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Flow behaviour of powders plays an important role in defining their performance in many industries. In this
study, we present our work on prediction of flow characteristics of binary and ternary mixtures under dynamic
conditions using Discrete Element Method and simulating the expended mechanical work of a rotating impeller
penetrating a packed bed. Three commonly used methods for calculating a mean have been explored to express
the mixture Bond number, namely arithmetic, geometric and harmonic mean. This is done by introducing a
weighting factor based on the fractional surface area of each component of themixture. The mixture Bond num-
ber is dependent on the interfacial surface energy, particle size and density; and a wide range of Bond number is
covered in our study by varying all three. The expended work of impeller shows the clearest trend with themix-
ture Bond number when it is expressed in terms of the arithmetic mean. Although we only used binary and ter-
nary mixtures (40 different mixtures in total) in this study, the trend should be applicable to multi-component
mixtures and therefore useful as a design aide for powder formulation.

© 2020 Published by Elsevier B.V.
1. Introduction

Flow behaviour of powders plays an important role in performance
of various powder processing operations, such as discharge from hop-
pers, feeding, dosing and pneumatic conveying. Shear cell testing has
long been established for designing suitable hoppers for powder dis-
charge [1], where the shear resistance is characterised as a function of
consolidation stress or state of packing. Demand for faster production
rate and newer andmore advanced products has led chemical, pharma-
ceutical, and food industries tomove tomore complex powder formula-
tions, making it more difficult to characterise the powder mixtures at
early stages of development. Consequently, there is great interest in de-
veloping predictive models for flow behaviour of powder mixtures
based on the properties of their individual components. A large number
of studies have been reported in the literature for prediction of
flowability of powders and theirmixtures under quasi-static conditions,
mainly focusing on effect of particle size distribution [2–4], shape [5–8],
moisture [9–11] and cohesion [12–14] . The work reported by Capece
et al. [15] stands out and is highly relevant, as they have developed a
predictive model for flowability of adhesive mixtures using quasi-
static shear cell testing. They relate the flow function coefficient
measured by shear cell testing to powder mixture Bond number. Their
approach takes account of the inter-particle forces, density, particle
size, and surface roughness and has been validated for a number ofmix-
ture systems, such as single component, binary and ternary mixtures.
The level of adhesiveness of the powder mixture was assessed by aver-
aging the granular Bond number of each components and their interac-
tion with other components using a harmonic weighted mean. They
proposed a weighting factor based on the fractional surface area of
each component of the mixture. In their work, almost all tested mate-
rials had a similar adhesive characteristic (i.e. the values of surface en-
ergy of components were between 35 and 50 mJ/m2). Harmonic
averagingmethod, as used by Capece et al. [15], tends to give an average
value towards the smaller numbers that are being averaged. Hence,
theirmethodologywas not tested for extreme cases, where for example
one component is free-flowing and another highly adhesive and the
bulk powder flow is under medium or high strain rate conditions.

In recent years, the attention of the particle technologists and phys-
icists has focussed on gaining a better understanding of the flow behav-
iour of particulate solids at intermediate and high strain rate conditions.
There are many cases where the dynamic flow behaviour is critical for
process design and operation, such as in screw conveyors, mixers, fast
feeding for tabletting machines, and discharge from storage devices. In
contrast to quasi-static testmethods, there is no shear cell that can char-
acterise the bulk parameters at high strain rates, i.e. in the dynamic
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Fig. 1. SEM images of as received and separated spherical glass beads.

Fig. 2. SEM images of the particles being attached to the substrate before and after drop test. Largest attached and smallest detached particles are marked with yellow and blue circles,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Interaction properties of glass beadsmeasured experimentally for use inDEM simulations.

Glass Silanised glass Stainless steel

CoR [−] 0.93 0.93 0.95
CoS [−] 0.5 0.5 0.3
Γ1 [mJ/m2] 20.6 27.4 24.4

1 For speeding DEM simulation up, Young's modulus of the particles is reduced; hence
the interfacial surface energy is reduced.
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regime. However, over the past few years, several powder rheometers,
i.e. Freeman FT4 powder rheometer, Anton PaarModular Compact Rhe-
ometer and the Couette device have been developed to characterise the
resistance of bulk powders to motion as a function of speed of shearing
(strain rate). For more detail on the dynamics and analysis of cohesive
powder flow at high strain rate conditions, the reader is referred to a re-
cent review by Ghadiri et al. [16]. The Freeman FT4 powder rheometer
(referred to as FT4 hereinafter) characterises the flow resistance by
measuring the amount of mechanical work expended for a rotating im-
peller penetrating a certain distance into a powder bed. Several studies
have been carried out by several researchers looking at the relevance of
this measurement method to bulk powder flow behaviour [5,17–24].

