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ABSTRACT

Transport of milled solid biomass can be problematic in biomass conversion processes due to the
material high cohesiveness, low bulk density, and poor flowability. Here, the goal is to
investigate the flow behavior of compressed biomass at conditions similar to compression-screw
feeders. To mimic flow of woody biomass inside a compression-screw feeder, two
lignocellulosic biomass feedstocks were fed to a co-rotating twin-screw microcompounder.
Force and screw speed from the microcompounder were correlated to viscosity in a traditional
rheometer, where low-density polyethylene served as a control. The deformation of compressed
biomass in a lab-scale compounder is strongly dependent on screw speed and moisture content.

Shear stress in woody biomass decreased with shear rate, indicating negative plastic viscosity.

1

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Moreover, viscosity decreased one order of magnitude as screw speed increased from 10 to 90
rpm. Increasing moisture from 10 to 50% reduced the viscosity of the compressed biomass by
60%.

INTRODUCTION

Inconsistency in oil prices and supplies, and now global efforts to ward off the causes of
climate change, have lent extensive resources to search for clean, renewable fuels !. Having the
potential to replace fossil-fuels and decrease greenhouse gas emissions to the atmosphere,
terrestrial biomass has become the main source of biofuel production. Additionally, biomass
could be transformed into organic chemicals and materials such as alcohols, polyols, and organic
acids > 3. Biomass energy density is smaller than fossil fuels, which is primarily due to higher
oxygen content. To reduce the oxygen level of biomass, biochemical and thermochemical
processes are employed to create more energy-dense biofuels that are fungible with fossil fuels
but with a much smaller carbon footprint *.

Although much attention has been devoted to reaction optimization and reactor design in
biochemical and thermochemical processes, biomass transport is another, less studied processing
challenge > 6. Transport failures may stem from the assumption that biomass handling systems,
consisting of hoppers, bins, conveyors, and screw feeders, behave similarly to coal-based feeding
operations and thus ignore the variations in structural features of biomass ’. Biomass physical
properties, such as size, shape, moisture content, density, and compressibility, can play a major
role in causing feeding problems °. Oversized particles, excessive moisture contents, the
cohesiveness of the particles, and high aspect ratios in biomass feed, as well as the poor design

of feeders, can cause failures, including bridging, rathole formation, blockage, and flooding.
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Problems in biomass handling units reduce the reliability and efficiency of the reactor by
delivering non-uniform and unsteady flows of biomass ¥1°,

Biomass handling units consist of two major stages: transport from storage to a conveying
device and feeding the material to the reactor > . An ideal feeding system should accommodate
variations of feed shape, size, and moisture content and deliver a uniform flow of biomass into
the reactor. For feeding lignocellulosic biomass successfully, various feeder combinations have
been utilized: hopper systems, screw feeders, rotary valve feeders, piston feeders, belt feeders,
pumps, and pneumatic feeding systems > & 12, Screw feeders are able to transport bulk materials,
specifically terrestrial biomass, in wide ranges of feed rates efficiently and reliably '*-1°,

In a compression-screw feeder (a.k.a. “plug-screw” feeder), an auger compresses the biomass
into a compact plug by gradually reducing the pitch of the screw and/or decreasing the diameter
of the surrounding shell (i.e., the cone). The feed plug is intended to act as a pressure-holding
seal and prevents the backflow of gases and bed materials from the reactor. The efficiency of the
biomass screw feeding system is dependent on biomass properties, the frictional effects of the
solids on the screw flights and adjacent casing, and the configuration of the screw. The
volumetric capacity of the screw feeder is proportional to the screw rotation speed > 16, Lack of
flow, blockages, and feed rate fluctuations are major problems associated with screw feeders.
Inconsistent flow can be caused upstream by a bridge or rathole in the hopper. A blockage is
commonly related to difficult feed properties (e.g., large, dense particles with high-strength or

cohesive particles). Cyclic variations due to screw flight rotation, bridging in the hopper, solids

