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Binary interaction between adhesive units formed from monodisperse spherical fines and carrier parti-
cles was studied with the discrete element method (DEM) in order to better understand phenomena such
as lumping, bridging and flowability of adhesive units and mixtures. Three different surface coverage
ratios (SCRs) representing different number of fines on the carrier, five different surface energies of inter-
action between fines and carrier, fifteen different relative velocities ranging from 0.04 m/s to 1.7 m/s
were studied, with three replicates for each scenario. A total of over 700 independent simulations were
conducted and stability ratios (retention, transfer and loss) and mechanical properties (coefficient of
restitution) were determined. The critical velocity for the units, below which they tended to aggregate,
was extracted. The units with high SCR and high surface energy were most stable and most cohesive.
With increasing SCR, the fines tended to act as a damping pad, thus increasing the critical velocity.
The adhesive units were found to be dynamic in nature and to undergo constant exchanges of particles.
A detailed map of this behaviour was determined. The obtained findings constitute a first step towards
the creation of multiscale DEM models for the mechanics of adhesive mixtures and provide insights into
flowability and integrity of the mixtures.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Drug delivery through a dry powder inhaler (DPI) is a standard
means of treating pulmonary and respiratory diseases (Islam and
Gladki, 2008). DPIs use a special kind of mixture known as adhe-
sive mixture, which consists of micronised active pharmaceutical
ingredient (fines) (<5 lm) and comparatively lager carrier particles
(�100 lm). Dry powder coating is one of the most commonly used
techniques for formation of such units (Gradon and Sosnowski,
2014; Telko and Hickey, 2005). Adhesive units are complex (De
Boer et al., 2012; Grasmeijer et al., 2015) and a lot of attention
has been given to their formulation and manufacturing. There is
an increasing interest being focused on dosage forms with higher
drug loads (Rudén et al., 2018). Manufacturing and handling of
these units rely upon the crucial cohesive-adhesive balance in
the unit (Begat et al., 2004a; Begat et al., 2004b; Young et al., 2005).

Several numerical studies of adhesive mixtures and units have
been performed using Computational Fluid Dynamics (CFD) and
the Discrete Element Method (DEM), mostly focusing on dispersion
performance in the inhaler (Yang et al., 2014; Yang et al., 2015a;
Nguyen et al., 2014; Nguyen et al., 2015a). van Wachem et al.
(2017) performed simulations of adhesive units at the micro, meso
and macro scales in an attempt to study dynamics of the particles
inside an inhaler. Collision of adhesive units with a static wall has
been of considerable interest (Thornton et al., 1996; Ning et al.,
1997; Thornton et al., 1999; Thornton and Liu, 2004; Moreno-
Atanasio and Ghadiri, 2006). Yang et al. conducted further studies
to probe the effect of electrostatic charge on the adhesive unit
(Yang et al., 2015b).

Recently there has been increased interest in studying particle
mixing through DEM simulations (Tamadondar et al., 2017). There
have been studies on agglomeration and deagglomeration of fines
in DPIs (Yang et al., 2015a; Yang et al., 2013; Yang et al., 2005) and
of the effect of interface energy on impact strength of agglomerates
(Subero et al., 1999). Nguygen et al. have investigated breakage,
adhesion of fine-particle agglomerates and mechanistic time scales
in adhesive mixing (Nguyen et al., 2015b; Nguyen et al., 2018).
Tamadondar et al. have focused on effect of collision velocity, col-
lision angle, carrier shape (Tamadondar et al., 2019) and interac-
tion energy (Tamadondar et al., 2018) between particles during
high shear mixing (Tamadondar et al., 2017). However, little atten-
tion has been given to the particle dynamics during handling, pack-
aging and storage (Le et al., 2012; Jashnani et al., 1995). The
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Nomenclature

SCR Surface Coverage Ratio
DEM Discrete Element Method
DPI Dry Powder Inhaler
xi Position of Particle i
M Torque
R Radius
m Poisson’s Ratio
E Young’s Modulus
� Equilibrium Separation Distance
Fne Normal Elastic Force
dn Normal overlap
e Coefficient of Restitution
x Angular velocity about center of mass
Ftd Tangential damping force

g Acceleration due to gravity
fnc Normal component of force
ftc Tangential component of force
ffluid Fluid forces
I Intertial tensor
M Mass
G Shear Modulus
l Tabor Parameter
C Surface Energy
Fc Pull off force
dc Critical overlap
v Relative velocity
Fte Tangential elastic force
Fnd Normal damping force
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integrity or physical stability of the adhesive units is critical for an
adequate formulation performance and it would be beneficial to
make a road map for the same. A sufficient flowability of the mix-
ture is essential for operations such as capsule filling.