In this study, we expand on the work of by Capece et al. [15] for cal-
culation of the granular Bond number of powder mixtures by using
three averaging methods: harmonic, arithmetic, and geometric
weighted means. The proposed averaged granular Bond numbers are
then used to predict the expendedwork (flow energy) of various binary
and ternary mixtures using Discrete Element Method (DEM)
simulations.



Fig. 3. Experimental setup for measuring sliding friction coefficient of glass beads against a smooth glass slide; (a) glued glass beads to a glass slide, and (b) angle at which the prepared
sample starts sliding down the slope.
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2. Materials and methods

2.1. Model materials

SiLibeads® Type S glass beads, provided by Sigmund Linder GmbH,
Warmensteinach, Germany, are used in this work for single particle
characterisation. Their physical and mechanical properties are
characterised for use in DEM simulations rather using calibration ap-
proach [25]. The use of spheres (representing glass beads) makes
numerical simulations fast and reliable as contact laws for particles
interactions are well established. A quantity of the beads was first sub-
divided into smaller samples by a spinning riffler to obtain
Fig. 4. Freeman FT4 rheometer 25 mm vessel geometry and schematic diagram of helix
angle.
representative small samples for particle characterisation. The beads
were initially sieved into 425–500 μm and 850–1000 μm size classes
by mechanical sieving method. Observing them by Scanning Electron
Microscopy (SEM) revealed that there were particles in the sample
that were far away from being spherical, as shown in Fig. 1a. The spher-
ical glass beads were separated from non-spherical ones by using a
tilted pan with a smooth surface, in which the spherical beads easily
rolled down the pan and could be separated from the non-spherical
ones. They are shown in Fig. 1b. In DEM simulations, the beads are
treated as spheres, which are generated using a random size distribu-
tion in the range of 850–1000 μm and 425–500 μm. They are also
assigned two densities of 2500 and 1000 kgm−3 to investigate the effect
of density by simulations only.

2.1.1. Interfacial surface energy
Since our interest here is to predict the flow behaviour of adhesive

and non-adhesive powder mixtures, the surfaces of glass beads are
chemically modified to make them more adhesive. This is done by
silanisation by applying a commercially available silane coating on
their surfaces, known as Sigmacote®, supplied by SigmaAldrich®,
Missouri, USA, using the approach of Zafar et al. [26]. The ‘apparent'
interfacial surface energy of glass beads is then measured experimen-
tally by Drop Test Method developed at the University of Leeds [26].
In this method the particles are subjected to a transient tensile force,
produced by impact and the detachment force is calculated, from
which the interfacial surface energy is inferred using the analysis of
Johnson et al. [27]. The measurements were actually done using a
smaller size silanised glass beads (100–200 μm), as the large ones all de-
tached in the test within the impact velocity range tested. The beads
were dispersed onto three different surfaces: glass, silanised glass and
stainless-steel slides that were stuck to aluminium stubs. Following
this step, images of the particles were captured by SEM, as shown in
Fig. 2a. The particles were then subjected to impact tests at different
velocities, ranging from 0.5 to 2.0 m/s, and the contact time was mea-
sured by a Photron Mini AX 200 high speed video camera at 70,000
Table 2
Summary of component properties for binary mixtures.