build-up on the screw, and blockage in the screw feeder are the reasons for feed rate fluctuations
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The front-end handling and feeding unit, with its limitations for feedstock variability, must be
designed not only to operate reliably and continuously but also to satisfy the operating conditions
of the reactor. Details regarding the biomass conversion in the reactor (pyrolyzer) using pyrolysis
and gasification steps are discussed elsewhere !"-2!, In the current study, the proposed material
handling unit feeding biomass into a pyrolysis reactor includes a material-receiving bin, a
metering conveyor, a transfer chute, and a compression-screw feeder (Figure 1). Two distinct
material-flow regimes are embodied in these unit operations: 1) granular flow in hoppers and 2)
compressed material flow in the screw feeder. The goal of this study is to investigate the
rheological behavior of compressed woody biomass using a lab-scale compounder. These results
will help determine the impact of feedstock characteristics and screw feeder operating conditions

on the flow behavior of biomass in industrial-scale compression screw feeders.
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Figure 1. Proposed feedstock handling unit containing a bin, a

conveyer, a transfer chute, and a screw feeder.
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The rheology of lignocellulosic biomass slurries has been studied extensively using vane and
parallel-plate geometries. The impact of variables, such as temperature, pH, solid content, and
additives, on the flow behavior of pretreated corn stover, show that solid slurries flow easier at
higher temperatures, lower solid contents, and in presence of some polymer modifiers 2224,
Comparing yield stress measurement of concentrated corn-stover slurries revealed that yield
stress and solid concentration follow a power-law correlation, with an exponent of ~6. The large
power for scaling yield stress with solid concentration has been linked to the interparticle
interactions and fibrous nature of biomass solids 2> 2. The flow of lignocellulosic biomass in
traditional rheometers is challenged by its structural features such as compressibility, particle
size and shape, and variation of chemical composition leading to measurement disturbances such
as wall slip, large normal stresses, fracture, and ejection. Therefore, researchers have developed

22,25 custom rheometers %4, and

special tools to overcome these challenges. Torque rheometers
pressure-driven pipe flow %7 are some of the tools that have resulted in a promising agreement
with traditional rheometry in investigating the flow behavior of biomass.

The granular flow of bulk solids, such as coal and powders in hoppers and bins, has been
studied both theoretically and experimentally 2834 starting with the pioneering work of Jenike to
predict the minimum outlet opening size for the proper discharge of cohesive powders from
hoppers > 3. Today, shear cells are used to measure parameters that affect the flow of granular
material such as cohesion, unconfined yield strength, bulk density, and friction factor at

corresponding consolidation stress 37> 3%, “Flowability” of bulk solids in granular rheology studies

is classified by dividing the consolidation stress by its corresponding unconfined yield strength

39
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The flow regime within the screw feeder is a compressed flow of biomass that is distinct from
both granular flow (as found in hoppers, bins, or silos) and the flow of liquid-saturated slurries.
Compressed biomass rheology resides at the intersection of the two previously discussed flow
regimes, slurry and granular rheology, and investigates the flow of a dense non-free-flowing
material driven by an extruding device. This research investigates flow in an environment
analogous to the compression screw feeder of interest by feeding untreated biomass, i.e., wood
chips, at 10 to 50% moisture content to a twin screw microcompounder. Then, by using a
conventional rheometer to calibrate measurements in the microcompounder, a new rheological
model for the behavior of compressed wood chips is developed.

MATERIALS AND METHODS

Two types of milled wood materials were received from Red Rock Biofuels (RRB). These
materials consisted of three tree types: white fir (20%), ponderosa pine (60%), and lodgepole
pine (20%). One material (-3/8” Forest Residual or simply -3/8” FR) had been pre-processed by
a hammer mill using a discharge screen with 3/8” perforations. The second material was sawdust
collected from a sawmill. Particle size distribution measurements of the two samples were
conducted using a Microtrac 3D analyzer *° and showed that the -3/8” FR sample consisted of
almost 60% particles smaller than 10 mm with an average particle size of 16.2 mm; however,
sawdust samples consisted of almost 90% of particles smaller than 10 mm with an average
particle size of 7.2 mm. Moisture content was measured using a conventional drying method by
leaving samples in a vacuum oven at 40°C and 30 in Hg vacuum overnight, resulting in 30+1%
moisture for the -3/8” FR and 50+1% for the sawdust.

Sawdust was different from -3/8” FR due to being highly fibrillated from the sawing action.

