points and the error bars represent the standard deviation. (e) Photographs of
the repose angles at different moisture contents.
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■ RESULTS
Fiber Saturation Point. The TGA results are presented in

Figure 2a, where the orange line represents the mass of the
specimen left on the pan with increasing temperature. The
dark line is the changing rate of the mass, the dominant peak of
which corresponds to cellulose and hemicellulose, whose major
decomposition temperature range is 200−400 °C.43 The
decomposition temperature of lignin spans from 150 to 1000
°C. The final small peak stands for the mass burned in oxygen-
rich gas (air). It can be determined that the pine chips tested in
this study consist of 3% inorganic matter, 6% water, 65%
cellulose and hemicellulose, and 26% lignin and other matters.

Presented in Figure 2b are the results from four DSC tests
using samples with initial moisture contents of 48, 63, 89, and
98%. The water molecules in biomass particles can be generally
categorized into two types: (1) bound water, which is
physically adsorbed in cell walls and held by molecular forces
at the hydroxyl sites of cellulose materials and (2) free water,
which mainly resides in the lumen of cells or the outside of
particles, and they can be easily driven off. Because the melting
point of ice drops with increasing pressure, the bound water
(ice) is usually hard to freeze (melt) because of the high
pressure caused by the small channel size. When raising the
temperature from −20 °C in each test, ice starts melting from
molecules with higher pressure toward those with lower
pressure, and the heat flow gradually increases correspond-
ingly. Since the majority of molecules still have relatively low
pressure, the melting and the heat flow reach the maximum
when the temperature approaches zero, which is the melting
point of ice at atmospheric pressure.

The FSP, defined as the moisture content at which the cell
walls are saturated with bound water and no free water exists,
was determined from DSC results by the extrapolation
method:39,44,45 (1) calculating the melting enthalpy ΔHm of
samples with different initial moisture contents, (2) plotting
the ΔHm−MCinit data points, (3) extrapolating the line and
obtaining the intersect with the MCinit axis, which stands for
the moisture content at which the ΔHm = 0, i.e., the FSP. As
shown in Figure 2c, the FSP of the tested material in this study
is 30%.
Compressibility. Results of min/max density and oed-

ometer tests of tested biomass particles with various moisture
content are presented in Figure 3. Figure 3a shows that the
minimum density ρb

min linearly increases with the increasing
moisture content. The maximum density measured from the
vibrating table tests is shown in Figure 3b, where each line

stands for the post-vibration density at vertical pressure from 0
to 10 kPa for different moisture contents. It can be seen that
the bulk density increases with both applied stress and
moisture content. In addition, the oedometer results in Figure
3c show that the sample compressibility, manifested as the
range of density change caused by the same pressure increase,
increases with the increased moisture content.
Static Friction. The AoR tests were conducted with the

funnel method, and the results are presented in Figure 3d, with
photographs demonstrating the AoR at different moisture
contents in Figure 3e. The AoR of pine chips at room moisture
content is around 44°, which is similar to the internal friction
angle 47.3° determined with the combined experimental−
numerical method described in the previous work.36 Note that
small variations of material parameters may exist due to the
variability of biomass materials caused by the origin of the
sample, i.e., different tree age, height, and the position and
fraction of the tree.37,46,47 The AoR generally increases with
higher moisture content, which implies a higher shear (flow)
resistance at a high moisture content. Particle breakage, which
can influence the material internal friction and material-wall
friction,48−50 was not observed due to the low level of applied
stress.

■ ANALYSES AND DISCUSSION
Particle Swelling. Figure 4a shows that the bulk density of

biomass samples subjected to each constant stress increases
with the increasing moisture content. However, the “effective”
density, i.e., the packing of the corresponding dry biomass
skeleton, decreases with the increasing moisture content
(Figure 3b). The effective skeleton density ρsk is defined as

1
1 MCsk b= ×

+ (2)

which measures the density of the particle skeleton alone. The
results in Figure 4b suggest that the biomass particles are
compacted denser with less moisture before the FSP(30%),
beyond which the moisture content has negligible impacts on
the skeleton packing density. This is mainly because the
molecular structures of cellulose and hemicellulose fibers
shrink with water loss (i.e., biomass particles swell upon
wetting) when the moisture content is below FSP. The
moisture-induced particle swelling ceases after the cell walls are
fully saturated by water (i.e., reaching the FSP).