Case no dp1 dp2 ρ1 ρ2 Bo11 Bo12 Bo22
[μm] [μm] [kg/m3] [kg/m3]

BMS1 850–1000 850–1000 2500 2500 3 2 0.1
BMS2 850–1000 850–1000 2500 2500 29 22 0.1
BMS3 850–1000 850–1000 1000 1000 73 55 0.2
BMD1 850–1000 425–500 2500 2500 3 6.6 0.1
BMD2 850–1000 425–500 2500 2500 29 66 0.1
BMD3 850–1000 425–500 1000 1000 73 166 0.3
BMD4 425–500 850–1000 2500 2500 12 6.6 0.1
BMD5 425–500 850–1000 2500 2500 117 66 0.1
BMD6 425–500 850–1000 1000 1000 294 166 0.2
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Fig. 5. Calculated (a) BFE, and (b) SDFE for single component systems.
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frame per seconds. A typical successful impact test for the particles used
in this work has impact velocity and half contact duration of 1.36 m/s
and 260 μs, respectively. The images of attached particles to the stub
after impact test are then captured using SEMand the smallest detached
and largest attached particles are identified by image analysis, as shown
in Fig. 2b. Based on five successful drop test repeats, the average value of
interfacial surface energy inferred from the test is determined and
summarised in Table 1.

2.1.2. Coefficient of restitution
This was measured by analysis of impact against stainless steel and

glass slides using Photron Mini AX200 high speed video camera at
10,000 frames per second. Upon impact of glass beads to the target of in-
terest, the pre- and post-rebound velocities are calculated using ImageJ
software and a particle tracking algorithm developed by Sbalzarini and
Koumoutsakos [28]. The coefficient of restitution for each interaction is
measured for approximately 100 particles and its average values are
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Fig. 6. Calculated SDFE as function of number concentration of adhesive component for
BMS1, BMS2, and BMS3 cases.
0.95 and 0.93 for impacts against glass and stainless steel plates,
respectively.

2.1.3. Coefficient of sliding friction
A simplified methodology compared to work reported by Nan

et al. [29] is used here for measuring the sliding friction coefficient
between particle-particle and particle-wall for use in DEM simula-
tions. The glass beads are deposited and glued onto a flat glass slide
in a packed state using super glue as shown in Fig. 3a. Care is taken
to ensure the particles top surfaces are not covered with super
glue, which could significantly affect the sliding behaviour of the
particles against the smooth surface. The prepared slide is placed
faced down against another flat glass surface. The plates are then
tilted until the top plate starts sliding down as shown in in Fig. 3b.
At this point, the corresponding angle of sliding is recorded. Since
the surface of the plate is flat and smooth, coefficient of sliding fric-
tion can be calculated using the tangent of the recorded angles.
This method of measurement is used for both particle-particle and
particle-wall friction coefficient. Sliding friction coefficients are
measured at least five times for glass-glass and glass-stainless steel
surfaces and are summarised in Table 1.

2.2. Discrete element method

The particles aremodelled as discrete entities and their translational
and rotational motions are tracked individually by solving Newton's
laws of motion [30,31]:

mi
dvi
dt

¼ ∑Fc,i þmig ð1Þ

d Ii⋅ωið Þ
dt

¼ Ri⋅∑Mc,i ð2Þ

wheremi, Ii, vi and ωi are the mass, moment of inertia, translational ve-
locity and angular velocity, respectively; Fc,i is the contact force, origi-
nating from its interaction with neighbouring particles or walls; Mc,i is
the contact torque, arising from the tangential and normal contact
forces; Ri is the rotation matrix from the global to the local coordinate
system in which the calculation of the rotation expressed by the
Eq. (2) is accomplished. In this work, the elastic contact force is de-
scribed by Hertz-Mindlin contact model [32], and the adhesive interac-
tion is accounted for by JKR theory [27,30],
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Fig. 7. Calculated SDFE as function of (a) harmonic, (b) arithmetic, and (c) geometric mixture Bond numbers for binary powder mixtures with size ratio of one.
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Fn ¼ 4E∗a3

3R∗ −
ffiffiffiffiffiffiffiffiffiffiffiffiffi
8πΓE∗

p
a3=2 ð3Þ

α ¼ a2

R∗ −

ffiffiffiffiffiffiffiffiffiffiffi
2πΓa
E∗

r
ð4Þ

where Γ is the interfacial surface energy; E* is the equivalent Young's
modulus; R* is the equivalent radius; a is the contact radius; α is contact
overlap. In the unloading process, the normal contact force Fn is not zero
when the normal overlap α is negative, as further work is required to
separate the cohesive contact. To make the computational time practi-
cal, Young's modulus in the simulation is 1000 times smaller than the
onemeasured in the experiment, and the surface energy is correspond-
ingly scaled down in the simulation by keeping the Cohesive number of
particle constant [33], as shown in Eq. (5) similar to work of Nan et al.
[29]. For calculation ofmixture Bondnumber, the actualmeasured value
of interfacial surface energy is used here rather using themodified value
of interfacial surface energy.