In this study, the DEM was used to probe the stability and
mechanical properties of adhesive units during binary head on col-
lisions as a function of the number of adhered fine particles, the
initial collision velocity and the surface energy between the parti-
cles. The numerical data were summarized by the retention, loss
and transfer ratios for the fine particles and the coefficient of resti-
tution of the adhesive units. The mentioned ratios clearly reflect
the stability of the adhesive units and are therefore collectively
referred to as stability ratios. A Kawakita-type equation
(Kawakita and Lüdde, 1971) was used to determine the critical
conditions for the formation of aggregates of adhesive units. These
particle-scale data are expected to provide indications of the ten-
dency for formation of bridges and lumps in the adhesive mixture
and hence of its flowability. For the sake of brevity, carrier is used
to the same effect as a carrier particle and fines is used to the same
effect as fine particles in what follows.

2. Computational model

In DEM, particles are treated as discrete entities and interact
with each predominantly by short range forces that are typically
calculated from the particle overlap. Translation and rotational
motion of particles are governed by Newton’s laws of motion. If i
is the target particle and j is a neighbouring particle, balance of lin-
ear momentum (Newton’s second law) could be represented as,

mi
d2

dt2
xi ¼ migþ

X
j

ðfncij þ ftcij Þ þ ffluidi ð1Þ

where mi is the mass and xi is the position of particle i, g is acceler-
ation due to gravity, fnc and ftc are normal and tangential forces act-

ing on the particle and ffluid is the force resulting from fluid
interaction. The gravitational force acting on the particle is several
orders of magnitude less than adhesion and cohesion forces and
can therefore be neglected. The system was studied under low han-
dling velocities where fluid forces do not have a significant impact;
hence for simplicity, the fluid forces are neglected as well. Balance
of angular momentum can be expressed as,

I
dx
dt

þx� ðIxÞ ¼ M ð2Þ
where M is the applied torque, I is the inertia tensor and x is the
angular velocity about the center of mass.

Interaction between two unequal sized particles is described in
terms of effective properties of the interaction (Thornton and Ning,
1998; Thornton and Yin, 1991): The effective radius R�, determined
as

1
R� ¼

1
Ri

þ 1
Rj
; ð3Þ

the effective mass M�,

1
M� ¼

1
Mi

þ 1
Mj

; ð4Þ

the effective Young’s modulus E�,

1
E� ¼

1� m2i
Ei

þ 1� m2j
Ej

ð5Þ

and the effective shear modulus G�,

1
G� ¼

2� mi
Gi

þ 2� mj
Gj

ð6Þ

In these expressions, Ri is the radius, Mi the mass, Ei Young’s mod-
ulus, Gi the shear modulus and mi Poisson’s ratio for particle i (and
analogously for particle j). The derivation of Eq. (5) relies on the
isostress condition (Johnson and Johnson, 1987). Moreover, only
two of the elastic contants are independent so that
Gi ¼ Ei=½2ð1þ miÞ� (and analogously for particle j).

The Tabor parameter l (Tabor, 1977) is a measure of the extent
to which adhesive forces are capable of deforming the particles and
is used to identify the interaction mode to be used. Tabor parame-
ter is defined as,

l ¼ R�C2

E�2�3

 !
ð7Þ

where � is the equilibrium separation distance between two
spheres. For l < 1, the DMT (Derjaguin–Muller–Toporov)
(Derjaguin et al., 1975) model is preferred and for l > 1, the JKR
(Johnson–Kendall–Roberts) (Johnson and Johnson, 1987) model is
used. The parameter was calculated for all interaction between par-
ticles (fines-fines, fines-carrier, carrier-carrier) and was found to be
greater than 1. Therefore, the JKR model is chosen.

According to the JKR model, the normal elastic force Fne is
obtained as a function of the contact area a as (Marshall, 2009),



Table 1
Model parameters.