Mill residuals (including sawdust) generally have a higher moisture content since saw blades are
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sprayed with water for cooling and thus the sawdust is wetted when produced. To add moisture,
residual amounts of water were sprayed on the samples. Then the samples were kept in a closed
container overnight in order for the moisture to reach a steady value *!. Samples were dried in a
vacuum oven at 40°C and 30 in Hg if lower moisture contents were required.

For rheology validation experiments, linear low-density polyethylene (LLDPE) pellets
(melting point: 100-125°C, density: 0.918g/ml at 25°C, melt index 1.0g/10 min (190°C/2.16kg))
were purchased from Sigma Aldrich and were utilized without modification.

A co-rotating twin-screw microcompounder (Xplore MC5) with a total barrel capacity of 5 mL
was employed for the compressed wood chips rheology measurements (Figure S.1 and Table
S.1). Xplore MC5 has three heating zones on both back and front sides, which control
temperature (up to 400 °C) over the length of the barrel. Two co-rotating screws can be operated
at speeds up to 400 rpm. The microcompounder is connected to a computer that records screw
speed, axial force, temperature, and motor current. The compounder was used in batch mode
unless otherwise noted—the small die and melt channel dimensions (3.0 mm) did not allow for
wood chips to exit. Xplore MC5 has a maximum force limit of 5000 N. In order for the rotating
screws to reach a steady state condition without reaching the force limit, 3 g (dry basis) of wood
chips was added to the barrel (determined using trial and error).

The impact of screw speed on rheological properties of -3/8” FR wood chips with 30%
moisture content was measured at 5 different screw speeds (10, 30, 50, 70, 90 rpm). Also,
samples of -3/8” FR wood chips at 5 different moisture contents (10, 20, 30, 40, 50% moisture)
were prepared and tested to elucidate the relationship between moisture content and rheological
properties at a constant screw speed of 10 rpm. Finally, in order to explore how the two different

woody materials change the rheology under compressed conditions, -3/8” FR wood chips and
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sawdust were mixed at different ratios (0, 15, 30% sawdust) and tested at a constant screw speed
of 10 rpm and constant moisture content of 30%.

For all experiments, the screws were first set to the desired speed. Then, the wood chips were
added at time zero. All tests started at room temperature, and the barrel temperature control was
off in order to record the amount of heat release due to compression of the wood chips. After
changes in force became steady (~15 min), the tests were terminated. Using the force measured
and relationships provided by the instrument vendor, the rheological properties of different
samples were calculated. Compounder data were averaged over at least three tests.

To validate and modify the relationships used for converting compounder parameters to
rheological properties, pellets of LLDPE were processed with both the compounder and a TA
Instruments ARES-G2 rheometer. LLDPE is a suitable polymer to perform melt rheology
experiments due to its low melting temperature that minimizes oxygen degradation. The linear
structure of LLDE also reduces the possibility of chain entanglement at high frequencies.
Finally, LLDPE follows the Cox-Merz rule which provides conversion of dynamic viscosity to
shear viscosity data *2. Melt extrusion of the polymer was conducted at 3 different temperatures
(140, 160, and 200°C) and 4 different screw speeds (50, 100, 150, and 200 rpm). The
compounder was set to the batch/recycle mode to mimic the wood chips compression
experiments. The axial force measurements were averaged over the last 2 minutes of each
experiment after reaching a steady value. Melt rheology measurements of LLDPE were
performed using 25 mm parallel plates with a gap spacing of 1.2 mm. Strain sweep tests were
conducted to find the linear viscoelastic region (LVR) for the polymer (Figure S.4). Using the

amplitude of 25%, frequency sweep tests were performed to find the dynamic viscosity values of
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the polymer at 3 different temperatures (140, 160, and 200°C) and angular frequencies ranging
from 0.1 to 500 rad/s.