Coh ¼ Γ5=3

ρgE2=3R8=3 ð5Þ
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Fig. 8. Comparison between the calculated experimental and simulation BFE as function of
concentration of adhesive component for BMS1 case.
2.3. Analysis of flow of adhesive mixtures by DEM

The flow behaviour of multi-component powdermixtures as a func-
tion of strain rate is studied by simulating the expended mechanical
work, commonly termed ‘basic flow energy (BFE)’ as measured by
Freeman FT4 rheometer, for several binary and ternary mixtures using
Discrete Element Method modelling. EDEM® software package
(DEM-Solutions, Edinburgh, UK) is used here. In this study, the 25 mm
diameter Freeman FT4 vessel with the 23.5 mm impeller was used, as
shown in Fig. 4. The standard test procedure is applied to the powder,
whereby the bed is initially conditioned by rotating the impeller clock-
wise to gently slice the bed and produce a reproducible and low stress
packing state. The cell is then split to remove any material above a
bed height of 80 mm. Following this step, the blade is driven down
into the bed anti-clockwise with a helix angle of 5° and a tip speed of
100 mm/s. The vertical force acting on the base, and the torque acting
on the blade are measured at approximately 200 μm increments of ver-
tical displacement. The BFE is calculated using Eq. (6).

BFE ¼
Z H

0

T
R tan αð Þ þ F
� �

dh ð6Þ
0 25 50 75 100
0

1

2

3

4

5

6

7

8

9

10

S
pe

ci
fic

 F
lo

w
 E

ne
rg

y 
(m

J/
g)

Number Concentration of Adhesive Component (%)

Larger Size Component Adhesive:
 BMD1  BMD2  BMD3

Smaller Size Component Adhesive:
 BMD4  BMD5  BMD6

Fig. 9. Calculated SDFE as function of number concentration of adhesive component for
BMD1 to BMD6 cases.
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where T, R,α, and F are blade torque, radius, helix angle, and force acting
on the base of FT4 rheometer, respectively.

2.4. Powder mixture bond number

In order to describe the flowbehaviour of adhesive powdermixtures
at bulk-scale based on single particle properties, it is essential to con-
sider the particle-scale interactions. In the absence ofmoisture and elec-
trostatic effects, the inter-particle adhesion is dominated by van der
Waals (vdW) forces [6,34]. There are a number of adhesion force
models in the literature [27,35,36]. In this study, Johnson, Kendall and
Roberts (JKR) model of elasto-adhesive contact force [27] is used:

Fadhesion ¼ 3
2
πR∗Γ ð7Þ

where R⁎ and Γ are reduced radius and interfacial surface energy of the
two particles in contact. The effect of adhesion on particle behaviour un-
der gravitational field is commonly described by granular Bond number
[37],

Bog ¼ Fadhesion
Wg

ð8Þ

When adhesive force is larger than the gravitational force (Bog > 1),
the two particles tend to stick to each other unless separated by addi-
tional external forces. For granular Bond numbers smaller than unity,
the two particles could easily detach from each other due to gravity
and hence they are considered non-adhesive. Bond number has been
used successfully for describing bulk-scale powder properties
[2,15,38–40]. In particular, Capece et al. [15] used it to predict
flowability of powders under quasi-static conditions. Their work is
most relevant to our study here, since they considered multi-
component powder blends and showed that the powder mixture
Bond number can satisfactorily describe the flowability of mixtures ob-
tained by quasi-static testing. Here, we extend on their work for predic-
tion of flow rules of powdermixtures under dynamic conditions, i.e. as a
function of shear strain rate. In addition, we investigate different
methods of averaging the Bond number as Capece et al. [15] only used
the harmonic mean. Here, we define the powder mixture Bond number
based on the arithmetic, geometric and harmonic means,

Bom,ar ¼ ∑
n

i¼1
∑
m

j¼1
Boijwij ð9Þ

Bom,geo ¼ ∏
n

i¼1
∏
m

j¼1
Bowij

ij ð10Þ
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Bom,har ¼ ∑
n

i¼1
∑
m

j¼1

wij

Boij

 !−1

ð11Þ

where wij is a weighting factor for the interaction between two particle
types i and j. Boij is the granular Bond number between the two particle
types i and j:

