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In this study, we explore the intersection of mechanical testing and particle imaging 
techniques, offering a new perspective on granular material science. We examine a range 
of flow testers, such as the Schulze shear tester, FT4 powder flow tester, and split-bottom 
tester, each of which provides valuable insights into how materials respond to compression 
and shear forces. Simultaneously, we discuss imaging techniques such as refractive index 
matching, MRI, and X-ray imaging, revealing their capacity to capture the intricate 
behaviours of particles and flow dynamics at a microscopic level. This combination of 
macroscopic flow testing and microscopic imaging promises to unlock unprecedented 
insights into granular materials and complex fluids. Furthermore, we discuss the current 
challenges in imaging granular flows and recent advances in coupling flow tests with 
particle imaging.
Keywords: flow tester, particle imaging, flow dynamics, granular materials, material 
science

1. Introduction
Powders and granular materials are integral components 

in the production of everyday products, playing a pivotal 
role across various industrial sectors, spanning from the 
food industry (Cataldo et al., 2009), pharmaceuticals (Y. 
Wang et al., 2016), ceramics (Curran et al., 1993), battery 
assembly (Gaitonde, 2016), and glue production (Duran, 
2012). In these applications, the handling, flow, and com-
paction properties of powders and granular materials is of 
paramount importance. A profound understanding of their 
behaviour under shear and compression is indispensable 
for optimising industrial processes, ensuring product qual-
ity, and enhancing overall efficiency (Mesri and 
Vardhanabhuti, 2009). To gain such insights, one can rely 
on a diverse array of techniques and instruments, enabling 
researchers to probe the mechanical response and structural 
characteristics of granular materials.

In addition, particle imaging techniques have emerged as 
indispensable tools for understanding the dynamic be-
haviour of granular materials (Clarke et al., 2023), particu-
larly due to the inhomogeneous and anisotropic flow 
properties exhibited by these materials. These techniques 

encompass a range of methodologies, including digital im-
age correlation, particle tracking velocimetry, and X-ray 
tomography (Vego et al., 2022). They provide researchers 
with the capability to visualise and track individual parti-
cles within granular assemblies, allowing for the direct 
observation of important variables such as particle motion, 
packing density, packing structures, and flow patterns. 
Particle imaging techniques are particularly valuable in the 
context of granular material flow because they offer in-
sights into phenomena such as particle rearrangements (Y. 
Chen et al., 2021), shear banding (Wang et al., 2022a), and 
interparticle interactions (Wiebicke et al., 2020). By inte-
grating mechanical testing with particle imaging, we can 
bridge the gap between macroscopic and microscopic ob-
servations, leading to a more comprehensive understanding 
of how granular materials respond to external forces.

The primary objective of flow testing is to characterise 
the flow behaviour of powders and granular materials—an 
essential facet of powder properties that requires compre-
hensive understanding. Flow testing involves the measure-
ment of stress in multiple directions or planes, along with 
strain and flow rates. It allows for the manipulation of var-
ious experimental variables, including boundary conditions 
(e.g., slip, no slip, partial slip, fluidity) and rigidity (e.g., 
constant pressure vs. constant volume). However, selecting 
an appropriate flow tester presents a significant challenge 
because the choice depends on the specific experimental 
conditions, including the size constraints of the shear cell 
relative to the particle sizes used. Size effects also play a 
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crucial role in many flow properties; however, for very 
small particle sizes, the container size’s impact is minimal. 
Nonetheless, the issue of size effects merits thorough dis-
cussion and consideration. Therefore, it is imperative to 
classify the various types of shear and compression testers 
available. Additionally, flow testers tend to become known 
in a particular sub-field of science and engineering, limit-
ing the reach of the results obtained from such work.

This review paper provides a comprehensive examina-
tion of two key aspects in the study of granular materials: 
flow testing methodologies and particle imaging tech-
niques. By categorising, explaining, and critically assess-
ing these methods from a range of different fields, we aim 
to offer a valuable resource for researchers and engineers 
working in the field of granular materials. We also address 
the typical challenges that one might encounter in the im-
aging of granular materials, offering insights into how to 
navigate and overcome these hurdles effectively. Finally, 
we provide a comprehensive overview of the recent ad-
vances in imaging particulate systems. These include the 
following: 1) X-ray rheography, which enables the study of 
continuous granular flows; 2) the utilisation of multiple 
imaging methods, combining various techniques to align 
with specific research goals; 3) ultrafast electron beam 
X-rays, allowing for time-resolved imaging of dynamic 
processes; and 4) rheo-MRI, a method that has recently at-
tracted significant attention due to its capacity to provide 
detailed insights into the rheological properties of a system 
while simultaneously offering dynamic imaging capabili-
ties.

2. Confined flow testers
As illustrated in Fig. 1, flow testers can generally be 

categorised into two main groups: direct and indirect ap-
proaches. In direct shear testers, the direction of applied 
stress is not fixed, whereas in indirect methods, the applied 
stress remains constant, allowing for the control and direct 
measurement of principal stresses and deformations. The 
subgroups of direct methods are further divided into trans-
lational and rotational categories. In translational shear 
testers, relative displacement occurs in a straight-line mo-
tion, as typified by the Jenike shear tester (Jenike, 1964). 

On the other hand, rotational shear testers feature the top 
part of the cell rotating relative to the bottom part, and these 
can be further divided into torsional (Orband and Geldart, 
1997) and ring shear testers (Schulze, 2011). Torsional 
testers involve shear deformation by rotating particles 
around the vertical axis, whereas ring shear testers have 
annular shapes that promote more homogeneous deforma-
tion (Sun, 2016). In the indirect group, testers like uniaxial, 
triaxial, and biaxial testers play a crucial role in studying 
the deformation properties of granular materials.

To study granular flows while maintaining reasonable 
control over boundary conditions and achieving quasi- 
two-dimensional flow profiles, one can turn to classical 
rheological geometries. Examples include parallel-plate 
(PP) (Lu et al., 2007), cone-plate (CP), and double-cone 
(DC) geometries (Tsai et al., 2020). These geometries al-
low for the control of shear and normal stresses on the 
bottom and top walls, with the imposed strain rate being 
independent of the radial position. Consequently, the in-
duced flow profiles exhibit radial symmetry, at least in 
steady-state conditions, and even an up–down symmetry in 
the case of double-cone geometry when gravity can be ne-
glected. These profiles can be accurately and relatively 
easily measured over a wide range of flow rates (Boyer et 
al., 2011; Tsai et al., 2020). Another example of such flow 
tests is a hopper flow tester. Extensive research has been 
conducted on both 2D (Wang et al., 2021) and 3D 
(Stannarius et al., 2019b) hopper configurations to investi-
gate the influence of various parameters. These parameters 
include the hopper’s height (Tsai et al., 2020), which af-
fects the gravitational forces and pressure on the materials, 
and the angle of the hopper walls (C. Guo et al., 2023), 
which influences flow dynamics, the presence of an obsta-
cle (Wang et al., 2022b), which affects the stress gradient in 
the packing, and the inherent characteristics of the granular 
material itself, such as particle size and shape (Pongó et al., 
2022), friction, and stiffness (Stannarius et al., 2019a). All 
of these factors can significantly impact the rate and be-
haviour of the material as it flows through the hopper. 
Hoppers are also used to prepare bulk powder (e.g. in an 
angle of repose test). Nevertheless, we are not aware of 
(standardised) hopper-flow-based testers that directly 
quantify flow properties.

Probing the flow dynamics of granular materials pres-
ents a challenge, especially in the context of slow and fast 
flow limits, as defined by inertial or viscous inertial num-
bers (Boyer et al., 2011; Dijksman et al., 2010). For slow 
flows, one typically employs boundary motion, slowly 
shifting a container’s boundary containing grains. Stress 
and flow profiles become independent of the flow rate, of-
ten resulting in localised shear bands near the moving 
boundaries. Geometries like the split-bottom Couette ge-
ometry or its variants (Dijksman and van Hecke, 2010) al-
low the imposition of specific flow boundary conditions 
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Fig. 1 Overview of existing flow testers, including direct and indirect 
testers and bulk and boundary flow testers.
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that induce wide shear zones away from boundaries. How-
ever, these flow profiles are fully three-dimensional and 
intricate, making it challenging to impose stress conditions. 
In more industrial contexts, testers designed by Jenike, 
Schulze, and others exhibit narrow shear zones and 
well-controlled stress boundary conditions (Schulze, 
2008).