Compression tests were performed on the -3/8” FR material, which had a bone-dry bulk
density of 140 kg/m? and was tested at a moisture content of 30%. Details of the compression
testing procedures and a schematic of the compression setup are provided in the Supporting
Information (Figure S.3). The pressure on the compression piston and the compression ratio was
recorded. The pressure on the piston was multiplied by the squared ratio of the diameters of the
piston (3.5 in) to the cylinder diameter (4.0 in) to be converted to the pressure on biomass. The
compression ratio was multiplied by the bulk density to calculate the density at each pressure.
RESULTS AND DISCUSSION

The approach for correlating microcompounder and rheology measurements is explained first.
Then, the behavior of the woody biomass within the compounder at various screw speeds and
moisture contents are detailed. The impact of shear rate, moisture content, and particle type on
the viscosity of compressed biomass within the microcompounder is analyzed next. Finally,
modeling of biomass compression data with a pressure-dependent density equation is discussed.
MODELING POLYMER MELT RHEOLOGY IN THE COMPOUNDER

A method for converting microcompounder measurements, specifically axial force, and screw
speed, to viscosity and shear rate, was developed based on the manufacturer’s specifications 4343,
Viscosity and shear rate can be calculated using the axial force on the screw, screw speed, and
two geometry-dependent constants. The modeling led to the following equations relating force

and screw speed to viscosity and shear rate 464,

n= %Cl (Equation 1)

y = N (Equation 2)
Cz
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Where 1 is viscosity (Pas), F is the axial force (N), N is screw speed (rpm), and C1 and C2 are
geometry-dependent constants.

To quantify C1 and C2 based on the actual microcompounder geometry, LLDPE pellets were
processed with both the microcompounder and rheometer. Coefficients (Table S.2) were
acquired by fitting dynamic viscosity data from the melt rheology experiments (Figure S.5) with
the Cross model (Equation S.1) using the Cox-Merz rule % 3!, The force and screw speed data
from the compounding of LLDPE (Table S.3) can be converted to viscosity and shear rate using
Equations 1 and 2. By substituting Equations 1 and 2 in the Cross model, a form of the Cross
model based on force and screw speed was generated (Equation S.2). Using the Generalized
Reduced Gradient (GRG Nonlinear) method in Excel, the sum of the square of differences
between the data and the model equations were minimized in order to estimate the parameters C1
and C2 at three temperatures (Figure S.6). Three sets of constants at 140, 160, and 200°C were
within 10% error of the mean value for both C1 and C2. Finally, the average C1 and C2 values
(31 and 0.38, respectively) were used to calculate rheological data of biomass.

COMPRESSED BIOMASS RHEOLOGY

The first set of measurements quantified the force on the screw as a function of time at 30%
moisture content and various screw speeds for -3/8” FR. At each of the screw speeds, the force
on the screw experienced three different zones: feeding, compression, and compaction zones
(Figure 2). The measured force is nearly constant in the feeding zone. As the screw speed
increased from 10 to 50 rpm, this zone ended at shorter times. The time of the feeding zone was
290+20 s, 100£10 s, and 55+5 s for 10, 30, and 50 rpm, respectively. The feeding zone time was
almost independent of screw speed and less than 50 s for screw speeds greater than 50 rpm. In

the feeding zone, due to the small dimensions of the compounder compared to biomass particles,
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a reduction in the feed particle size occurs (Figure S.2). The force in the feeding zone is
generated because of this particle size reduction and defines the baseline for the experiments at
all screw speeds. All data points presented are corrected for the baseline force. The feeding zone
captures the travel time for the wood chips within the small hopper and the entrance of the barrel
to reach the point where they start to become compressed. This travel time is a combination of
the free flow of particles from the feed hopper and the transport by means of the screws. Since
the screw’s capacity for transferring woodchips to the barrel is constant per screw revolution, the
time to fill the barrel will be longer for lower screw speeds. As the screw speed increases, the
time decreases. At higher screw speeds, the interparticle and wall friction between the particles,
the barrel case, and the screws become notable °. Friction exerts a force on wood-chip particles
against the direction of the flow and slows down the movement of the wood-chip particles within
the barrel. As a result, at screw speeds higher than 50 rpm, the time in the feeding zone showed

little variation regardless of screw speed.