Parameter Coarse Particle
(carrier)

Fine Particle
(fines)

Particle Size (Diameter, lm) 100 3
Poisson’s ratio (–) 0.29 0.12
Density (kg/m3) 1490 1520
Young’s Modulus (GPa) 0.1 4
Coefficient of Static Friction (–) 0.3 0.3
Coefficient of Rolling Friction (–) 0.002 0.002
Surface Energy (J/m2) 0.01–0.05 0.01–0.05
Coefficient of Restitution (–) 0.89 0.5
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Fne

Fc
¼ 4

a
a0

� �3

� a
a0

� �3
2

" #
ð8Þ

Here, Fc is the pull off force, i.e. the force needed to separate parti-
cles in contact, calculated as

Fc ¼ 3pCR� ð9Þ

where C is the surface energy of the interaction between the parti-
cles. Moreover, a0 represents the finite contact area that due to force
of adhesion exists when no external force is applied, obtained as,

a0 ¼ 9pCR�2

E�

 !1
3

ð10Þ

The contact area is in turn related to the normal overlap dn by an
expression of the form (Johnson et al., 1971)

dn
dc

¼ 6
1
3 2

a
a0

� �2

� 4
3

a
a0

� �1
2

" #
ð11Þ

where dc is the particle overlap at the critical point, defined as

dc ¼ a20
2ð6Þ1=3R� ð12Þ

The normal damping force Fnd is expressed as (Marshall, 2009)

Fnd ¼ 2

ffiffiffi
5
6

r
b
ffiffiffiffiffiffiffiffiffiffiffi
SnM

�p
vn ð13Þ

where b is a parameter that is calculated from the coefficient of
restitution e as

b ¼ � lnðeÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln2eþ p2

p : ð14Þ

Moreover, Sn, defined as

Sn ¼ 2E� ffiffiffiffiffiffiffiffiffiffi
R�dN

p
ð15Þ

is a normal stiffness and vn is the magnitude of the normal relative
velocity between the particles. We note for future reference that the
coefficient of restitution is a measure of the elasticity of the particle
interaction, being defined as

e ¼ vafter

vbefore
ð16Þ

where vbefore and vafter is the relative velocity of the particles before
and after collision respectively.

The tangential elastic force is given by Mindlin (1953),

Fte ¼ Stdt ð17Þ

where St, defined as

St ¼ 8G� ffiffiffiffiffiffiffiffiffiffi
R�dn

p
; ð18Þ

is the tangential stiffness. The tangential damping force is defined
as,

Ftd ¼ 2

ffiffiffi
5
6

r
b
ffiffiffiffiffiffiffiffiffiffiffi
StM

�p
v t ð19Þ

In summary, the normal and tangential forces both have elastic and
damping contributions that are calculated from the normal and tan-
gential overlaps and relative velocities between the particles.
3. Method

3.1. Particle description

Fines and carriers were modeled as elastic spheres of 3 and 100
lm diameter, respectively. The particle sizes and model parame-
ters (Table 1 ) were chosen to be representative for mannitol as
carrier and lactose as fines (Nguyen et al., 2014; Ning et al.,
1997; Moreno-Atanasio, 2012; Tong et al., 2009). Various combina-
tions of surface energies ranging between 0.01 and 0.05 J/m2 were
investigated. Each specific combination is designated as Cx�y, were
x represents the surface energy of the carrier-carrier interaction
and y represents the surface energy of the fines-fines interaction
(both in J/m2). The dash represents the cross interaction between
carriers and fines.

The JKR cohesion model was used to model adhesive/cohesive
interaction between particles and the mechanistic behaviour was
modelled using the Hertz–Mindlin model. For simplicity, monodis-
perse elastic carriers and fines were assumed, with no breakage or
plastic deformation, but the model can be extended to polydis-
perse particles.

3.2. Adhesive unit

Ordered units comprising of fines attached to large carriers are
referred to as adhesive units. The adhesive units were formed by
pseudo-randomly distributing fines onto the surface of carriers.
The process of creation of an adhesive unit was divided into 4
stages as shown in Fig. 1.

Stage 1
A uniform envelope of evenly spaced fines was created around the
carrier based on simple cubic packing, leaving a gap between the
fines to prevent physical overlap at the point of particle creation.

Stage 2
Each of the fines created in Stage 1 was given a random velocity
between �1 and 1 m/s which followed a gaussian distribution.
Hence each of the fines followed a different trajectory, leading to
collisions and the formation of smaller aggregates of fines in addi-
tion to randomly distributed individual fines on the carrier. The
aggregation and movement depended upon the interaction energy
between the particles.