For faster flow limits, inclined planes (MiDi, 2004), av-
alanche flows (Tegzes et al., 2002), hopper flows, or impact 
tests (Faug, 2020) are employed. Although these setups 
offer access to bulk flow behaviour, they provide limited 
control over flow profiles and boundary conditions. Finally, 
rotating drum experiments, while offering good control 
over the overall flow rate, often exhibit intricate flow be-
haviour, ranging from stick-slip to highly heterogeneous 
flow, particularly in cohesive particle systems.

Francia et al. (2021) explored innovative techniques for 
characterising granular flow transitions and noted chal-
lenges in standardisation. In another review, Ogata (2019) 
reviewed advancements in assessing cohesive powder 
flowability across various handling processes.

2.1 Jenike shear tester
The Jenike shear tester is one of the earliest and most 

widely used powder flow characterisation techniques, orig-
inally developed around 1960 by Jenike for applications in 
hoppers and silos (Jenike, 1964). This shear tester simu-
lates the flow within a hopper or silo by applying specific 
pressures that induce shear and consolidation of the pow-
ders.

A schematic of the Jenike tester is shown in Fig. 2. It 
consists of a fixed base part with a horizontally movable 
ring and a shear lid. Particles, covered with the shear lid, 
are placed inside the ring and the base. The testing process 
begins by applying a normal load to the shear lid and the 
particles using a weight hanger. To measure the shear force, 
the shear ring and lid are moved horizontally through a 
stem connected to a drive system. The bracket, shear lid, 
and shear ring transfer the measured shear force through a 
force transducer to the particles. Pre-consolidation is a 

crucial preparatory step in Jenike shear testing to establish 
a consistent and controlled initial state for the powders. 
Pre-consolidation involves subjecting the powder to a spe-
cific level of compaction or consolidation pressure before 
the actual shear test. This ensures that the limited shear 
displacement available in the tester is effectively utilised to 
study the material’s shear behaviour without interference 
from inconsistent initial packing.

Fig. 3 illustrates the stages of shear testing in the Jenike 
shear tester. Initially, there is a sharp increase in shear stress 
as time passes during the pre-shear stage. However, the 
curve gradually flattens until it reaches a plateau, indicating 
a steady-state condition. After achieving a steady state, the 
stem reverses, reducing the shear stress to zero. Subse-
quently, the stem moves forward, causing the shear stress 
to increase until it reaches a maximum peak. At this point, 
the particles begin to move and deform, leading to failure, 
after which the shear stress decreases.

The Jenike tester allows the measurement of parameters 
such as failure strength, internal friction, and wall friction 
(Grima et al., 2010; Han, 2011). Despite its simplicity, ro-
bustness, versatility, suitability for cohesive powders, and 
ability to measure wall friction, it has some limitations. The 
primary limitations of the Jenike shear tester are particle 
size (<2 mm), shear displacement (typically 6–8 mm), and 
small normal loads (<7 kPa) (Bilgili et al., 2004). To ad-
dress these limitations, annular-shaped testers, such as the 
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Fig. 2 Illustration of the Jenike shear tester, comprising a bracket, a 
stationary base section with a horizontally adjustable ring, and a shear 
lid by which you can impose a certain shear stress τ. The test starts by 
applying a normal load σ to the shear lid using a weight hanger.
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Fig. 3 (a) Various stages of shear testing in a Jenike shear tester, from 
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circle representation, illustrating the corresponding shear point (τsh, σsh), 
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Zohreh Farmani et al. / KONA Powder and Particle Journal Review Paper

4

Schulze shear tester, have been introduced (Schulze, 2008). 
These testers offer improved capabilities for studying pow-
ders under specific conditions and have become valuable 
tools in powder flow research.

2.2 Schulze shear tester
The Schulze shear tester, depicted in Fig. 4, features an 

annular design in which particles are placed within an an-
nular bottom ring of the shear cell. An annular lid attached 
to a crossbeam covers the particles from above. To measure 
the shear force, two parallel tie rods are connected to a load 
beam, allowing for the measurement of forces acting on the 
tie rods. The shearing test starts by rotating the bottom ring 
in a specific direction, with the tie rods preventing any ro-
tation in the crossbeam and lid. Similar to the Jenike tester, 
a normal load is applied using a weight hanger attached to 
the crossbeam. Unlike the Jenike tester, where pre- 
consolidation is required (due to limited shear displace-
ment), the Schulze shear tester eliminates this need. After 
inserting the weight hanger, counterweight system, and tie 
rods on the crossbeam, the cell is ready for the shearing 
test. The steps involved in conducting the experiments are 
illustrated in Fig. 5. During the pre-shearing phase, the 
shear stress increases with time until it reaches a maximum 
value. Subsequently, in the steady state, the rotation direc-
tion is reversed until the shear stress drops to zero. The next 
shearing step continues until another maximum shear 
stress, indicating particle flow (failure), is achieved. Test-
ing can proceed further by repeating the pre-shearing and 
shearing stages until another failure point is reached.

Two versions of the Schulze tester are currently avail-
able: the shear cell XS with a specimen volume of 30 cm3 

(RST-XS) and the shear cell M with a specimen volume of 
900 cm3 (RST-M). In 2008, a “round robin” project was 
initiated to investigate ring shear testers (Schulze, 2011). 
The primary objective of this round robin project was to 
establish a range of results for specified bulk solid, specifi-
cally limestone powder CRM-116. This initiative aimed to 
create a reference range of results, similar to what had been 
accomplished with the Jenike shear tester (Akers, 1992). 
This reference range serves as a benchmark, enabling users 
to assess whether their testing equipment can yield results 
that align with the established reference values. The round 
robin study also provides recommendations for the opera-
tional conditions of the Schulze tester.

The Schulze shear tester has been widely used in various 
research works focussed on powders and granular materi-
als. Researchers have employed Discrete Element Method 
(DEM) simulations to replicate powder flow in this tester 
(Y. Guo et al., 2019). These simulations, conducted with 
spherical and elongated particles, serve to calibrate the pa-
rameters influencing shear flow. Key parameters, including 
particle shape, particle stiffness (Coetzee and Els, 2009), 
shear cell size (Aigner et al., 2013), shear rate, Poisson’s 
ratio, and coefficient of restitution (L. Wang et al., 2020), 
and particle–wall friction coefficient (Simons et al., 2015) 
were evaluated through shear tester simulations.

The Schulze shear tester offers several advantages over 
the Jenike shear tester, such as low and negative normal 
forces (<100 Pa), delicate materials, adjustable lid (more 
uniform shear distribution), lightweight design, unlimited 
shear displacement and strain, and particle size (up to 
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Fig. 4 Illustration of the Schulze shear tester, comprising an annular 
bottom ring, annular lid, crossbeam, two parallel tie rods (measuring 
two acting forces F1 and F2), load beam, and guiding rollers. Shear force 
τ is equal to F1 + F2. A normal load σ is applied using a weight hanger 
attached to the crossbeam.
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5 mm). For very fine or very coarse materials, alternative 
testing methods may be required.

Although the Schulze shear tester is versatile, it may not 
be ideal for all types of materials. It is particularly well 
suited to bulk solids and dry powders. Materials with 
unique properties, such as highly cohesive particles, may 
pose challenges in the testing and interpretation of results. 
Similar to many other testing methods, the Schulze shear 
tester may be sensitive to temperature and moisture levels. 
Variations in environmental conditions, such as tempera-
ture and moisture level can impact material behaviour 
during testing.

2.3 FT4 shear tester
In 2003, Freeman Technology, a company based in 

Tewkesbury, UK, introduced the FT4 powder tester 
(Freeman, 2004). Originally intended for characterising the 
rheological properties of powders, this tester has evolved to 
cover a broad spectrum of applications. Over time, it has 
incorporated various accessories and methodologies, cate-
gorising it into bulk (density, compressibility, and permea-
bility), dynamic flow (flowability, aeration, consolidation, 
flow rate, and specific energy), shear (shear cell, and wall 
friction), and process (segregation, attrition, caking, elec-
trostatics, moisture, and agglomeration) testing capabili-
ties. This versatility has resulted in a substantial body of 
work employing this shear tester (Hare et al., 2015; Khala 
et al., 2021).