Boij ¼
Fad,ij
Wij

ð12Þ

where the adhesion force (Fad,ij) is calculated from Eq. (7), characteristic
particle weight (Wij) is calculated using a harmonic mean approach
based on the weight of two particles (Wi and Wj),

Wij ¼
2WiWj

Wi þWj
ð13Þ

Given the fact that the van der Waals forces act on particles in close
proximity and the interactions depend on the coordination number, the
weighting factors in Eqs. (9) to (11) are based on the fractional surface
area (fSA,i) of each component (i and j), as shown in Eq. (14),

wij ¼ f SA,i f SA,j ð14Þ

Theweighing factor can also be calculated based on the coordination
number; however, in practice quantification of coordination number is
very challenging. For a binary powder mixture, the mixture granular
Bond number based on arithmetic, Eq. (4), geometric, Eq. (5), and har-
monic, Eq. (6), averaging methods can be written as,

Boar,binary ¼ f 2SA,1Bo11 þ 2 f SA,1 f SA,2Bo12 þ f 2SA,2Bo22
� �

ð15Þ

Bogeo,binary ¼ B
f 2SA,1
11 Bo2 f SA,1 f SA,2

12 Bo
f 2SA,2
22 ð16Þ

Bohar,binary ¼ f 2SA,1
1

Bo11
þ 2 f SA,1 f SA,2

1
Bo12

þ f 2SA,2
1

Bo22

� �
ð17Þ

where subscripts ‘1’ and ‘2’ refer to first and second component of the
mixture, respectively.

2.5. Case studies

Four types of particles (i.e. non-adhesive, poorly adhesive, adhesive,
and highly adhesive) are considered as mixture components to form a
range of binary (see Table 2) and ternarymixtures (TMS1: Ternarymix-
ture of non-adhesive component from BMS1 and adhesive components
from BMS2 and BMS3). The letters ‘B', ‘T', ‘M', ‘S', and ‘D' in the labelling
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of the mixtures refers to binary, ternary, mixture, same size ratio, and
different size ratio of the components, respectively. It is alsoworthmen-
tioning in DEM simulations, themixtures are generated such that all the
components are generated randomly in the special domain.

For binary mixture systems of BMS1 to BMS3, having a size ratio of
unity, seven mixing ratios based on number density are considered
(i.e. 0, 10, 25, 50, 75, 90, and 100% of the more adhesive component).
For BMD1 to BMD6 cases, having a size ratio of 2, only three mixing ra-
tios of 25, 50, and 75% of the more adhesive component are considered.
In the case of BMD1 to BMD3 the larger size component of themixture is
adhesive,whilst BMD4 to BMD6 the smaller size component is adhesive.
In the case of ternary mixtures (size ratio of unity for all components)
three components are considered: highly adhesive, adhesive, and non-
adhesive. Six mixing ratios of the components are considered as indi-
cated in Fig. 11. For indicating which component is adhesive, reference
is made to interaction Bond numbers Boij for each system as shown in
Table 2.
3. Results and discussions

The approach adopted here is to link flow behaviour of powder
mixtures to the single particle properties of their components (i.e.
density, size, interfacial surface energy). Here the flow behaviour of
powder mixtures is simulated as a function of the shear strain rate
using the Freeman Technology FT4 rheometer. Initially, a range of
DEM simulations are run for a single component powder bed to cal-
culate the BFE for each component separately. When particles are
made more adhesive, it is expected the value of the BFE to increase,
due to the fact that adhesive particles do not flow well. However,
the calculated flow energies, shown in Fig. 5a, suggest that more
work is actually required for the impeller to penetrate into the parti-
cle bed for the free-flowing component of BMS1 case than the adhe-
sive component of BMS3 case. Looking at the properties of individual
components, this contradiction can be explained by the density dif-
ference between the two cases, where the free-flowing component
of BMS1 and adhesive component of BMS3 cases have a density of
2500 and 1000 kg/m3, respectively. The latter low density is artifi-
cially assigned for numerical simulations to check the influence of
density on expended work. This suggests for comparison of
flowability of adhesive powders by FT4, the BFE should be
4.94
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Fig. 11. Calculated SDFE for various mixing ratios of non-adhesive, adhesive, and highly
adhesive components in a ternary powder mixture.
normalised by the mass of the powder in the vessel. Here, we refer
to the normalised BFE as ‘Specific Downward Flow Energy (SDFE)’,
where a consistent trend can be observed as shown in Fig. 5b. As ex-
pected, more adhesive particles (larger granular Bond number) have
larger specific flow energies as compared to those particles with
smaller granular Bond number. Therefore, for analysis of flowability
of the mixtures, the SDFE is considered in this study.