Stage 3
Each of the fines in the enveloping cloud was given a constant
velocity directed towards the centre of the carrier, so that the fines
moved towards the carrier and were captured by the adhesion.

Stage 4
The simulation was continued until the system reached a stable
equilibrium and most of the energy was dissipated away.



Fig. 1. Stages of formation of adhesive unit with a surface coverage ratio (SCR) of
0.7 and surface energy of interaction 0.03 J/m2. The images to the left represent
fines particles and carrier particle and the ones to the right represent the particle
velocities in vector form.
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Based on the number of fines on each carrier, a new quantity,
the surface coverage ratio (SCR) is defined,
SCR ¼ N � pr2fines
4pr2carrier

; ð20Þ
Fig. 3. Illustration of the effect of different seed values on the structure of adhesive
units with a surface coverage ratio (SCR) of 0.5 and interaction energy fixed at 0.01

2

where N is the number of fines attached to the carrier, and rfines and
rcarrier are the radii of fines and carriers, respectively. The SCR repre-
sents the ratio between the projected area of fines on the carrier
surface and the surface area of the carrier itself. There are different
ways to represent the SCR (Rudén et al., 2018) but the current def-
inition is chosen to simplify calculations. Adhesive units with differ-
ent SCRs (0.5,0.7,1), as calculated by Eq. (20), were formed as shown
in Fig. 2.
Fig. 2. Examples of adhesive units with different surface coverage ratios (SCRs) and
interaction energy fixed at 0.01 J/m2.
3.3. Simulation setup

Binary collisions of adhesive units were simulated with differ-
ent velocities. In total, a set of 15 different relative velocities was
investigated, ranging from 0.04 to 1.7 m/s, representing the han-
dling phase. Simulations were performed for adhesive units of dif-
ferent SCRs (0.5, 0.7, 1) and surface energies between fines-fines
and fines-carrier (0.01, 0.03 and 0.05 J/m2). In each case, head on
collisions between adhesive units was studied.

To account for the variability resulting from random distribu-
tion of fines on carriers, three different initial seed values for the
pseudo-randomisation were considered and examples of the
resulting structures are shown in Fig. 3 for an SCR of 0.5. The sim-
ulations were evaluated in terms of the mechanical stability of the
adhesive units and the effective mechanical behaviour of the adhe-
sive units, as inferred from their restitution coefficients.

Specifically, the quantification of the stability of the adhesive
units was based on three ratios: The Transfer Ratio, defined as the
fraction of fines exchanged between the carriers during collision.
The Retention Ratio, that represents the fraction of particles which
remain adhered to the carriers during collision. The Loss Ratio that
represents the fraction of particles which are lost from either of the
carrier particles during collision. Fig. 4 shows an illustration of
transfer, retention and loss of fines after a head on collision. The
coefficient of restitution (e), defined in Eq. (16), was calculated as
the ratio between the magnitude of the velocity of each carrier
after collision and the magnitude of the initial velocity.

Based on the setup described in the previous section with dif-
ferent SCR, randomisation seed, surface energy and collision veloc-
ity, over 700 independent simulations were performed (Fig. 5) and
results from each of the simulation were analysed in terms of sta-
bility ratios and restitution coefficient.

DEM simulations and analysis were conducted using EDEM�

2019 bulk material simulation software provided by DEM Solu-
tions Ltd., Edinburgh, Scotland, UK with JKR cohesion contact
model for a range of surface energy and morphological properties
as explained in Section 3. A timestep of 2 ns was chosen which
ensured that the overlap period at the interface of two particles
was about 50 timesteps which reduces computational errors
(Campbell, 2002).
J/m .

Fig. 4. Illustration of transfer of fines between adhesive units with a surface
coverage ratio of 1 and surface energy 0.05 J/m2.



Fig. 5. Overview of simulations with different combinations of surface coverage ratios (SCRs), seed values, surface energies and impact velocities.
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4. Results

4.1. Qualitative picture

Fig. 6 illustrates different steps during the collision process. In
Fig. 6a, the two adhesive units approach each other at equal veloc-
ity. Based on the surface energy, SCR and the impact velocity, the
fines are redistributed on or between the carriers or lost as indi-
cated in Fig. 6b. The adhesive units either adhere to each other
or rebound back based on the impact velocity and the interaction
energy between them as indicated in Fig. 6c. The transfer or loss
of fines occur either independently or as small agglomerates
formed during the collision.