The FT4 tester combines rotational and translational 
testing principles. It features a twisted blade that rotates 
and moves vertically downward and upward through the 
powder bed. A schematic of the FT4 tester is shown in 
Fig. 6. The testing procedure involves four key steps: con-
ditioning, consolidation, pre-shearing, and shearing, which 
closely mirror the procedures of other shear testers. Upon 
filling the glass cell, the blade initially descends to com-
press the powder bed. It then ascends to remove excess 
powder from the surface, creating a homogeneous layer—a 
process similar to that of the Schulze tester. Notably, the 

FT4 tester incorporates an automated conditioning mode, 
distinguishing it from other testers that require manual in-
tervention with a spatula.

During the testing procedure of the FT4 tester, after the 
conditioning step, a specific normal stress σ is applied 
during the consolidation step. Subsequently, the pre- 
shearing and shearing steps follow, analogous to the proce-
dure illustrated in Fig. 5 for the Schulze tester. This entire 
sequence can be repeated multiple times (typically 3 to 5) 
to enhance the accuracy and reliability of the results.

The FT4 shear tester is a versatile and comprehensive 
powder tester that covers a broad range of testing method-
ologies and parameters, including powder flowability, air 
flow (Nan et al., 2017b), particle shape (Nan et al., 2017a), 
dynamic flow behaviour (Hare et al., 2015; 2017), shear 
characteristics (Hare and Ghadiri, 2017), and various  
process-related attributes. In addition to the extensive vol-
ume of powder rheometry experiments conducted with 
FT4, a body of numerical research complements the exper-
imental work (Khala et al., 2021; Nan and Gu, 2020).

The FT4 tester typically operates within a maximum 
consolidation normal stress of 3–7 kPa, maximum torque 
of 900 mN∙m, and maximum rotational and axial speeds of 
120 rpm and 30 mm/s. The FT4 tester may not be suitable 
for powders with large particle sizes. Its maximum particle 
size capability is around 1 mm, which is smaller than that 
of some other shear testers like the Schulze tester (up to 
5 mm). This limitation may affect its applicability to 
coarser materials (Cordts and Steckel, 2012). In compari-
son with certain other shear testers, the FT4 tester measures 
a moderate range of shear stresses. This limitation means 
that it may not be an ideal choice for materials requiring 
very high shear stresses for characterisation.

2.4 Brookfield powder flow tester
In 2009, a powder flow tester emerged through collabo-

rative efforts between the Wolfson Centre for Bulk Solids 
Handling Technology at the University of Greenwich and 
certain private food manufacturers. The tester garnered at-
tention for its ease of use and broad applicability (Berry et 
al., 2015). While this tester’s design principles align with 
those of the Jenike tester, their primary distinction lies in 
their intended purpose, which is to tailor it for quality con-
trol applications. Numerous studies in the literature (Salehi 
et al., 2017) have now showcased industrial trial results and 
affirmed the applicability and utility of the Brookfield pow-
der flow tester.

Fig. 7 illustrates the Brookfield setup, including the flow 
function lid and trough filling accessories. Notably, the 
Brookfield tester incorporates an annular shear cell, similar 
to the Schulze tester. However, it is different in its design, 
where the lid attaches to the compression plate, facilitating 
powder filling and load application with minimal operator 
involvement. The simplicity of conducting powder  

σσ ττ

σ(a) (b) (c)

Bulk solid

Fig. 6 Schematic of the FT4 shear tester. (a) A twisted blade rotates 
vertically downward and upward (torque and force can be measured), (b) 
a vented piston can consolidate the powder under a controlled normal 
stress σ, and (c) an automated rotational shear cell accessory that can go 
inside the packing and rotate.
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rheology tests with Brookfield equipment has recently 
made it a popular choice (Leaper, 2021; Navar et al., 2022).

The Brookfield tester facilitates the measurement of 
several key parameters, including flow function, uncon-
fined failure strength, time consolidation, internal friction 
angle, cohesion, wall friction, bulk density, and compress-
ibility. In terms of the shear stress they measure, a compar-
ison reveals that the Brookfield tester measures moderate 
shear stresses compared to the Jenike and Schulze testers, 
where Jenike < Brookfield < Schulze.

However, like its counterparts, the Brookfield tester is 
not without limitations. Its primary constraint pertains to 
the maximum consolidation normal stress (4.8–13 kPa), 
which is much lower than that of the Schulze shear tester 
(50 kPa). Regarding the particle size that it can accommo-
date, one can consider Brookfield < Jenike < Schulze. This 
implies that the Brookfield tester is most suitable for mate-
rials with particle sizes up to approximately 1 mm, which is 
considerably smaller than the maximum particle sizes ac-
commodated by the Jenike (2 mm) and Schulze (5 mm) 
testers.

3. Unconfined flow testers
3.1 Split-bottom shear tester

In granular flow, the tendency towards localisation in 
narrow shear bands is a common phenomenon (Szabó et 
al., 2014; Unger et al., 2004), but there are instances, par-
ticularly in slow granular flows, where wider shear zones 
can be observed (Dijksman and van Hecke, 2010; Fenistein 
and van Hecke, 2003). To generate slow flows with distinct 
shear bands, researchers have proposed the use of split- 
bottom geometry (Fenistein et al., 2004; Wang et al., 
2022a). This configuration involves splitting the bottom 
part of a concentric cylinder system into two sections that 
can slide past each other, offering greater stability to the 
shear bands at fixed positions.

Fig. 8 presents a schematic of the split-bottom geometry. 
By rotating the inner part, a shear zone is observed to prop-
agate upward and inward from the slip position. The 
split-bottom cell’s unique geometry allows for investigat-

ing various factors beyond flow transitions in slow granular 
flows. These factors include suspension and granular flows 
(Shaebani et al., 2021; Singh et al., 2014; Wang et al., 
2022a), segregation mechanisms (Gillemot et al., 2017), 
fluid depletion (Mani et al., 2012), non-local flows (Henann 
and Kamrin, 2013), and faster flows (Luo et al., 2017).

In addition to the experimental investigations, the split- 
bottom shear cell is often used in numerical simulations, 
particularly either in Finite Element Method (FEM) simu-
lations (Henann and Kamrin, 2013) or Discrete Element 
Method (DEM) simulations (Luding, 2007). The geometry 
of the split-bottom shear cell provides a well-defined 
boundary condition and initial configuration for FEM and 
DEM simulations, making it an excellent choice for cali-
bration.

Despite the above-mentioned advantages of the split- 
bottom geometry, there are some limitations. The limita-
tions of a split-bottom shear cell include constraints related 
to particle size compatibility (100 μm to a few mm), the 
range of applicable confining stresses (0.1–2 kPa), and the 
absence of features for precise temperature or environmen-
tal control. Thus far, the flow geometry has not been used 
in any commercially available or standardised testing ma-
chine.

3.2 Rotating drum
In addition to traditional shear testers, a rotating drum is 

another valuable tool for studying the behaviour of granu-
lar materials. This dynamic testing system, originally intro-
duced by Yuri Oyama (1940) in 1940, has gained significant 
attention from researchers interested in granular material 
dynamics. It has proven to be an effective method for in-
vestigating mixing and segregation, which are fundamental 
processes in various industrial applications.

Researchers have conducted numerous experiments 
(Huang et al., 2021; Li et al., 2021) and theoretical (Li et 
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Bulk solid

Flow
function lid
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Fig. 7 Schematic of the Brookfield shear tester including the annular 
shear cell, flow function lid, and trough filling accessories.

Fig. 8 A schematic of the split-bottom shear cell, with Rs the radius of 
the inner cylinder, Ro the radius of the outer cylinder, and H the thick-
ness of the particle layer. (Reprinted from Ref. (Wang et al., 2022a) un-
der the terms of the CC-BY 4.0 license. Copyright: (2022) The Authors, 
published by Springer Nature.
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al., 2021; Xiu et al., 2021) studies using rotating drums, 
exploring various parameters that affect granular material 
behaviour. These parameters include particle shape 
(Preud’homme et al., 2021), drum geometry (Fiedor and 
Ottino, 2003), filling ratio (Inagaki and Yoshikawa, 2010), 
and segregation mechanisms (P. Chen et al., 2010).

