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The transition toward a sustainable bioeconomy relies on efficient biomass valorisation processes, which critically depends on the ability to predict and control the flow behaviour of solid biomaterials like lignocellulosic biomass (LCB). However, the rheological properties of LCB remain difficult to characterise due to its intrinsic complexity, including broad particle size distributions, irregular and non-spherical morphologies, presence of moisture and additional variability arising from biological and seasonal factors. Building on these challenges, this study investigates how particle-scale properties influence LCB macroscopic flow under quasi-static and dense regimes, using wood sawdust as a model material. Beech and fir sawdust were characterised then tested under above mentioned flow regimes using a shear cell, a powder rheometer and a rotating drum. Under quasi-static conditions, flow function coefficient (FFC) values ranged from 5.2 to 9.8 for both materials, indicating easy-flowing behaviour. In dense regimes, FT4 tests showed that beech required higher mechanical energy than fir to achieve steady flow, while rotating drum experiments revealed cohesion indices of 0.15–0.22 for beech and 0.20–0.28 for fir. Additionally, experimental videos were analysed using Particle Image Velocimetry (PIV) to assess internal flow dynamics. These results demonstrate that flow behaviour is strongly influenced by particle size and shape, with fibrous and irregular morphologies promoting interlocking and entanglement.
Introduction
Modern industrial processes face increasing pressure to reduce environmental impact and conserve resources, driving growing interest in lignocellulosic biomass (LCB) as a renewable feedstock for energy, chemicals and materials. However, the efficient and economical use of LCB requires a thorough understanding of its flow behaviour during storage, handling (Cheng et al., 2021), as well as its response in unit operations (Hernandez-Shek, 2020). Predicting and controlling LCB flow is challenging due to its heterogeneous nature. It consists of irregular particles with broad size distributions, low bulk density, high compressibility and variable moisture content (Cheng et al., 2021). These properties vary with botanical origin and environmental conditions (Barletta et al., 2015; Ramírez-Gómez, 2016), and are further complicated in high-moisture systems where solid-solid and solid-fluid interactions coexist (Ilic et al., 2018). Such complexity often makes conventional handling approaches inadequate. To address these challenges, LCB is commonly treated as a granular material, composed of solid particles interacting through contact and cohesive forces (Rhodes & Seville, 2024). Key interparticle forces, including gravity, friction, van der Waals, capillary and electrostatic interactions, govern cohesion and flowability  (Hamaker, 1937; Israelachvili, 2011; Klapetek, 2013; Seville et al., 2000). Granular flows are classified into three regimes: quasi-static with solid-like behaviour, dense with liquid-like behaviour, and collisional dominated by particle collisions in dilute systems. Flow behaviour depends strongly on particle-scale properties such as size, shape, density and porosity, as well as bulk rheological characteristics including compressibility, cohesion and shear response (Clyton, 2019; Hammoud, 2015; Rhodes & Seville, 2024). It is generally admitted that more irregular or rough particles exhibit reduced flowability (Mellmann et al., 2013), although existing studies on this topic remain limited. Most studies focus on specific factors, such as moisture content or consolidation stress (Stasiak et al., 2015), without systematically linking particle morphology to macroscopic flow behaviour. In contrast, standard model materials like glass beads or sand are too ideal to capture the behaviour of real lignocellulosic systems.
This present study therefore focuses on sawdust, as justified in the following section. The objective is to investigate how particle-scale physical properties influence macroscopic flow behaviour in two types of sawdust, through a combined experimental and numerical approach.