The three binary mixture systems (i.e. BMS1, BMS2, and BMS3)
are considered to represent the extreme cases for the range of gran-
ular Bond numbers used in the simulation. The BMS1 is the base
model system, where both components in the mixture have a den-
sity of 2500 kg/m3 and a random particle size distribution ranging
from 850 to 1000 μm. Based on the values of interfacial surface en-
ergy chosen, the granular Bond numbers for the adhesive and free
flowing components in the base model are 2.9 and 0.01, respectively.
In the case of BMS2, the level of interfacial surface energy of adhesive
component is increased by a factor of ten compared to the base
model, leading to granular Bond numbers of 29.3 and 0.1 for the ad-
hesive and non-adhesive components. For the BMS3 case the same
interfacial surface energy as in the case of BMS2 is used, but the den-
sity of both components is reduced from 2500 kg/m3to 1000 kg/m3

to increase the granular Bond number of adhesive component to
73.3, according to Eq. (7). As it can be seen from Fig. 6, in the case
of BMS1, increasing the concentration of the adhesive component
does not change the SDFE. On the other hand, in the case of BMS2
and BMS3, the SDFE does indeed increase with increasing the con-
centration of the adhesive components and the extent of increase
is much higher in the case of BMS3 than BMS2. This is as expected
since the granular Bond number of the BMS3 adhesive component
is much larger than BMS2. For each data point in Fig. 6, the mixture
Bond number is calculated based on Eqs. (6) to (8), and the results
are shown in Fig. 7. It is evident that the harmonic mixture Bond
number, shown in Fig. 7a, does not provide a good unification of
SDFE. In contrast, both arithmetic and geometric mixture Bond num-
bers provide a good unification of the data points. When using the
arithmetic Bond number (see Fig. 7b), the SDFE is initially constant
around 4.1 mJ/g, corresponding to the non-adhesivemixture system,
and starts rising when the mixture Bond number exceeds 10. A sim-
ilar trend prevails for the geometric mixture Bond number case, as
shown in Fig. 7c. The SDFE starts to rise when the mixture Bond
number is in the range of 1 to 4. So the transition clearly depends
on the definition of the average value. Nevertheless, the existence
of a critical range at which the transition takes place is evident, and
has practical significance in formulating powder mixtures.

For validation purpose, a series of experimental tests were carried
out for different mixing ratios of BMS1 case, as shown in Fig. 8. A good
agreement is observed for BFE as function of concentration of adhesive
component in the case of BMS1 giving confidence in the conclusions de-
rived from this study.

Further investigation is carried out for establishing the link between
the mixture Bond number and SDFE for binary mixtures when the two
components have different particle size ratios (i.e. BMD1 to BMD6
cases). This is done by considering a particle size ratio of two and mak-
ing either larger size (BMD1 to BMD3) or smaller size (BMD4 to BMD6)
components adhesive. Three levels of adhesion are considered here
similar to BMS1 to BMS3 cases. When the smaller size particles are
made adhesive, the ratio of adhesive force to gravitational force be-
comes larger, resulting in larger values of granular Bond number for
the component under consideration. The relationship between the con-
centration of adhesive components and SDFE for binary powder mix-
tures with particle size ratio of two is shown in Fig. 9.