A typical rotating drum setup, depicted in Fig. 9, con-
sists of a cylindrical vessel with specific dimensions that 
can rotate at an angular velocity ω. The drum is partially 
filled with particles, although fully filled drums have been 
studied under specific conditions (Inagaki and Yoshikawa, 
2010).

The testing procedure for rotating drum involves par-
tially filling the drum with particles. The drum is then ro-
tated at a controlled angular velocity ω. As the drum 
rotates, various flow regimes are observed (Yang et al., 
2008), depending on the rotational speed, including slip-
ping at low ω, slumping, rolling, cascading at intermediate 
ω, and cataracting and centrifuging at high ω. Researchers 
typically focus on rolling regimes, which are relevant to 
many industrial processes. Throughout the experiment, 
parameters such as particle motion, segregation, mixing 
behaviour, and the angle of repose, which defines the max-
imum angle at which a granular material remains stable on 
a surface, were closely monitored and analysed.

Rotating drum allows for the visualisation of the flow 
regime transitions, segregation, and mixing efficiency 
(Beaulieu et al., 2022). The velocity profiles of particles in 
the drum can be measured to gain insights into the distribu-
tion of particle speeds during mixing. Moreover, one can 
measure a (dynamic) “angle of repose” that provides infor-
mation about its flowability and internal friction. Parame-
ters like the flowability index ( Tapped Bulk

Tapped

ρ ρ
ρ

  

 

(1) 

) or the 
Hausner ratio (ρTapped/ρBulk) can be determined to assess the 
flow properties of granular materials. The drum can also be 
used to study how particle shape influences segregation, 
mixing, and flow patterns (Cunez et al., 2023; He et al., 
2023).

4. Compression testing techniques
4.1 Uniaxial compression tester

A schematic of the uniaxial compression cell is depicted 
in Fig. 10. The uniaxial compression test procedure is sim-
ilar to that of the Jenike shear tester (Parrella et al., 2008). 
A sample is filled into a cylinder with frictionless walls and 
is consolidated under a normal stress σ1 (consolidation 
stress), leading to an increase in bulk density ρb (Cavarretta 
and O’Sullivan, 2012). This consolidation step is the same 
as the pre-shear step in shear testers. After removing the 
cylinder, the sample is loaded vertically with an increasing 
normal stress up to the point of failure, where the sample 
will experience a break or failure at a certain stress σ2. The 
stress at failure is the unconfined yield strength. Contrary to 
the results of the shear tests, steady-state flow cannot be 
reached during consolidation. By reaching the failure 
point, the sample begins to flow. Uniaxial compression 
tests can be conducted at different consolidation stresses, 
allowing us to plot the unconfined yield strength against the 
consolidation stress. This produces a flow function curve, 
as illustrated in Fig. 11, which aids in assessing the sam-
ple’s flowability. In order to characterise the flowability, the 
term ffc is defined as the ratio of consolidation stress σ1 to 

ω Dynamic angle
of repose

θr

θs

Free flowing
layer

Camera

Bulk solid

Fig. 9 Schematic of a rotating drum consisting of a cylindrical vessel 
rotating at an angular velocity ω. The drum is partially filled with parti-
cles. By visualising the particle motion through a camera, one can mea-
sure the dynamic angle of repose θ.

Bulk solid

σ1 σ2

Fig. 10 Steps of the uniaxial compression test. The first step (left) is 
the consolidation of particles inside the cylinder under a normal stress 
σ1. In the next step, we remove the cylinder. At the final step (right), the 
particles will experience a failure at a certain stress σ2 called unconfined 
yield strength.

σ c

σ1

ffc=1 ffc=2

ffc=4

ffc=10

Flow function

Fig. 11 Flowability curve: unconfined yield strength σc versus consol-
idation stress σ1. The term ffc = σ1/σc, characterises the flowability of 
particles. The larger the ffc is, the better the particle flow. There are five 
regions in the flowability curve: no flowing (ffc < 1), very cohesive 
(1 < ffc < 2), cohesive (2 < ffc < 4), easy-flowing (4 < ffc < 10), and 
free-flowing (ffc > 10).
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unconfined yield strength σ2. The larger the ffc is, the better 
the particle flow. In Fig. 11, you can find a flowability 
classification close to the Jenike classification, which spec-
ifies that under higher consolidation stress, a particle can 
flow better.

4.2 Biaxial compression tester
The biaxial tester can be considered as a translational 

tester because it consists of two movement in x and y direc-
tions. As can be observed from Fig. 12, there is a loading 
plate, loading rod, and guide rod by which the test can be 
performed. In the first step after filling the cell with parti-
cles, the loading plate, which is placed on top of the base 
cell, moves through x direction until the favourable consol-
idation stress σ is gained. By moving this plate, the parti-
cles are consolidated. In order to obtain a constant 
consolidation stress and reach a steady-state flow, the 
loading plate can be pushed further in x direction and at the 
same time, the guide rod will move backward in y direc-
tion. After the steady-state step, there is an unloading step 
in both x and y directions. To measure the unconfined yield 
strength, the guide rod should first be removed, and then 
the loading plate moves again in x direction until failure 
occurs. The unconfined yield strength can be calculated 
from the force acting on the loading rod at failure. The 
similarity between uniaxial and biaxial tests is in the appli-
cation of consolidation stress and measurement of the un-
confined yield strength (Satone et al., 2017).

4.3 Triaxial compression tester
This tester is the standard shear tester in soil mechanics 

(Balla, 1960; Oda, 1972), and is mostly applicable for the 
measurement of shear strength, cohesion, permeability, and 
stiffness (Schnaid et al., 2001; Shinohara et al., 2000). For 
testing, the sample must be placed in a cell that can be 
pressurised and sealed with a rubber membrane along its 
walls. The rubber membrane must be pre-stressed; there-
fore, the tester in its standard form is not applicable to the 

low-stress region of interest in powder technology. After 
filling the cell with particles, the particles are usually, but 
not always, saturated, consolidated, and sheared. During 
the shearing step, the particles are loaded axially, which 
can be by compression or extension. Based on the sche-
matic of the triaxial setup shown in Fig. 13, the triaxial cell 
is placed inside a pressure vessel. By pressing the fluid 
surrounding the cell, the confining pressure σ is applied. 
The triaxial cell is placed between a loading platform from 
the bottom, which can move upward, and a loading cell on 
the top. There is also a hydraulic unit to control the cell 
pressure. Vacuum is used to hold the particles inside the 
cell until the confining pressure is applied. The entire setup 
is connected to a computer system to record the transducer 
data of displacement, pressure, and force.

Within the domain of granular materials, researchers 
frequently employ triaxial tests to examine a diverse array 
of mechanical properties and behaviours exhibited by these 
materials under carefully controlled conditions. Triaxial 
tests also have substantial utility in the field of experimen-
tal granular physics, where they serve as valuable tools for 
delving into the fundamental (anisotropic) mechanical 
characteristics and behaviours inherent to granular materi-
als. Such investigations provide valuable insights into in-
triguing phenomena, including jamming (Peshkov and 
Teitel, 2022), shear localisation, and the dynamics of 
granular flow (Nadimi et al., 2020). Additionally, notewor-
thy studies have explored the application of triaxial tests to 
the rheology of soft particles (Nezamabadi et al., 2021; Vu 
et al., 2021), further expanding the scope of research in this 
area.

Note that beyond the aforementioned flow testers, the 
capillary flow tester has been employed to optimise manu-
facturing processes and ensure product quality of particles 

Fig. 12 Schematic of biaxial tester including a loading plate, loading 
rod, and guide rod. By moving the loading plate until a certain consoli-
dation stress σ, the particles are consolidated. The unconfined yield 
strength can be calculated from the force F acting on the loading rod at 
failure.

Loading rod Guide rod

F Loading plate

Bulk solid

xy

Fig. 13 Schematic of triaxial tester including the loading cell, loading 
platform, pressure vessel, rubber membrane, and vacuum. The triaxial 
cell is placed between a loading platform from the bottom and a loading 
cell on the top. A hydraulic unit controls the cell pressure, while vacuum 
holds particles until confining pressure σ is applied.