Force (kN)

0 1 L 1 1 1 1 1 L 1 " L 1 1 1 1

0 180 360 540 720 900 1080
Time (s)
Figure 2. Force vs time for -3/8” FR at various screw speeds and constant

moisture (30%). The force data at each screw speed can be divided into
three distinct regions: feeding zone (#1 for 30 rpm), compression zone

(#2 for 30 rpm), and compaction zone (#3 for 30 rpm).
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Next, the force increased to a new, steady value, which we define as a compression zone
(Figure 2). The time in the compression zone ranged from 570+£30 s at 10 rpm to 100£20 s at
screw speeds above 50 rpm. The force in the compression zone indicates the formation of a
closely packed mass of wood chips due to the rearrangement of particles. Here, energy likely
dissipates by inter-particle and particle-to-wall friction interactions 2. Compression of wood
chips exerts a force on the screws leading to a rise in force. The length for the compression zone
represents the time for the biomass to become a uniform compressed plug. Higher screw speeds
lead to better mixing and a more uniform compressed plug within a screw feeder °. Therefore,
the compressed wood-chip plug flows easier, and force reaches a second steady value at shorter
times for screw speeds higher than 50 rpm.

In the compaction zone, the force measured was steady for all five screw speeds tested (Figure
2). We believe the force in this zone represents the state where the particles are pushed together
and undergo plastic and elastic deformations. The deformations raise the inter-particle contact
causing the particles to be bonded through the van der Waals and electrostatic forces % ¢ 2% 32,
Here, increasing the screw speed from 10 to 50 rpm led to a reduction in force from 5.8+0.1 kN
to 4.0+0.1 kN. Above 50 rpm, the force on the screw showed little variation (4.1+£0.1 kN). The
reduction in steady force as the screw speed increases is related to the compaction of the biomass
plug within the barrel at steady conditions. As the biomass reaches the end of the compression
zone and the entrance of the compaction region, and by increasing the screw speed, higher
normal stresses are exerted on the compressed biomass by the screw and the barrel. Moving
down the compaction zone, higher normal stresses compress the biomass further 33 3* and lead to
an increase in biomass density (as will be discussed in the Biomass Compression section). Since

the mass of the sample added to the barrel at each test is constant, the more compacted biomass,
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at higher speeds, results in less interactions between the material and the screw. Therefore, the
force plateaus at a lower value at higher screw speeds. At screw speeds higher than 50 rpm, the
force within the compaction zone becomes independent of screw speed due to the biomass being
fully compressed.

While changing physical properties of the compressed biomass may contribute to the reduced
force (discussed further below), we speculate that it is at least partly due to the biomass taking up
less space in the microcompounder, which abuses the classical rheometry ideal of having flow
conditions with known (and wusually equal) material-contact surfaces. Nonetheless, we
maintained constant sample mass in our measurements and analysis, providing a satisfactory
basis for developing steady simple-shear curves. When the force reaches a terminal steady value,
the deformed particles may no longer change their position due to reduced space between

particles .

100,000
w 10,000
(]
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P
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S
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Shear rate (s)
Figure 3. Viscosity vs shear rate for -3/8” FR at 30%
moisture content. Viscosity (circles) is fitted using the

Cross model (solid line).
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Using Equations 1 and 2, force and screw speed (Figure 2) were converted to viscosity and
shear rate values for -3/8” FR sample. In many cases, the magnitude of uncertainty bars was
smaller than the data points for force, viscosity, or stress data, and so uncertainty bars are
omitted in these cases. Plotting viscosity as a function of shear rate (Figure 3) showed that screw
speed had a significant impact on the force on the screw within the microcompounder, and
therefore on viscosity. Increasing screw speed at a constant moisture content (30%) led to lower
viscosities, similar to shear thinning. Therefore, in order to reduce the energy required for
feeding wood chips into the pyrolysis reactor, higher screw speeds will be more favorable.
Furthermore, higher screw speeds leading to lower viscosities have been reported to reduce the

feeding blockages inside screw feeders .