Materials and Methods
Beech and fir sawdust were selected as model lignocellulosic materials and investigated across three distinct particle size classes. These materials were chosen for their strong relevance to biorefinery applications, as well as the availability of well-defined and commercially accessible granulometries. Moreover, compared to highly elongated biomass particles such as straw, sawdust exhibits more moderate aspect ratios, making it a suitable material for studying and understanding flow behaviour before addressing more complex fibrous biomasses. The materials were supplied by the French company Sowood (Creil, France) and originated from forests in the Hauts-de-France region. Wood sawdust is composed mainly of cellulose (35–60%), hemicellulose (15–35%), and lignin (15–30%) (Adegoke et al., 2022). This study focuses on quasi-static and dense flow regimes representative of industrial biomass storage, handling and processing. For each species, three granulometries were considered, spanning from fine powders with Sauter mean diameter (d3,2) around 90 µm, to intermediate particles with sizes close to 600 µm, and coarse particles with sizes of about 1.3 mm. Emphasis is placed on the medium grained fir and beech sawdust in this paper. A comprehensive physical and rheological characterization was performed using complementary experimental techniques detailed as follows.
Physical characterization
Granulometric and Morphological Characterization
Particle size distributions were determined using a Mastersizer 3000+ Ultra (Malvern Panalytical Ltd, Malvern, United Kingdom) with the dry method following ISO 13320 for laser diffraction particle sizing. Granulometric analysis provides access to multiple complementary descriptors, yielding characteristic diameters such as the Sauter mean diameter (d3,2), and percentile diameters D10, D50, and D90. Five measurements were performed at a dispersion pressure of 2 bars, after preliminary tests at 0.5, 1, 2, 3, and 4 bars showed no significant effect on the particle size distribution, and the average values were reported.
Particle morphology, was analysed using a Litesizer DIA 700 (Anton Paar GmbH, Graz, Austria) that operates in accordance with ISO 9276. Three measurements were carried out using the free-fall accessory at three different camera zooms, providing a detailed quantitative description of grain geometry.
Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) was used to characterize the morphology of wood sawdust particles. Observations were conducted at magnifications ranging from ×50 to ×1000 using an accelerating voltage of 20 kV. Secondary electron images were acquired with an Everhart-Thornley detector (ETD) in secondary electron mode to highlight surface topography and roughness. The horizontal field width was set to 2.54 mm. This configuration is well suited for capturing the surface texture, and structural heterogeneity of wood particles.
True Density Characterization
The true particle density was measured using a helium pycnometer (Anton Paar GmbH, Graz, Austria). Using the medium cell size and with a gas gauge pressure of 0.69 bars (recommended pressure to characterize powders), seven measurements were performed in total, but the first three were discarded to allow instrument stabilization, and the average of the remaining four measurements was reported as the true density. The measurement procedure follows ISO 12154 for determining the true density of powders using gas pycnometry.
Rheological Characterization
Characterization under Quasi-Static Regime
The internal shear strength and flowability under low deformation rates were characterized using an RST-XS.s Schulze ring shear tester (Wolfenbütte, Germany), which operates in accordance with the ASTM D6773. The Flow Function Coefficient (FFC), is defined in Eq(1) as:
 
[image: ]where,  is the consolidation stress and  the unconfined yield strength. FFC was used to classify powder behaviour from non-flowing (FFC < 1) to free-flowing (FFC > 10). The shear test was performed with a pre-shear stress of 3000 Pa to establish consolidation until steady-state, followed by shear stresses at 750, 1575, and 2400 Pa to determine the yield locus and calculate the FFC values.
Characterization under Dense Flow Regime
The FT4 Powder Rheometer (Freeman Technology Ltd, Tewkesbury, United Kingdom) was employed to characterize powder flow behaviour under varying shear rates and consolidation conditions, following Freeman Technology standard operating procedures. The Variable Flow Rate (VFR) test was used to assess rate-dependent flow properties by measuring the mechanical energy required to displace a blade through the powder bed. A total of 11 successive measurements are performed with decreasing blade tip speeds, consisting of eight tests at 100 mm·s⁻¹, followed by tests at 70, 40, and 10 mm·s⁻¹. Experiments were conducted using a 62 mm diameter vessel fitted with a 48 mm blade at a 5 ° helix angle, ensuring a blade-wall clearance of approximately 7 mm on both sides of the blade. This clearance was chosen to accommodate medium and coarse grained particles and to minimize particle breakage caused by blade-wall interactions during shearing. 