Loading platform

Pressure 
vessel

Rubber 
membrane

Vacuum

Loading 
cell

σ
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in industrial processes, albeit at limited scale so far for 
particles or particle-fluid mixtures. The capillary flow tes-
ter focuses on the fluid or ductile material’s behaviour as it 
flows into and within a capillary. Typically, the pressure 
difference along the capillary is measured in relation to the 
material flow rate, allowing the extraction of specific rheo-
logical information from this data (Mackley and Rutgers, 
1998), especially at elevated pressures. Utilising a capillary 
flow tester, or capillary rheometry, offers the advantage of 
efficiently accessing high shear rate flow properties and 
flow instabilities relevant to industrial processing. Capil-
lary rheometry has found application in simulating poly-
mer extrusion processes (Couch and Binding, 2000; Laun, 
2004), food processing (Zhang et al., 2022), coatings pro-
duction (Luo et al., 2021), and pellet manufacturing 
(Bastiaansen et al., 2023).

5. Comparison of confined and unconfined 
flow testers

We have summarised the advantages, limitations, and 
applications of the various powder testers in Tables 1 and 
2. Extensive research has been conducted to compare the 
functionality and applicability of these powder rheometry 
methods. These studies encompass comparative analyses 
of flow properties in cohesive powders (Du et al., 2023; 
Koynov et al., 2015; Leturia et al., 2014; Zafar et al., 2019; 
Salehi et al., 2017; H. Shi et al., 2018), pharmaceutical 

powders (Deng et al., 2022; Leaper, 2021; Shah et al., 
2008; Tay et al., 2017), steel powders (Marchetti and 
Hulme-Smith, 2021), and food powders (Juliano and 
Barbosa-Cánovas, 2010).

6. Particle imaging methods
Imaging of particle systems is highly valuable because it 

provides visual insights into the behaviour and interactions 
of individual particles within a larger assembly. This en-
ables researchers to observe microscopic details, analyse 
flow dynamics, track changes over time, and bridge micro 
(particle) and macro (constitutive modelling) levels. Imag-
ing techniques have been combined with rheometry or 
particle flow measurements in various systems to gain a 
comprehensive understanding of the material behaviour 
(Amon et al., 2017). In the study of granular materials, 
imaging techniques such as high-speed cameras, X-ray 
imaging, and laser-based imaging methods have been inte-
grated with rheometers to perform rotational shear and 
compression measurements. This combination allows si-
multaneous measurement of the rheological properties of 
the particles under shear or compression and visualise the 
particle flow and interactions in real time. In addition to 
granular materials, the combination of imaging with flow 
measurements has been used in complex fluids, such as 
emulsions (Paredes et al., 2011), suspensions (Graziano et 
al., 2021; Moud et al., 2022), and foams (Verma et al., 

Table 1 Comparison of different shear and compression testers.

Tester Advantages Limitations Typical applications

Jenike (Jenike, 1961) Simplicity and robustness; 
Historical significance.

Limited shear displacement 
(6–8 mm); Normal loads 
(>7 kPa); Particle size 
<2 mm; Stress homogene-
ity.

Design of silos for flow (Schwedes, 2003); 
measurement of failure strength and wall 
friction (Han, 2011).

Schulze (Schulze, 2008) Unlimited shear displace-
ment; Low or negative 
normal forces possible 
(<100 Pa); Uniform shear 
distribution.

Particle size <5 mm; Not 
suitable for highly cohesive 
and highly elastic powders.

Measuring shear strength, flow function 
ffc, angle of internal friction ϕ, wall 
friction, bulk density ρb (Schulze, 2021; C. 
Wang et al., 2022).

FT4 (Freeman, 2004; 2007) Originally designed for 
rheology; Versatile and 
comprehensive; addresses 
diverse needs in research 
and industry.

Limited maximum consoli-
dation normal stress 
(3–7 kPa); Particle size 
<1 mm; not suitable for 
extremely elastic/coarse 
powders.

Bulk (density, compressibility, and perme-
ability) (Nkurikiye et al., 2023); Dynamic 
flow (flowability, aeration, consolidation, 
flow rate, and specific energy) (Divya and 
Ganesh, 2019); Shear (shear cell, and wall 
friction) (Hare and Ghadiri, 2017) and 
process (segregation, attrition, caking, 
electrostatics, moisture, and agglomera-
tion) (Mitra et al., 2017).

Brookfield  
(Berry and Bradley, 2010)

Fast, economical, and easy 
to use; product improve-
ment and quality control.

Limited maximum consoli-
dation normal stress (4.8–
13 kPa); particle size 
<1 mm, not for extremely 
elastic bulk solids.

Measuring flow function, unconfined 
failure strength, time consolidation, angle 
of internal friction ϕ, wall friction, bulk 
density ρb, compressibility (Navar et al., 
2022).
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2018). For example, particle tracking velocimetry (PTV) or 
particle image velocimetry (PIV) techniques combined 
with rheological measurements provide insights into the 
microstructure, particle dynamics, and flow behaviour of 
these complex fluid systems.

We review several common approaches that stretch the 
limits of particle imaging-based techniques. These tech-
niques provide insights into the behaviour, properties, and 
dynamics of granular systems. They allow us to unravel the 
fundamental principles governing the behaviour of granu-
lar materials, such as their flow patterns, packing struc-
tures, particle rearrangements, and interparticle interactions. 
Furthermore, these methods extend their reach beyond 
granular materials alone.

6.1 Optical techniques
6.1.1 Optical microscopy

Optical microscopy (OM) is a widely used technique for 
studying particle flow fields (Wang et al., 2022b). Fig. 14 
shows a schematic representation of the optical micro-
scope. OM involves the use of visible light to observe and 
analyse the behaviour, properties, and dynamics of parti-
cles. It requires a light source, typically a lamp or laser, to 
provide illumination. Light passes through or reflects off 
the particles of interest. Proper sample preparation, includ-
ing mounting and positioning, ensures adequate interaction 
of the light with the particles. The light transmitted or re-

flected by the particles is collected by an objective lens, 
which focuses on the light onto an image plane or an eye-
piece. The lens system provides magnification, allowing 
for detailed visualisation of the particles and their interac-
tions. The focussed light forms an image of the particles on 
a detector, which can be a camera or the human eye. The 
captured images are then analysed using various tech-
niques, such as image processing, particle tracking  

Table 2 Comparison of different shear and compression tests.

Tester Advantages Limitations Typical applications

Split-Bottom  
(Fenistein et al., 2004;  
Fenistein and van Hecke, 2003).

Robust shear bands; Can be 
easily coupled with 3D 
imaging techniques.

Limited control over com-
plex industrial flow condi-
tions; not suitable for 
powders due to split geome-
try; only for quasi-static 
flows.

Dense suspensions and slow granu-
lar flows (Wang et al., 2022a), 
segregation (Gillemot et al., 2017); 
fluid depletion (Mani et al., 2012), 
non-local flows (Henann and 
Kamrin, 2013); faster flow (Luo et 
al., 2017).

Rotating Drum (Oyama, 1940) Studying mixing and segre-
gation; visualisation of flow 
regime transition.

Limited control over com-
plex industrial flow condi-
tions.

Fundamental research on granular 
materials; measuring dynamic angle 
of repose, flowability, and internal 
friction (Huang et al., 2021; Li et 
al., 2021).

Uniaxial Measures compressive 
strength under 1D compres-
sion; simple and widely 
used.

Limited to 1D compression 
tests and fine-grained/
cohesive powders; cannot 
measure internal or wall 
friction.

Basic assessment of compressive 
behaviour in granular materials 
(Cheng and Wang, 2022; Le, 2022) 
and flowability.

Biaxial Measures compressive 
strength under confined 
conditions.

Limited to confined com-
pression tests.

Study of confined compression 
behaviour in granular materials 
(Satone et al., 2017).

Triaxial Measures compressive 
strength under controlled 
confining pressure.

Requires complex testing 
equipment.

Soil mechanics (Oda, 1972) (mea-
surement of shear strength, cohe-
sion, permeability and stiffness 
(Schnaid et al., 2001).

Specimen

Optical 
Microscope

Transmitted 
light

Particles

10x WD 7.0

Condensor 
lens

Fig. 14 Schematic of optical microscopy (OM) including a light source 
and a condenser lens.
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algorithms, and manual measurements, to extract relevant 
information about particle size, shape, packing arrange-
ments, and flow behaviour.