In addition, we also noticed that particle aggregation
occurred when the moisture content reached around 40 to

Figure 4. (a) Maximum bulk density of samples after vibration at different moisture contents, where the lines from bottom to the top represent
applied compressive pressure from 0 to 10 kPa. (b) Particle skeleton density ρsk, defined as the bulk density of particle skeleton (solids), as a
function of the moisture content.
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60% during the tests. This aggregation of small particles can be
attributed to the capillarity when a small amount of free water
resides at the inter-particle contacts.
Flow Behavior in Wedge-Shaped Hoppers. Numerical

Modeling. To evaluate the influence of the moisture content
on the flow behavior at the equipment scale, hopper
simulations were conducted, and the flow rates at different
moisture contents were extracted and compared. To address
the mesh tangling issue of FEM when simulating large
deformation, the coupled Eulerian−Lagrangian FEM
scheme36,37 was applied, which was realized by two steps: a
deformation step, where the material deformed with the mesh,
followed by a remapping step, where the deformed mesh was
returned to its original position and the material (deformed)
properties were interpolated back to the “fixed” mesh. A quasi-
3D model, i.e., a 2D plane-strain slice of the wedge-shaped
hopper, was developed and presented in Figure 5a. The
numerical model is the same as the one developed in the
previous work14,37 except for the boundary conditions on
hopper walls. In this study, the no-slip boundary was
implemented on both hopper walls by directly fixing all six
degrees of freedom of boundary nodes. Given the magnitude
of the hopper wall friction has trivial influences on the flow
rate,14,36 this Eulerian boundary condition will not undermine
the prediction accuracy of the hopper flow rate. In addition, no
Eulerian−Lagrangian contacts can boost the computational
efficiency.

Among various constitutive models simulating the flow
behavior of milled biomass,35 the Gudehus−Bauer (G−B)
hypoplastic model51,52 has been implemented and utilized to

explore the physics of biomass granular flow with
success.14,36,37,53 Therefore, the G−B model is also used in
this study to simulate biomass flow behavior with various
moisture contents. The G−B hypoplastic model describes the
Jaumann stress rate σ̊ as a function of the current state (i.e.,
stress σ and void ratio e) for a given strain rate . Treating void
ratio as one of the state variables enables the model capable of
capturing high compressibility of biomass materials

Nf e f f

e e

( , , ) ( : : )

(1 )tr( )
s d= = +

= + (3)

where coefficients fs and fd are the combination of pyknotropy
and barotropy factors, which consider the influence of the void
ratio and pressure level on the stress and shear strength and
enforce the state variables satisfy the critical state con-
dition.51,52 and N are the elastic and plastic modulus
expressed as the forth- and second-order tensor functions of
current state, this formulation makes the model capable of
modeling nonlinear behavior at each increment. All these
features are important to capture the flow behavior of milled
biomass.36

The hypoplastic model parameters can be divided into three
categories: (1) the minimum, critical state, and maximum void
ratio at zero pressure ed0, ec0, and ei0, (2) compressibility-
related parameters hs, n, and β, and (3) shear-related
parameters ϕc and α. Detailed description and calibration of
these parameters and the G−B hypoplastic model formulation
were reported in the previous work.36 In this study, the
hypoplastic material parameters were calibrated from the min/

Figure 5. Numerical modeling, validation, and results. (a) Geometry and boundary conditions for the numerical hopper flow model, which
simulates a slice of the hopper-bin system according to the plane-strain condition. (b) Validation of the numerical modeling by the comparison of
the numerical flow response (time-lapse cumulative discharged mass mt plotted as the line) against the experimental measurements (“×”s). (c)
Time-lapse discharged mass mt at different moisture contents, where the slope stands for the mass flow rate qm, and qm is plotted in (d) against the
moisture content. (e) Effective discharged mass, mt

s, defined as the discharged total mass of solid (with the water removed), changing with time.
The effective mass flow rate qms is plotted in (f) against the moisture content.
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max density (Packing Density Section), oedometer (Oed-
ometer Test Section), the AoR tests (Angle of Repose
Section), and single-element FEM simulations following a
similar procedure reported by Lu et al.36 except that (1) the
critical state friction angle ϕc was determined by AoR tests and
(2) α, β, and ei0 were determined by single-element FEM
simulations of the oedometer tests. The calibrated parameters
are listed in Table 1. Note that the parameters of 10, 30, 50,
and 80% moisture content were calibrated from the
aforementioned procedure, while that of 5 and 20% were
interpolated/extrapolated. A few assumptions were made
during the calibration: (1) particle density ρp was estimated
by assuming fixed particle volume and (2) free water can reside
within the particle’s inner pores or outside particles. The latter
may induce capillarity, which cannot be explicitly captured by
the continuum-based model, but its impacts to flow behavior
have been reflected via measured parameter values. Admit-
tedly, the current model does not capture moisture contently
explicitly, but its impacts on biomass flow behavior are
reflected by the changes in material properties listed in Table
1. Thus, for a given arbitrary moisture content, one can
interpolate the parameters based on Table 1, but a new
constitutive model capturing moisture content explicitly is
needed.

The hypoplastic parameters in Table 1 reflect the evolution
of the physical properties of biomass particles due to the
moisture content change. As the moisture content increases,
the water starts to move into particles, making the particle
density increase. The friction angle slightly increases
manifested in the AoR tests. The granulate hardness hs
decreases, indicating the increase in compressibility. The
large increase of the extreme void ratios (ed0, ec0, and ei0) used
for modeling is mainly caused by the assumptions mentioned
above and does not imply a physical increase.