Table 1. Cross model parameters for -3/8" FR

at 30% moisture

Cross Model Parameters Values
1o (Pa's) 74,000

N (Pa’s) 550

k (s) 0.08

n 1.2

The viscosity of compressed wood chips in the microcompounder was modeled using the
Cross model to quantify flow transition to zero and infinite shear viscosities (Figure 3). Since all
the data has fallen within the shear thinning region of the Cross model, the behavior and
parameters outside the data range might not be fully representative of the material and should be
interpreted with care. The consistency index (k) for this study was 0.08 s and the flow index (n)

was 1.2 (Table 1). In the Cross model (Equation S.1), the reciprocal of consistency index
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provides the onset shear rate for shear thinning. The flow index is a non-dimensional value
measuring the degree of dependence of viscosity on the shear rate in the shear-thinning region. A
value of zero for n indicates Newtonian behavior, while n tending to unity (1) indicates
increasingly shear-thinning behavior. Also, viscosity is captured in this model by zero-shear

viscosity (7o) at low shear rates and infinite-shear viscosity (7, ) at high shear values.

The Cross model fit suggests that the onset of shear thinning occurs at about 10 s*! for
compressed -3/8” FR sample at 30% moisture content tested at room temperature. The flow
index reported is slightly higher than 1, which might be related to the biomass heterogeneous
properties and has been observed before for pretreated corn stover modeled as a Power-law fluid
26 The zero-shear viscosity for compressed -3/8” FR at 30% moisture content is 74,000 Pas,
which is higher than concentrated homogenized algae slurries of 24 wt%, untreated corn stover

slurries of 32 wt%, and pretreated corn stover slurries of 20 wt% having zero shear viscosities of

10,000 Pa's, 10,000 Pa‘s, and 20,000 Pas, respectively 3> 6.

1,000
©
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w
o
Z Power-law Model
0 =8x105y~02
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Figure 4. Stress vs shear rate for -3/8” FR at 30%

moisture content. Stress (circles) is fitted using the

Power-law model (solid line).
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As screw speed increased, stress decreased with a negative Power-law index (Figure 4) that is
indicative of negative plastic viscosity 2. Negative plastic viscosity is a property of some
pseudoplastic materials, including lignocellulosic biomass °’. The mechanisms that caused this
behavior are not fully understood. One speculation is that untreated wood is likely heterogeneous
while being compressed, i.e., solid concentration differs from one location to another. More
heterogeneous materials may transmit larger stresses due to particle friction and rearrangement.
Therefore, the nonmonotonic relationship between shear stress and shear rate leads to negative
plastic viscosity. Chopped and milled untreated corn stover has also exhibited a negative plastic
viscosity. However, adding viscosity modifiers to the same corn stover slurries reduce the
heterogeneity leading to positive plastic viscosities 2 57, The stress-shear rate nonmonotonic
relationship leading to negative plastic viscosity in biomass slurries could also be caused by
shear banding and shear induced fracture .

Due to being heterogeneous with particles having various particle sizes and shapes,
experiments involving biomass have always been prone to wall slip, which is discussed in our
previous work extensively 2> 26, We speculate that wall slip is less pronounced for these high-
compression systems with inhomogeneous deformations, but we cannot know for sure. Being
interested in the overall apparent viscosity, we have not considered the impact of wall slip in this
work.

Although all tests started at room temperature, the final temperature inside the barrel changed
with screw speed (data not shown here). Heat generated due to viscous and frictional forces
between screws, barrel, and biomass particles created temperature differences up to 40°C at
higher screw speeds (90 rpm). Rheological properties such as yield stress and viscosity in

concentrated biomass slurries change with temperature variation 23 24, For instance, increasing
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the temperature from 95°C to 125°C in 20% solids milled corn stover slurries, viscosity changes
less than 50% within the whole range of shear rate ?*. Due to smaller impact of temperature
compared to shar rate on viscosity, changes on rheological data with temperature were not
considered in this study. Although the temperature differences noticed in the compounder scale
are not high, careful attention is required in designing the screw feeder cooling unit while
working with biomass. In larger scales, higher screw speeds, and coarser biomass feeds, intense
temperature differences inside the barrel can cause partial conversion of biomass into char which
is not favorable in the pyrolysis process 6.