6.1.2 Confocal microscopy
Confocal microscopy (CM) is a powerful imaging tech-

nique used to study colloidal suspensions (Hooiveld et al., 
2023; Rathee et al., 2020), Pickering emulsions (Benyaya 
et al., 2023), fluid flow and particle dynamics in microflu-
idic devices (Lochab et al., 2019), inkjet printing (S. Shi et 
al., 2021) and more. It provides high-resolution three- 
dimensional imaging by selectively focussing on a specific 
plane within the sample while rejecting out-of-focus light. 
Fig. 15 shows a schematic of the confocal microscope. CM 
uses a laser as the light source. The laser beam is directed 
onto the sample, and the light emitted from the particles is 
collected. A pinhole aperture is placed in front of the detec-
tor to block out-of-focus light. This pinhole allows only the 
light emitted from the focal plane to pass through, ensuring 
that only in-focus information is captured. The laser beam 
is scanned across the sample using a scanning system such 
as a galvanometer mirror or acousto-optic deflector. This 
scanning mechanism rapidly moves the focal point of the 
laser through the sample in a predefined pattern. The emit-
ted light passes through the pinhole and is detected by a 
sensitive photodetector, such as a photomultiplier tube or 
avalanche photodiode. The detected signal is then used to 

reconstruct a two-dimensional or three-dimensional image 
of the sample.

6.2 Refractive index matched scanning (RIMS)
Refractive index matched scanning (RIMS) is a tech-

nique used in particle flow field studies to improve the vis-
ibility of particles in transparent or translucent media 
(Dijksman et al., 2013; 2017). It involves the use of a 
matching fluid or medium with a refractive index similar to 
that of the particles or surrounding medium. This paper 
(Dijksman et al., 2012) provides a comprehensive review 
of the use of RIMS to study densely packed granular mate-
rials and suspensions.

Fig. 16 represents a schematic of the RIMS. To initiate 
RIMS, the first step involves selecting a refractive index 
matching fluid that aligns with either the refractive index of 
the particles or that of the surrounding medium. This fluid 
is usually a transparent liquid, such as a mixture of glycerol 
and water or silicone oil, with carefully controlled optical 
properties. When the refractive index of the matching fluid 
closely matches that of the particles or surrounding me-
dium, it reduces the refractive index mismatch between the 
particles and the fluid. This minimises the light scattering 
and refraction at the particle-fluid interface, resulting in 
improved particle visibility. The experimental setup  
involves immersing the particles in a refractive index- 
matching fluid. The fluid fills the gaps between the parti-
cles, effectively matching the refractive indices of the  
particles and the fluid. This allows for clearer observation 
and imaging of particle positions, trajectories, and interac-
tions (Barés et al., 2020; Dijksman et al., 2010).

RIMS is employed across a range of scientific domains 
to study particle flows (Barés et al., 2020) and suspensions 
(Ojeda-Mendoza et al., 2018). RIMS also finds applica-
tions in multiphase flows (Poelma, 2020), biological sys-
tems (Khan et al., 2021), chemical engineering processes 

Specimen Particles

Laser source

Collimator

Detector

Confocal 
pinhole

Beam 
splitter

Objective

Mirrors

Fig. 15 Schematic of confocal microscopy (CM) including a laser, de-
tector, pinhole, galvanometer mirrors, objective lenses, and beam split-
ter.

Light sheet optics
Laser

Lens
Index matched 
particles

Transparent 
media

Fig. 16 The setup comprises a laser sheet, a refractive index matching 
fluid, and particles with matched refractive indices.



Zohreh Farmani et al. / KONA Powder and Particle Journal Review Paper

12

(Häfeli et al., 2016), geological and environmental studies 
(Sather et al., 2023), material characterisation (Butscher et 
al., 2012), and fluidised beds (Reddy et al., 2013).

6.3 Magnetic resonance imaging (MRI)
Over the past few decades, various types of MRI systems 

have emerged, ranging from compact benchtop setups to 
large (pre-)clinical scanners. All these systems have basic 
components in common, including a magnet providing a 
magnetic field, gradient coils, and radiofrequency (RF) 
transmit and receive coils. A detailed explanation of the 
different types of MRI scanners is well described in a re-
cent review article (Clarke et al., 2023). MRI relies on nu-
clear magnetic resonance (NMR) principles. When a 
material, like water with NMR-active hydrogens encoun-
ters a strong magnetic field, its nuclear spins will align. 
Transmit coils send RF pulses, causing nuclear spins to 
briefly absorb and emit energy. Gradient coils create spatial 
field variations for precise signal localisation. By manipu-
lating gradients and RF pulses, MRI systems can create 
detailed images based on nuclear spin properties like den-
sity and relaxation times (Dale et al., 2015). In MRI imag-
ing, two crucial parameters are relaxation times, known as 
T1 (spin–lattice relaxation time) and T2 (spin–spin relax-
ation time). T1 and T2 relaxation times determine how 
quickly the nuclear spins return to equilibrium or lose 
phase coherence. These times depend on various factors, 
including the material type being imaged and the properties 
of the MRI system itself. These factors are essential for 
creating contrast in images and providing information 
about material characteristics. Meanwhile, receive coils 
capture the emitted RF signals, which are then processed to 
produce the final images, providing invaluable insights into 
the structure and composition of materials without ionising 
radiation. MRI can also measure displacements over time, 
and thus quantify both self-diffusion behaviour as well as 
net displacements. The latter is the basis of the velocimetric 
assessment of flow, which can provide insights into the 
non-Newtonian behaviour of complex fluids.

While MRI is primarily known for its medical applica-
tions, it can also be adapted for material studies, including 
granular systems (Stannarius, 2017). Fig. 17 shows a sche-
matic of a (pre-)clinical MRI setup used for particle flow 
measurements. In the context of particle flow fields, MRI 
can provide insights into the internal structure, porosity, 
and flow patterns of granular materials. It can track the 
motion and distribution of fluids or particles within the 
system (Wang et al., 2022a). Using suitable contrast agents, 
one can differentiate between different phases or compo-
nents within the granular system, enabling the visualisation 
and quantification of particle flows.

6.4 X-ray imaging
X-ray imaging is a valuable technique for studying parti-

cle flow fields in granular materials (Y. Chen et al., 2021). 
Fig. 18 depicts a schematic of X-ray imaging. It utilises 
X-rays, which are a form of electromagnetic radiation, to 
penetrate the material and generate images that reveal the 
internal structure, particle arrangements, and flow be-
haviour. X-rays have high energy and short wavelengths, 
allowing them to penetrate solid or dense materials, includ-
ing most non-metallic granular systems. As X-rays pass 
through the material, they interact with the particles and 
undergo attenuation, which means that their intensity de-
creases based on the density and composition of the mate-
rial (Hermanek et al., 2018).

6.4.1 Radiographic imaging
In X-ray radiography, a beam of X-rays is directed to-

wards the material, and a detector captures the X-rays that 
pass through. The detected X-rays are converted into an 
image representing the attenuation of the X-rays within the 
material. This image provides information about the distri-
bution of particles, their packing density, and the presence 

Magnet

Specimen

Bore

Fig. 17 Schematic of a (pre-)clinical MRI machine. This allows for the 
placement of a container filled with particles on the specimen, enabling 
the imaging of static particle arrangements.

X-ray source

Detector

X-ray beam

Specimen

Fig. 18 Schematic of the X-ray imaging setup. The setup consists of an 
X-ray source, a detector, and a specimen or rotating table where you 
place a container filled with particles.



Zohreh Farmani et al. / KONA Powder and Particle Journal Review Paper

13

of voids or channels within the granular system (Guillard et 
al., 2017).

6.4.2 X-ray computed tomography (CT)
CT is a more advanced technique that combines multiple 

X-ray radiographic images taken from different angles to 
reconstruct a detailed three-dimensional image of the mate-
rial (Withers et al., 2021). By capturing X-ray projections 
at various angles, CT can provide volumetric information, 
enabling the visualisation of particle flow patterns and in-
ternal structures in greater detail (Lyu et al., 2023; Mohsin 
Thakur et al., 2020).

6.4.3 Ultrafast electron beam X-ray computed 
tomography

Ultrafast electron beam X-ray computed tomography 
(CT) is an advanced imaging technique that combines ul-
trafast electron beams and X-ray computed tomography 
(CT). It aims to provide high-speed, high-resolution imag-
ing of dynamic processes, such as multiphase flow in verti-
cal pipes (Fischer and Hampel, 2010), in a gas-solid 
fluidised bed, dynamic quality control of agricultural 
products, particle flow fields, and within granular materials 
(Bieberle et al., 2012).