The modeling predicted flow response, i.e., the cumulative
discharged mass against time, was obtained by integrating bulk
density and velocity across all elements of the outlet surface
and time. The predicted flow response was then used to
validate the numerical model against the physical hopper flow
experiment.14,37 As demonstrated in Figure 5b, the numerical
prediction (the line) agrees well with experimental measure-
ments (the “×”s) at MC = 6%.
Hopper Flow Affected by the Moisture Content. Hopper

flow simulations were conducted with a fixed hopper geometry
(inclination angle μ = 45°, outlet widthW = 60 mm), the same
packing condition [i.e., the initial void ratio einit = 1/2(ed0 +
ec0), which represents a relatively loose packing], and the same
initial weight of material M. The predicted mass flow rates are
presented in Figure 5.

Figure 5c plots the time-lapse total discharged mass mt for
pine chips with the moisture content varying from 10 to 80%,
where the slope measures the mass flow rate qm. Figure 5d
shows that the mass flow rate qm first decreases and then

increases with the increased moisture content. The results
highlight that two competing mechanisms govern the physical
process of hopper discharge of wet biomass particles: (1)
increased moisture content increases the shear/flow resistance
manifested as the increasing AoR and compressibility of the
material and (2) adding water into the sample increases the
self-weight which facilitates the flow via increasing driven force
by gravity. As illustrated in Figure 5d, the increased shear
resistance and compressibility govern the flow behavior when
the moisture content is small (before reaching the FSP), while
the increased discharge-driven force governs the flow behavior
when the moisture content is large. The lowest rate of total
discharge is encountered at an intermediate moisture content.

As mentioned in Particle Swelling section, particle
aggregation was observed when mixing biomass particles
with water, indicating the existence of cohesion. The G−B
hypoplastic model used in this study cannot capture the
cohesion behavior, which may underestimate the flow
resistance with intermediate and high moisture contents.
Therefore, the flow rate for wet biomass with intermediate and
high moisture content should be lower than what has been
predicted here. An advanced constitutive model is in
development to capture the flow behavior of wet biomass
particles.

To evaluate the discharge of biomass solids only (i.e.,
excluding the discharged water), the effective discharged mass
mt

s is defined here as the total discharged mass minus the
discharged water and can be calculated by

m m
1

1 MCt
s

t= ×
+ (4)

The time-lapse response of the effective discharged mass mt
s

is presented in Figure 5e, with the corresponding effective mass
flow rate qms plotted in Figure 5f. The results clearly show that
with the increasing moisture content, the effective mass flow
rate decreases 50% until reaching the FSP, after which the
effective mass flow rate stays constant. Therefore, the reduced
moisture content particularly below FPS in milled woody
biomass promotes the hopper discharge efficiency for biomass
solids.

■ CONCLUSIONS
This work quantifies the FSP of milled woody biomass
particles and ensued changes in its various fundamental
physical and mechanical properties with varying moisture
conditions. By deploying an existing numerical framework, the
impacts of moisture on the bulk flow of woody biomass
particles through industry-scale hoppers are evaluated. Salient
conclusions are as follows:

• The FSP of tested loblolly pine chips is 30% using the
DSC method. Milled pine particles swell with the
increased moisture content until the FSP is reached

Table 1. Calibrated G−B-Hypoplastic Model Parameters of Pine Chips at Different Moisture Contents

MC (%) ρp [kg/m3] ϕc [deg] hs [kPa] n [�] ed0 [�] ec0 [�] ei0 [�] α [�] β [�]

5 410.5 43.63 214.6 0.43 0.73 0.91 1.08 0.15 1.63
10 430.0 44.09 230.5 0.48 0.78 0.95 1.05 0.10 0.50
20 469.1 44.66 171.0 0.43 0.88 1.05 1.26 0.20 1.00
30 508.2 44.96 138.6 0.38 0.99 1.14 1.59 0.20 2.00
50 586.4 47.02 119.7 0.39 1.19 1.32 1.84 0.20 2.00
80 703.6 48.72 90.1 0.45 1.50 1.59 2.22 0.10 2.00
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(MC < FSP), beyond which the swelling ceases and
becomes independent of the moisture content.

• Increased moisture content in pine chips leads to higher
particle compressibility and increased AoR. Particle
aggregation at a moisture content of 40−60% was
observed due to capillarity from small amounts of free
water residing at particle contacts.

• The flow behavior of wet biomass particles in hoppers is
governed by two competing forces with the increased
moisture content: increased internal friction that
suppresses the flow and increased bulk density that
accelerates the gravity-induced flow. The minimum
discharge rate of the total mass occurs at a moisture
content close to the FSP.

• For a given hopper configuration, the effective biomass
flux, i.e., the discharge of biomass solids, excluding the
discharged water from the bulk flow, decreases 50% with
the increased moisture content until reaching the FSP.
Therefore, decreasing the moisture content, particularly
below its FSP, can greatly promote the effective
discharge of biomass solids.

• The results in this study also highlight the necessity of
quantifying the FSP of biomass to better understand and
explain the impacts of the moisture content on various
fundamental physical properties and macro-scale flow
behaviors of biomass.

This study promotes the scientific understanding of the
flowability of wet biomass particles and sheds light on the
efficient handling of milled woody biomass with moisture.
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