As can be seen in Fig. 7, which displays impact between adhe-
sive units (C0:01�0:01) at 0.4 m/s, the net energy and particle loss
changes with SCR. This calls for a detailed analysis of stability
ratios and the coefficient of restitution which is provided in the
next sections.
4.2. Stability ratios

Stability ratios for adhesive units for which all surface energies
are equal are shown in Fig. 8a–c, and the effect of more cohesive
fines than carriers is shown in Fig. 8d and e. In all cases, averages
of three simulations with different initial random seed values are
plotted in the graph. These cases are discussed in turn below.

Gamma 0.01. Fig. 8a summarizes the results obtained from bin-
ary head on collisions between two adhesive units with the surface
energy between the particles fixed at 0.01 J/m2. Ratios obtained for
the three investigated SCRs (0.5, 0.7 and 1) are displayed as a func-
tion of the relative velocity in the range 0.04–1.7 m/s, considered
representative of handling conditions. A discontinuous y-axis is
used for a better representation of loss and retention ratios. It
can be seen that the transfer ratio is very low across the entire
velocity range, irrespective of the SCR. The retention and loss ratio
are similar for all three SCRs at low velocities. For an SCR of 0.5,
more fines are lost from the units during collision when the veloc-
ity increases. There is sudden shift observed at 0.8 m/s and as
much as 20% of the fines are lost from the units at the highest
velocities investigated. The results for SCRs of 0.7 and 1 follow a
similar trend, but the adhesive units are more stable than for an
SCR of 0.5, as one would expect.

Gamma 0.03. Fig. 8b, provides data from binary head on colli-
sions between two adhesive units with surface energy between
particles fixed at 0.03 J/m2. The retention ratio reduces with
increasing relative velocity between units, and again a sudden shift
is seen at 0.8 m/s. It can be seen that an SCR of 0.5 incurs the max-
imum loss of about 10% whereas SCR 0.7 and SCR 1 have somewhat
lower losses. Since the transfer ratio is minimal in all cases, these
trends are mirrored by the loss ratios.

Gamma 0.05. Fig. 8c represents data from binary head on colli-
sions in a cohesive regime with the interaction energy between
all particles fixed at 0.05 J/m2. It can be seen from the graph that
most of the fines tend to stay on carriers for all SCR.

Gamma 0.03–0.05. Fig. 8d represents binary head on collisions of
adhesive units with surface energy of interaction between fines of
0.05 J/m2 and between fines and carriers of 0.03 J/m2. It can be seen
from the graph that the ratios represent values between C0:03�0:03

and C0:05�0:05.
Gamma 0.01–0.05. Fig. 8e represents binary head on collision

with surface energy between fines of 0.05 J/m2 and between fines
and carriers of 0.01 J/m2. The regimes represent extremes for
carrier-fines and fines-fines interaction energy, the latter being
considered highly adhesive. The final net loss of particles is close
to 10% and adhesive units with SCRs of 0.7 and 1 reach this plateau
faster than the units with an SCR of 0.5.
4.3. Restitution

The restitution coefficient as defined in Eq. (16) was used to
quantify the mechanical properties of the adhesive units. Examples
of results obtained from the simulations are given in Fig. 9, which



Fig. 6. Snapshots of different phases of a binary head on collision with surface coverage ratio 0.7 and surface energy of 0.01 J/m2 with a collision velocity of 0.28 m/s. The
images to the left show the fines and carriers and the ones to the right show a vectorial representation of the particle velocities.
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displays the coefficient of restitution as a function of velocity. It
can be observed that restitution is difficult to predict at low impact
velocity, since the units may stick to each other or bounce back
depending on the initial distribution of fines on the carrier surface.
When the impact velocity increased beyond a certain threshold
velocity, the restitution became more regular and reached a con-
stant plateau value.