Dynamic flow behaviour was further assessed using the Granudrum (Granutools, Awans, Belgium), which provides two complementary indicators: (i) the dynamic angle of repose, which represents the mean slope of the rotating powder bed, with larger angles corresponding to higher cohesion; (ii) the cohesion index, which is calculated from fluctuations at the powder-air interface, where higher values indicate stronger particles cohesion and reduced flowability (Neveu et al., 2022). The Granudrum is operated following ASTM D8648-25. For these measurements, the drum, with an 84 mm diameter, was filled to half its volume, and rotation speeds were gradually increased from 2 to 60 rpm in increments of 2.
Velocity field analysis for Rheological Interpretation
To complement the rheological measurements, Particle Image Velocimetry (PIV) was performed during both the FT4 VFR and Granudrum tests in order to provide additional information on the internal flow dynamics and particle kinematics, thereby improving the understanding of the underlying mechanisms governing the measured bulk behaviour. A fast camera capturing 235 frames per second recorded the flow. The images were analysed using the optical deep flow algorithm, a Deep Learning-based Optical Flow (DLOF) method. This algorithm extracts features from adjacent video frames using deep convolutional neural networks and uses these features to estimate the inter-frame motion of particles at the pixel level (Tran et al., 2024). The Python-based implementation allows calculation of velocity fields, as well as potential and kinetic energies, providing a detailed quantification of particle motion within the flowing material.
Results and Discussion
Physical characterisation
Granulometry
Figure 1 shows that the medium grain wood sawdust spans a broad size range, with dominant peaks around 500–700 µm, indicating a heterogeneous granulometric distribution with multiple particle populations. The table summarizes the characteristic diameters of the materials. Notably, the absence of fine particles below 100 µm suggests that interparticle cohesive forces are negligible, and that the flow behaviour is primarily governed by contact mechanics and frictional interactions.
[image: ]
[bookmark: _Ref225167732]Figure 1: Particle size distribution and cumulative passing curve for medium grain beech and fir wood
Scanning Electron Microscopy
SEM observations at ×50 in Figure 2, revealed distinct morphological differences between the two medium grain sawdusts. Beech particles are compact and fragmented with rough lamellar surfaces, whereas fir particles are more fibrous and elongated, retaining partially preserved cellular structures and visible honeycomb-like pores. These visual differences indicate variations in particle shape and surface complexity, which may contribute to differences in interparticle interactions and flow behaviour.
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[bookmark: _Ref225167844]Figure 2: SEM images of medium grain (a) beech and (b) fir wood
Morphological characterization
Morphological analysis in Figure 3 quantitatively confirms the observations from SEM. While circularity distributions peak at relatively high values (0.8–0.9), indicating compact particle cores, the broad ranges of aspect ratio and elongation reveal the fibrous nature of the fragments. The two species show similar morphological trends, although beech displays a slightly more uniform circularity distribution. These particle shape characteristics are expected to affect the bulk flow behaviour observed in subsequent rheological tests, as they enhance interparticle friction and interlocking, explaining the differences in flow despite comparable particle size distribution.
[image: ]
[bookmark: _Ref225167879]Figure 3: Particle morphologies of medium grain (a) beech and (b) fir wood
True Density 
The true densities of medium-grained beech and fir sawdust 1.41 and 1.44 g·cm⁻³ are similar and consistent with literature values, with relative deviations of 4.2 % (Plötze & Niemz, 2011) and 1.4 % (Jang et al., 2020) respectively, confirming measurement reliability. This indicates that flow behaviour is mainly governed by particle morphology, surface properties, and packing structure rather than intrinsic density.

Overall, despite comparable particle sizes and intrinsic densities, beech and fir sawdust exhibit markedly different particle morphologies. Beech particles are more compact and fragmented, whereas fir particles are more fibrous and elongated. These differences play a central role in the rheological behaviour discussed in the following sections.