When the larger particles in the mixture are adhesive (i.e. BMD1,
BMD2, and BMD3), there is a mixing ratio (50–50%) at which the max-
imumSDFE is expended. The underlying cause of this trend requires fur-
ther investigation, considering a larger number of mixture ratios. This
type of behaviour is also observed by Fulchini et al. [13] for coating of
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Fig. 12. Calculated SDFE as function of (a) harmonic, (b) arithmetic, and (c) geometric mixture Bond numbers for ternary and binary powder mixtures with size ratio of one and two.
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silanised glass bead surfaces with fine zeolite particles. They found a
critical surface coverage of zeolite particles beyond which the
flowability of the mixture decreased. The SDFE as function of mixture
granular Bond number for the BMD1 to BMD6 is shown in Fig. 10. Sim-
ilar to the powdermixtureswith size ratio of unity, a good unification of
the data points is achieved when considering the arithmetic mixture
Bond numbers. The SDFE remains constant for the arithmetic mixture
Bond numbers up to 10 for all the cases analysed. The unification of
the data is poorer for geometricmean ofmixture Bondnumber. Increas-
ing themixture Bondnumber beyond these values results in an increase
in the SDFE, meaning the flowability of adhesive mixtures decreases
with an increase in their Bond number.

A similar analysis is also carried out for a ternary powder mixture
with size ratio of unity to check the validity of our approach. The calcu-
lated SDFE for differentmixing ratios of the components in the case ter-
nary mixtures is shown in Fig. 11. It can be seen that the highest SDFE is
expended for the largest concentration of highly adhesive component in
the mixture and the lowest for the largest ratio of the non-adhesive
component. In between, there are a number of mixtures for which the
expended SDFE does not vary greatly.

The relationship between themixture Bond number and SDFE for all
mixture systems analysed here is compared in Fig. 12. It can be seen
again that the harmonic mixture Bond number does not unify the data
points and therefore is not representative of the bulk flow properties.
Among the three averaging methods, the arithmetic mixture Bond
number seems to give the clearest trend. Hence, it can be concluded
that the arithmetic averaging is the most suitable method of averaging
the mixture Bond number for prediction of the SDFE as measured by
FT4 rheometer. It is worth noting that inter-particle and particle-wall
friction coefficients have been kept constant here. A much wider range
of single particle properties, including friction and shape needs to be
analysed to arrive at a general correlation. However, the focus of this
study is on establishing a methodology by which the mixture Bond
number can be used to give an indication of flowability of powder mix-
tures at high strain rate conditions. The results show that there exists a
narrow range of mixture Bond numbers below which the mixture be-
haves as free flowing.

When representing themixture bulk cohesionby ameanBondnum-
ber, a complete randommixture is considered, with contributions from
the Bond numbers of the components weighted with respect to surface
area of the mixture composition. According to work reported by Berger
et al. [42], bulk cohesion and friction are both influenced by strain rate.
Therefore, a thorough analysis is needed to address the coupled effect of
these two bulk powder properties, structuring of cohesive powders
[41], and underlying reasons why arithmetic averaging gives the best
unification.
4. Conclusions

Awide range of DEM simulations have been carried out in this study
for relating theflowability of adhesive powdermixtures to the properties
of particles constituting the components under dynamic conditions. Ini-
tially binary powder mixtures were considered and the size and density
of all components were kept constant (i.e. BMS1 and BMS2 cases) whilst
the level of interfacial surface energy was increased. Later, the size and
interfacial surface energy of the components were kept constant and
the density was varied (i.e. BMS3). For each of these cases, a particle
size ratio of 2 was also considered (i.e. BMD1 to BMD6 cases). Finally,
for the proof of concept, a ternary powder mixture was also considered.

The DEM results indicate that the flowability of powder mixtures
can be linked to the level of adhesion of individual components in the
mixture. The granular Bond number of individual components is used
to calculate an average value for binary and ternary powder mixtures.
It is shown that their flowability is described well by the mixture
Bond number by considering aweighting factor based on fractional sur-
face area of individual components in the mixture. Three averaging
methodswere investigated to calculate the powdermixture Bond num-
ber (i.e. harmonic, arithmetic, and geometric). In contrast to the previ-
ous work reported in the literature [11,12] indicating that harmonic
averaging of the Bond number for the powder mixture can be used for
calculating a representative powder mixture Bond number for describ-
ing flowability, our study shows that among the three averaging
methods, the arithmetic mixture Bond number gives the best unifica-
tion of data for a very wide range of Bond numbers. The dependence
of flowability of powder mixtures on the properties of individual parti-
cles constituting the components, such as interfacial surface energy,
size, and density, is well described in this way. The methodology devel-
oped here is helpful for describing the flow behaviour of powder mix-
tures, when characterising powder formulations.
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