Restitution coefficients for adhesive units for which all surface
energies are equal are shown in Fig. 10a–c, and the effect of more
cohesive fines than carriers is shown in Fig. 10d and e. For better
graphical representation, only values of restitution for which the
profile exhibited a consistent increase with velocity are included
(i.e. the random region described above is not shown). In all cases,
averages of three simulations with different initial random seed
values are plotted in the graph. The solid lines represent fits of a
Kawakita type equation (Kawakita and Lüdde, 1971) to the data
displayed in the figure. Specifically,

e ¼ aðv � vcÞ
c þ ðv � vcÞ ; ð21Þ

where vc is the critical velocity above which the incident energy is
high enough for the particle to rebound and a and c are constants.
The results obtained for different surface energies are described in
more detail in what follows.

Gamma 0.01. In Fig. 10a, the restitution coefficients obtained for
a fixed surface energy of 0.01 J/m2 and different SCRs are plotted
against relative impact velocity. The restitution coefficients of
carrier-carrier collisions (i.e. an SCR of 0) are plotted as reference
values. From Table 1 it can be seen that the restitution coefficient
for carrier-carrier interactions is 0.89, which is reflected in the
graph. The restitution coefficient at an SCR of 0.5 plateaus close
to 0.89 and a downward shift is observed for the SCRs of 0.7 and
1. The error bars represent the variation (standard deviation)
across different seed values for the same parameter setup.

Gamma 0.03. Fig. 10b summarizes results obtained for simula-
tions analogous to the ones in the previous paragraph but with
the interaction energy fixed at 0.03 J/m2. For an SCR of 0.5, the
restitution coefficient increases in agreement with the Kawakita
type equation and plateaus at a value lower than the carrier-
carrier restitution coefficient. For SCRs of 0.7 and 1, the restitution
coefficient does not reach a constant value but otherwise follows a
similar pattern as for an SCR of 0.5.

Gamma 0.05. In Fig. 10c, corresponding to an interaction energy
of 0.05 J/m2, it can be seen that the critical velocity above which
the units do not adhere to each other is higher compared to the



Fig. 7. Snapshot above shows binary collisions of adhesive units with different
surface coverage ratio with same surface energy C0:01�0:01 and collision velocity
0.4 m/s.
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results obtained for the lower interaction energies, especially for
SCRs of 0.7 and 1. For an SCR of 0.7, the restitution coefficient fol-
lows a pattern similar to that of an SCR of 1, but reaches a higher
restitution coefficient for the same impact velocity. The plateau
at high velocities is not reached in these simulations.

Gamma 0.03–0.05. Fig. 10d reports the results obtained for
adhesive units with surface energy of interaction between fines
of 0.05 J/m2 and between fines and carriers of 0.03 J/m2. We
observe a similar increasing trend as in the previous cases with
the restitution coefficient being highest for an SCR of 0.5 followed
by 0.7 and 1.

Gamma 0.01–0.05. In Fig. 10e, the interaction between fines was
modelled to be cohesive in nature with surface energy of interac-
tion being 0.05 J/m2 whereas the carrier-fines and carrier-carrier
interaction was fixed at 0.01 J/m2. The profiles obtained for this
system are similar to the previous ones with a tendency of the
restitution coefficient for SCRs of 1 and 0.7 to converge at large
velocities, at a value lower than the one obtained for an SCR of 1.

Simulations were not performed for higher impact velocities as
these are not typically encountered during handling.

5. Discussion

One of the most common mechanisms of handling the manu-
factured product and filling capsules is through hopper flow. A
common problem encountered during such handling of adhesive
mixtures is bridging of adhesive units, which causes clogging and
reduces flowability. In this study, the restitution coefficient (e)
and its dependence on the incident velocity are used as indicators
of the flowability of the adhesive mixtures. In particular, the criti-
cal velocity vc is expected to provide an indication of the tendency
of the adhesive units to form aggregates. During handling, there is
also an evident risk of segregation, which may occur since adhesive
units undergo constant collisions with each other. As a result of
these collisions, fines are lost from each of the units and may be
taken up by other units or lost to the walls. These events are cap-
tured by the loss and transfer ratios. It can be noted that the loss
ratio represents the maximum loss of fines which could occur in
a single collision, since all fines lost during a binary collision are
assumed to be lost to the walls and not taken up by other units.