Rheological characterizations
Quasi-static regime
Schulze shear cell measurements gave a mean FFC of 7.76 ± 3.03 for beech wood and 5.93 ± 0.78 for fir wood, indicating an easy flowing behaviour for both materials. The similarity of these values suggests that, under low deformation rates and moderate consolidation, quasi-static shear behaviour is governed primarily by frictional contacts and force chain packing, rather than by dynamic or inertial effects. Under these conditions, differences in particle morphology between beech and fir sawdust have a limited influence on bulk shear resistance.
Dense regime
Figure 4(c) shows that medium-grain beech wood requires more energy than fir wood in the FT4 VFR test, indicating higher shear resistance, while fir flows more easily under forced shear conditions. Conversely, GranuDrum measurements reveal an opposite trend, with fir wood systematically displaying a higher Cohesion Index than beech wood (Figure 4(b)), indicative of stronger interparticle interactions under rotating drum conditions. Below 10 rpm, both materials exhibit an intermittent flow regime before reaching a cohesion index independent of rotational speed. Additionally, the dynamic angle of repose increases with rotational speed for both biomasses before reaching a constant value above 30 rpm (Figure 4(a)). The absence of hysteresis between speed-up and speed-down tests indicates reversible flow behaviour, with no structural rearrangement. The compact, fragmented morphology of beech particles increases packing fraction, enhancing interlocking and frictional resistance under shear, which raises energy consumption in the FT4 VFR test. In contrast, the elongated structure of fir particles reduces packing density and promotes easier particle rearrangement, resulting in lower energy requirements in the low-stress tumbling regime of the GranuDrum. These observations emphasize the need for detailed analysis of internal flow dynamics, which can be addressed using PIV.
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[bookmark: _Ref225167928]Figure 4: Medium-grain beech and fir wood results: (a) dynamic angle, (b) cohesion index, (c) FT4 VFR and (d) PIV analysis with beech wood in the FT4 on the left and fir wood in the Granudrum on the right
Velocity Field Analysis
PIV analysis (Figure 4(d)) was performed in both experimental configurations to characterize the internal kinematics of the powders under their respective operating conditions. In the FT4 VFR test, conducted at a blade tip speed of 100 mm·s-1, velocity fields were measured in beech sawdust, revealing spatially heterogeneous particle motion with higher velocities in the surrounding area of the rotating blade and a rapid decay away from this region. In the GranuDrum experiments, performed at a rotational speed of 10 rpm, velocity fields were obtained for fir sawdust, showing particle motion predominantly localized near the free surface, while the bulk below remained weakly mobilized. Beyond qualitative visualization of the velocity fields, PIV data can be further exploited to perform more detailed analyses, such as identifying shear localization zones, extracting velocity vectors, or decomposing the flow into tangential (𝑢𝜃) and axial (𝑢𝑧) components. These analyses would allow a direct correlation between particle morphology, local flow kinematics and energy dissipation in each device, which is the focus of ongoing work.
Conclusions
This study provides a comprehensive analysis of lignocellulosic biomass flow, combining physical, rheological, and kinematic characterizations. Beech and fir sawdust, despite similar true densities, differ in particle morphology and surface texture, which significantly influence bulk behaviour. Rheological measurements indicate both materials exhibit intermittent, transitional flow (5<FFC<10), with beech wood showing higher flow resistance and cohesion, and fir wood displaying greater deformability and flowability. Particle Image Velocimetry further revealed highly heterogeneous velocity fields, with rapid motion near moving boundaries and quasi-static regions in the bulk. These findings demonstrate that particle-scale properties, and interparticle forces, rather than intrinsic density alone, govern biomass handling. The integration of such detailed analyses provides essential insights for predicting, controlling and optimizing biomass flow in industrial processes, supporting more efficient and reliable lignocellulosic valorisation.
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