Understanding the impact of moisture content on the flow properties of biomass feed is crucial
in designing an effective feeding system ©. Moisture content in wood chips can vary with tree
type, storage time, harvesting season, and environmental conditions. Therefore, we investigated -
3/8” FR samples at various moisture contents and a constant screw speed of 10 rpm (Figure 5a).
By keeping the screw speed constant at 10 rpm and increasing the moisture content from 10 to
30%, the time in the feeding zone increased from 110+10 s to 290+20 s. At moisture contents
higher than 30%, the feeding zone time varied little (370£30 s). As discussed earlier, the feeding
zone represents the time for the particles to fill the barrel. Previous studies have shown that dry
biomass particles have higher flow indices compared to wet particles, leading to lower
cohesiveness 3. Therefore, less moist particles flow easier within the barrel entrance leading to
shorter travel times.

Increasing moisture content from 10 to 50% reduced the final value of the steady force from
9.0+0.2 kN to 3.7+0.1 kN at 10 rpm (Figure 5a). The force on the screw starts to increase when
wood chips start to compress and levels off when the particles are compacted. More moist

biomass materials have shown higher compressibility than biomass materials with lower
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moisture content 53. Compressing wood chips with elevated moisture content can create layers of
water between the particle surfaces. Free water created by compression can help wood particles
slide over each other and equipment surfaces, and therefore result in reduced internal friction and
wall friction within the barrel. Therefore, at a constant screw speed, the force exerted by the

compacted samples on the screw decreases as moisture content increases.

b)
30,000
10 | 10 rpm (26 57)

20 m
—_ (T
Z 30 &
= >

Y 40 5 20,000 f
5 50 S
o R
MC % =

L 1 " 1 L ‘]0,000 " 1 1 1 1 1 " 1 M 1 "
0 360 720 1080 0 10 20 30 40 50 60
Time (s) Moisture Content (%)

Figure 5. (a) Force vs time for -3/8” FR at various moisture contents and constant screw speed
(10 rpm). (b) Viscosity vs moisture content for -3/8” FR at constant screw speed of 10 rpm.

Solid line represents a linear fit of n=-410 (MC%) + 32000.

At a constant screw speed of 10 rpm (26 s, viscosity linearly decreases with increasing
moisture content (Figure 5b). Reducing the moisture content in the biomass compression context
is somewhat similar to increasing the solids concentration in biomass slurries 26 %5, Since
biomass slurries were previously investigated using traditional rheometers and geometries, the
range of concentration is smaller than solid contents in this study. For instance, the viscosity of
pretreated corn stover at equivalent shear rates increased by roughly an order of magnitude for an
increase in solids content by 5 wt% (in the range of 5 to 17 %) 26. Also, in homogenized algae
slurries at 20 s, doubling the solid content from 12 to 24 wt% caused an order of magnitude

increase in viscosity from 2 to 20 Pa-s %,
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The impact of particle type on the flow behavior of compressed biomass at the constant
moisture content (30%) and constant screw speed (10 rpm) provides additional new information
(Figure 6). Mixing whole tree chips of -3/8” FR samples with 15% milling residual sawdust
resulted in no significant change in viscosity measured by the microcompounder. Adding 30%
sawdust to -3/8” FR resulted in a reduction in mixture viscosity from 18,000 Pa‘s to 16,000 Pa-s.
Therefore, within the scale of biomass compression experiments, broadening the particle type of

the samples by adding fibrillated sawdust particles to wood chip samples changed the viscosities

slightly.
30,000
10 rpm (26 s°7)
w Replacing -3/8” FR with Sawdust
g >
>
-§ 20,000
g ® ¢
2
]
10’000 1 1 " 1 " 1 " L " 1 1 1

0 5 10 15 20 25 30 35
Sawdust Content (%)

Figure 6. Viscosity vs sawdust content for -3/8” FR

at constant screw speed of 10 rpm.

Unlike biomass compression, the viscosity of biomass slurries undergoing enzymatic
hydrolysis and fermentation changes with particle type and size. These processes cause the
breakdown of biomass tissues resulting in particles that likely contain fewer or smaller macro-
pores 3% 3% Therefore, less liquid is entrained within these particles (more free water remains
available), which results in fewer interactions among particles and lower viscosities. With larger

particles, greater interactions among the long fibers due to friction or entanglement may result in
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higher viscosities. In addition, long fibers may have longer range interactions than shorter fibers
or spherical particles, and these long-range forces may also cause higher viscosities. The
conflicts regarding the effect of particle type may be partly explained by different pretreatment
mechanisms. Bulk mechanical changes to particle morphology, as performed here, do not
decrease viscosity in the same way as the changes via pretreatment. Therefore, mechanically
pretreated samples may be more difficult to move at an equivalent concentration of solids
compared to chemically pretreated samples .
BIOMASS COMPRESSION