Fig. 19 shows a schematic of the high-performance 
ROFEX (ROssendorf Fast Electron beam X-ray tomogra-

phy) imaging method, designed for non-invasive explora-
tion of dynamic processes. This technique boasts an 
impressive capability of capturing up to 8,000 cross- 
sectional images per second, providing a spatial resolution 
of approximately 1 mm. ROFEX employs an ultrafast 
electron beam as the imaging source. This beam is gener-
ated using an electron gun and is accelerated to high ener-
gies. The electrons act as a source of X-rays through a 
process called braking radiation, in which the electron 
beam interacts with a target material and produces X-ray 
photons. When an ultrafast electron beam strikes a target 
material, such as a metal, it produces a broad spectrum of 
X-ray photons due to the deceleration of the electrons. The 
X-ray spectrum contains a range of energies that can be 
tuned and selected depending on the desired imaging char-
acteristics (Frust et al., 2017).

The usefulness of ROFEX in the field of granular mate-
rials lies in its ability to provide time-resolved imaging of 
dynamic processes (Stannarius et al., 2019a). ROFEX can 
capture fast flow phenomena, particle interactions, and 
granular rearrangements on a timescale that may not be 
achievable with other imaging techniques. The recon-
structed three-dimensional images obtained through 
ROFEX can be analysed quantitatively to extract important 
parameters, such as particle velocities, trajectories, packing 
densities, and flow rates. Moreover, ROFEX can study 
multiphase systems (Bieberle and Hampel, 2015), where 
different components or phases have distinct X-ray attenu-
ation properties.

6.5 Comparative analysis
Table 3 summarises the applicability ranges of various 

imaging techniques for capturing particle properties. In 

Electron gun
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Deflection coil

Electron beam

Targets

X-ray fan
Detector 
rings

Specimen

Fig. 19 Schematic of the high-performance ROFEX (ROssendorf Fast 
Electron beam X-ray tomography) imaging method at Helmholtz- 
Zentrum Dresden-Rossendorf. ROFEX consists of an electron beam that 
is generated using an electron gun, focussing coil, deflection coil, X-ray 
fan, detector rings, and a specimen.

Table 3 Summary of the imaging techniques’ applicability ranges for 
capturing particle properties.

Technique Particle 
size

Particle type Spatial 
resolution

MRI μm Solid particles, 
liquid droplets, and 
soft materials

10–100 μm

XRT sub-μm to 
mm

Dense- and 
low-density 
particles

μm to sub-μm

CM μm to 
sub-μm

Fluorescent or 
highly scattering 
particles

500 nm to μm

OM sub-μm to 
mm

Biological parti-
cles, colloids, and 
solid particles

sub-μm to μm

RIMS μm to mm Transparent or 
translucent parti-
cles and fluids

sub-μm to μm
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addition, we compared the advantages, limitations, and 
typical applications of the various particle imaging tech-
niques reviewed in this paper in Table 4.

7. Challenges in imaging of granular flows
Combining imaging with flow testing is pursued to gain 

a deeper understanding of material behaviour and fluid dy-
namics. It enables the visualisation of individual particle 
dynamics (Aliseda and Heindel, 2021), microscale phe-
nomena (Milatz et al., 2021), and complex interactions 
within materials (L. Li and Iskander, 2022), providing in-
sights that traditional flow testing alone cannot offer. This 
integration is valuable for validating models (Larsson et al., 
2021), optimising industrial processes, characterising ma-
terials, and studying fluid dynamics in biological (Moosavi 
et al., 2014) and geotechnical contexts (Dai et al., 2023). 
By bridging the macroscopic and microscopic domains, we 
can enhance our ability to analyse and manipulate materials 
and fluids, facilitating advancements in various fields and 
applications. While combining flow tests with particle im-
aging techniques has opened new frontiers in the study of 

granular flows, several challenges still persist, presenting 
opportunities for further research and innovation. In this 
section, we discuss some current challenges faced in the 
imaging of granular flows.

7.1 Real-time analysis
Real-time analysis of imaging data is crucial for gaining 

immediate insights into granular flow behaviours. How-
ever, processing large datasets generated during experi-
ments can be computationally intensive and 
time-consuming. Streamlining and automating real-time 
data analysis (Munir et al., 2018) to provide researchers 
with actionable information during experiments is an ongo-
ing challenge.

One can observe and interpret data as it is generated, al-
lowing them to make adjustments to the experiment in real 
time. This immediate feedback is valuable for optimising 
experimental conditions, making critical decisions, and 
ensuring data quality. Real-time analysis enables the iden-
tification of key events or phenomena as they occur within 
the granular flow. It allows for quality control by promptly 

Table 4 Summary and comparison of the advantages, limitations, and typical applications of various particle imaging techniques reviewed in this paper.

Technique Advantages Limitations Typical applications

OM Versatility and accessibility; morpho-
logical properties; real-time observa-
tion.

Limited depth of field; particle 
behaviour analysis; particle tracking 
limitations; limited to visible light 
spectrum; size and resolution limita-
tions a.

Particle behaviour analysis; flow field 
visualisation; particle size and shape 
determination.

CM High spatial resolution 3D imaging; 
optical sectioning b. Rejects out-of-
focus light; suitable for transparent 
samples.

Limited imaging depth; slow imaging 
speed; limited to relatively thin 
samples; limited field of view.

Thick or densely packed granular 
samples; nondynamic particle flow 
fields; small-scale or microscopic 
particle flow fields.

RIMS Enhanced particle visibility; reduced 
optical distortions; increased imaging 
depth.

Selection of matching fluid; refractive 
index sensitivity; experimental 
constraints c.

Particle tracking in transparent or 
translucent media; optically complex 
or dense systems; void and channel 
analysis.

MRI Non-invasive; 3D; multi-phase 
imaging d.

Time-consuming and costly; trade-off 
between spatial and temporal resolu-
tion to be set by experts; signal loss 
and artifacts e.

Multi-phase interactions; internal 
flow patterns.

XRT Non-destructive; high penetration 
depth; quantitative analysis f; high 
spatial resolution.

Radiation safety; contrast and sensi-
tivity g; limited temporal resolution h; 
costly.

Particle distribution in granular 
materials; internal structure analysis; 
multi-phase systems.

a OM has limitations in resolving particles below the diffraction limit of light.
b The ability to selectively focus on a specific plane within the sample enables optical sectioning.
c It may introduce additional complexities, such as changes in particle behaviour due to interactions with the matching fluid.
d MRI can differentiate between different phases within the granular material, such as solid particles and fluid phases.
e Granular materials, especially those with high density or metallic components, can cause signal loss and susceptibility artefacts in MRI 
images.
f XRT can provide quantitative information on particle distributions, void fractions, and packing densities within granular materials.
g XRT may face challenges in differentiating materials with similar X-ray attenuation coefficients. Contrast agents can be used to enhance 
sensitivity.
h Slower acquisition times.
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identifying issues with data acquisition or imaging equip-
ment. One can address problems such as sensor malfunc-
tions or calibration errors in real time.

7.2 Particle tracking in complex flows
Accurate tracking of individual particles within complex 

flow fields is essential for understanding granular flow dy-
namics. However, in real-world scenarios, particles can 
experience a wide range of interactions, including colli-
sion, adhesion, and fragmentation. Developing robust 
tracking algorithms capable of handling such complexities 
and uncertainties is an ongoing research challenge (Liang 
et al., 2021).

Accurately tracking the motion of individual particles 
involves monitoring the trajectories, velocities, and inter-
actions of particles as they move within the flow. This 
tracking provides critical data for characterising flow be-
haviour, identifying flow regimes, and studying phenom-
ena like particle collisions and adhesion.

Various methods and techniques can be employed to ad-
dress the challenges of particle tracking in granular flows 
(Mallery et al., 2020; B.-D. Wang et al., 2019). Particle 
Tracking Velocimetry (PTV) methods involve tracking in-
dividual particles in successive frames of imaging data to 
calculate particle trajectories and velocities (Mäkiharju et 
al., 2022). This approach can capture complex particle in-
teractions and flow dynamics. Particle Image Velocimetry 
(PIV) techniques use the displacement of particle patterns 
in successive images to calculate flow velocities. Although 
not particle-specific, PIV is valuable for analysing bulk 
flow behaviour (Molina et al., 2021; Sarno et al., 2019). 
Advanced algorithms, often based on machine learning, are 
employed to automate and improve particle tracking accu-
racy, especially in complex and noisy flows (Duarte and 
Vlimant, 2022).