Compressibility of biomass was linked to a pressure-dependent density model adopted from

Duncan et al 27 work:

_ Pmax 1—(L)1_X .
p(P) = presp orapn) el (Equation 3)

In this equation, p(P) is the pressure-dependent density, p.¢p is the reference density at the
reference pressure, pPpq 1S the maximum density that corresponds to the biomass skeletal
density, P is pressure, Prer is the reference pressure, and ¢ (chi) is a feedstock-specific coefficient.
The pressure-dependent density model (Equation 3) was fitted on the compression test results
(Figure 7) using a least-square fit. The reference density, 254 kg/m?, and reference pressure, 160
psi, were selected to represent the first data point gathered in the compression test. The
maximum density ( p,,4,) and the feedstock coefficient (y) values for fitting the data with the
model were 2030 kg/m?® and 1.65, respectively. Up to the reference pressure, the material’s
density is assumed to be independent of pressure and remain constant at a value of 252 kg/m?,
which is higher than the bulk density of the material (190 kg/m?®). The reason for the difference
in the densities is due to various measurements used in finding the bulk density of solid materials
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361 The smaller density value can be attributed to the loose bulk density of biomass while the
larger value to the tapped density of the sample ®2. The model cannot be used for the density
values lower than the bulk density of the biomass material, therefore the tapped bulk density
value of 252 kg/m? was set as the lower limit density (Figure 7- dashed line) for the compression

tests.

1400
r Pressure-dependent
1200 | Density Model g8~
~ 1000 [
E [
% 800
= [ Compression Data
2 [
‘w600 |
- L
(] L v s
a [ /
400 | _gp®
200 P ower Limit Density
0 PSRN L I T T T
0 500 1000 1500 2000

Pressure (psi)
Figure 7. Density vs compression pressure for -
3/8” FR at 30% moisture content. Density
(circles) is fitted using the pressure-dependent
density model (solid line). The dashed line

represents the material bulk density.

Compression data can be utilized in correlating the pressure profile in the compounder to the
changes in material density going under compression in the barrel. For instance, a compression
ratio of ~2 was estimated from our visual inspection for 30% moisture content -3/8” FR sample
tested at 90 rpm. Employing the capillary analogy calculations, which are not included in this
manuscript, a rough value for the pressure at the compounder outlet can be obtained ¢* ¢4, The
calculations have provided an approximate value of ~3 MPa for the pressure at the die. Using the

compression tests data (Figure 7) and the model provided (Equation 3), the compression ratio at
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3 MPa (430 psi) was calculated to be 2.7, which generally agrees with our visual inspections.
Biomass compression data can also inform screw feeder simulations of the flow of compressible
biomass by providing an equation-of-state that correlates density with pressure.
CONCLUSION

We were able to study the flow properties of woody biomass inside a co-rotating twin-screw
microcompounder experimentally. Using a homogeneous polymer (polyethylene), coefficients
were determined to translate the force and screw speed in a microcompounder to rheometric
shear values. For woody biomass, three different regions—feeding zone, compression zone, and
compaction zone-were observed. The feeding zone represents how fast particles flow within the
feed hopper. In the compression zone, the biomass becomes a uniform compressed plug, and
finally, within the compaction zone, the particles are pushed together and undergo plastic and
elastic deformations. The flow of compressed biomass in the microcompounder was dependent
on screw speed—as screw speed increased from 10 to 90 rpm, viscosity decreased one order of
magnitude. Measured viscosities fell within the shear thinning region of the Cross model. Woody
biomass exhibited negative plastic viscosity, which was linked to the heterogeneity of the
compressed biomass. Biomass samples with higher moisture contents maintained lower
viscosities at the microcompounder scale. Finally, particle type was shown to have little impact
on the flow behavior. Adding 30% sawdust particles to -3/8” FR reduced the viscosity by less
than 10%. Using biomass compression and rheology data to inform computational simulations of

an industrial scale compression-screw feeder is of interest for future work.
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