7.3 Integration of multimodal imaging
Combining multiple imaging modalities, such as Neutron 

and X-ray imaging (Sleiman et al., 2021; Vego et al., 
2023b), offers the potential for richer data. However, the 
seamless integration of these techniques to provide com-
plementary information poses technical challenges. Ensur-
ing compatibility and synchronisation between different 
imaging systems is an area that requires further attention. 
While the integration of flow tests with particle imaging 
techniques has propelled our understanding of granular 
flows, addressing these current challenges will be crucial 
for pushing the boundaries of knowledge in this field.

8. Recent advances in coupling flow testing 
and particle imaging in granular flows

In recent years, significant strides have been made in the 
field of granular and particulate systems through the inte-
gration of dynamic flow measurements with particle imag-

ing techniques.

8.1 X-ray rheography
In this context, Baker et al. (2018) introduced a novel 

X-ray rheography technique (Fig. 20) for studying the flow 
of granular materials, addressing the limitations of tradi-
tional methods that require model materials or intermittent 
motion stoppage. The authors used correlation analysis of 
high-speed X-ray radiographs from three directions to di-
rectly reconstruct three-dimensional velocities, enabling 
the study of continuous granular flows. Surprisingly, in a 
steady granular system, they discovered a compressible 
flow field with planar streamlines, despite the presence of 
non-planar confining boundaries. This finding contrasts 
with the behaviour of Newtonian fluids. The paper also 
discusses the impact of particle shape on flow and suggests 
future applications of the technique in the study of various 
soft matter systems, including biological tissues, geomate-
rials, and foams.

8.2 Multiple imaging methods
The integration of multiple imaging methods has en-

abled multiscale analysis, allowing researchers to gain in-
sights into particle behaviour that spans the microscale to 
the macroscale (Fig. 21) (Vego et al., 2023a). This ap-
proach has proven particularly beneficial when studying 
complex and heterogeneous particle systems, such as those 
found in food products.

Fig. 20 Experimental configuration for rheography. The particles 
within the blue cylinder are subject to shearing from below. The diagram 
highlights the three X-ray source locations in yellow. Reprinted from 
Ref. (Baker et al., 2018) under the terms of the CC-BY 4.0 license. 
Copyright: (2018) The Authors, published by Springer Nature.
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8.3 Rheo-MRI
In addition to the recent advances in the use of X-ray 

tomography techniques, the combination of rheology and 
MRI is a powerful technique used in various systems to 
study the mechanical properties and flow behaviour of 
complex fluids and soft materials (Serial et al., 2021; 
2022). A rheo-cell, typically with a Couette or Cone-Plate 
geometry, is placed in an MRI system, allowing velocimet-
ric measurements. By combining this with in situ or ex situ 
measurement of torque, local rheological properties such as 
viscosity, shear stress, and shear rate can be measured 
(Fig. 22). This combination provides insights into the rela-
tionship between the material’s rheological response and 
its microstructure during flow (Coussot, 2020; Milc et al., 
2022). Rheo-MRI is typically used in velocimetric mode, 
meanwhile relaxometric behaviour can give insights in 
structure formation/degradation. Maps of material density 
can provide insights into shear-induced migration.

9. Critical review and future directions
The integration of flow tests with particle imaging tech-

niques has undeniably advanced our understanding of 
granular materials and complex fluids. These combined 
approaches have enabled researchers to uncover critical 
information about particle behaviour and interactions at the 
microscale, offering insights that were previously elusive. 
Shear testers such as the Schulze shear tester and FT4 
powder flow tester have provided valuable data on bulk 
flow properties, while imaging techniques such as MRI, 
X-ray imaging, and confocal microscopy have facilitated 
the visualisation of particle dynamics. However, challenges 
persist, particularly in the integration of flow tests with 
imaging, which often involves complex experimental set-
ups and resource-intensive data processing.

To overcome these challenges, it is natural to suggest the 
development of more simple, small-scale flow testers de-
signed to align with selected 3D imaging techniques,  

t = 0 h

X-ray
detector

X-ray
source

neutron
source

neutron
detector

sample

47 h 61 h

t = 0 h 47 h 61 h

Fig. 21 Neutron and X-ray tomographic scans. The top row displays vertical sections from X-ray tomography, whereas the bottom row shows equiv-
alent slices from neutron tomography. Reprinted from Ref. (Vego et al., 2023b) under the terms of the CC-BY 4.0 license. Copyright: (2023) The Au-
thors, published by Springer Nature.

(a) (b) (c)

(d)

(e)

Fig. 22 (a) Schematic of a Rheo-MRI setup, (b) experimental Couette cell geometry, (c) top-down view of the cell, (d) one-dimensional concentra-
tion and (e) y-velocity within the excited slice. This figure is taken with permission from (Milc et al., 2022; Serial et al., 2019).
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specifically tailored to the material being investigated. A 
straightforward flow tester can take the form of a basic tube 
or container equipped with motors and sensors for flow 
analysis. In addition, maintaining a database containing 
information about the studied material, flow geometry, and 
raw images could prove highly beneficial and time-saving 
for researchers seeking to replicate similar studies. Another 
crucial ongoing improvement involves integrating ad-
vanced processing techniques and conducting real-time 
flow analysis. This enhancement can significantly increase 
the efficiency of the testing procedure, while also address-
ing the cost considerations associated with 3D imaging fa-
cilities.

The future of this integration holds promise in the devel-
opment of high-speed, high-resolution imaging methods, 
such as X-ray rheography and high-speed X-ray imaging 
(such as ROFEX), providing detailed insights into dynamic 
processes within granular materials. Artificial intelligence 
further contributes by enabling real-time image analysis to 
manage the overwhelming volume of data generated. 
Moreover, the integration of computational simulations, 
such as Discrete Element Method (DEM) or Molecular 
Dynamic (MD) simulations, with experimental flow tests 
and imaging offers a comprehensive understanding of com-
plex systems, allowing validation and calibration of theo-
retical models against empirical observations.

10. Conclusion
We explored mechanical testers and particle imaging 

techniques and highlighted their combined potential. By 
merging these fields, we can gain unparalleled insights into 
the dynamics of granular materials and complex fluids, 
deepening our understanding of bulk flow behaviours. We 
have explored various shear testers, from the Schulze shear 
tester to the FT4 powder flow tester, each of which pro-
vides valuable insights into the macroscopic properties of 
materials under shear. Simultaneously, refractive index 
matching, MRI, and X-ray imaging have emerged as pow-
erful tools for capturing microscale particle interactions 
and flow patterns. We also highlighted the need for techno-
logical advancements in imaging methods, especially ultra-
fast imaging and advanced data analysis techniques, to 
meet the growing demands for particle-level analysis.
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Nomenclature
CP Cone–plate geometry
DC Double-cone geometry

DEM Discrete Element Method
FEM Finite Element Modelling
PIV Particle Image Velocimetry
PP Plate–plate geometry
PTV Particle Tracking Velocimetry
RF Radio frequent
RST-M Ring Shear Tester with size medium
RST-XS Ring Shear Tester with size x-small
T1 Spin–lattice relaxation time (s)
T2 Spin–spin relaxation time (s)
ffc Flowability index (-)
F Force (N)
H Thickness of the particle layer (mm)
ri Radius of the inner cylinder (mm)
ro Radius of the outer cylinder (mm)
Rs Radius of the inner cylinder or split radius in the 

split-bottom shear cell (mm)
Ro Radius of the outer cylinder in the split-bottom shear 

cell (mm)
τ Shear stress (Pa)
τsh Shear stress at the shear point (Pa)
τpre Shear stress at pre-shear (Pa)
σ1,2 Consolidation stress (Pa)
σc Compressive strength or unconfined yield strength 

(Pa)
ω Rotation speed or angular velocity (rpm)
θ Dynamic angle of repose (-)
ϕ Angle of internal friction (-)
ρb or ρbulk Bulk density (kg∙m–3)
ρTapped Tapped density (kg∙m–3)
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