5.1. Stochastic behaviour at lower velocity

Fig. 9 represents raw data for the restitution coefficient
obtained for impact velocity in the entire range with a surface
energy of interaction of 0.03 J/m2. On impact between two adhe-
sive units, exchange of energy among fines or fines and carrier
depends on the initial spatial distribution of the fines on the carrier
surface, summarized in terms of the SCR and obtained with differ-
ent initial seed values. Depending on the specific initial spatial dis-
tribution of the fines, a total or partial loss of energy may occur
during collisions at low velocities, resulting in zero (sticking) to
low coefficients of restitution. As a result, the behaviour at low
impact velocity is more stochastic in nature and hence difficult
to predict. However, the net loss of particles from the system dur-
ing head on collision is minimal in this range (cf. Fig. 8), indicating
that the stochasticity at lower velocity does not play any signifi-
cant role for the loss or transfer of fines.

5.2. Effect of surface energy and impact velocity

In order to understand the flowability of adhesive units during
handling, the velocity of rebound, expressed as restitution coeffi-
cient (e), is plotted as function of the impact velocity. In order to
analyse the effect of surface energy at fixed incident energy of
the system, it is preferable to present the data as in Fig. 11, which
compares the results obtained for different surface energies at
fixed SCRs. This also enables a more natural representation of data
obtained for systems comprising particles with different surface
energies (i.e. more adhesive fines than carriers).

SCR 0.5. In Fig. 11a, summarizing the results obtained for an SCR
of 0.5, it can be seen that adhesive units with weakly bound fines
(low surface energies) behave similarly as systems with no fines at
higher velocities. This could be due to the high loss of fines (20%)
from the adhesive units during collision as seen from the ratios
on the right. Higher losses imply that fines are displaced and so
that the net interaction approaches the one between bare carriers.
For higher values of the surface energy, the energy required to
overcome the cohesive and adhesive interactions is higher, which
results in a reduction of the restitution in the order of increasing
surface energy.

SCR 0.7. In Fig. 11b for an SCR of 0.7 it can be observed that there
is minimal loss of fines for lower velocities and that the critical
velocity above which the units do not tend to agglomerate is
higher compared to an SCR of 0.5. This could be explained by the
fact the collisions among fines increase as the number density of
fines on the carrier surface increases, thereby resulting in a higher
energy dissipation and thus a lower net restitution coefficient and
increase in critical velocity for rebound. The effect of surface
energy follows a similar pattern as explained for an SCR of 0.5
(Fig. 11a). It could also be seen in the stability ratios plot that the
net loss of particles is reduced compared to an SCR of 0.5 as a result
of higher energy dissipation.

SCR 1. In Fig. 11c, for an SCR of 1, the restitution coefficients do
not plateau and the final restitution is lower than for SCRs of 0.5
and 0.7. One plausible explanation is that clusters of cohered fines
are formed at higher SCRs that more easily are displaced upon



Fig. 8. Stability ratios for binary head on collision with varying velocity, surface coverage ratio (SCR) and surface energy (a) C0:01�0:01, (b) C0:03�0:03, (c) C0:05�0:05, (d) C0:03�0:05,
(e) C0:01�0:05.

Fig. 9. Coefficient of restitution plotted as a function of impact velocity, showing
the stochastic behaviour of units at a lower velocity.
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collision. The particle losses at lower surface energy are higher
compared to an SCR of 0.7 as is also seen in Fig. 10a. This may be
due to the formation of multi-layer units which are more easily
dispersed compared to the ones closer to the carrier. Predomi-
nantly in the case of C0:01, the kinetic energy is high enough to dis-
sipate a considerably larger fraction of fines from the surface of the
carriers compared to units with higher surface energy and thus the
loss ratio follows a pattern similar to that of the previous cases. The
explanation for the overall changes in restitution and ratios is sim-
ilar to the one previously stated.

For a higher value of e there is less loss of energy and more
energy is retained by the fines. The retained energy further excites
the fine and loses are higher. For higher SCR and high surface
energy, e is lowest which implies most of the energy is lost form
the system.

Adhesive fines. For adhesive units with fines modelled as more
adhesive than carriers, it could be hypothesised that the fines-
fines interaction dominates at lower velocity and that the beha-
viour at a higher velocity is an average effect of fines and carrier
surface energy. The results in Fig. 10d and e tends to support the
hypothesis that the fines-fines interaction dominates at lower
velocity. The layer of fines may act as a damping pad between
the carriers. Consistent with this, the effect is more prominent at
higher SCR than for the lower SCR. At lower impact velocity, the
initial energy is low and most of the energy tends to dissipate
thereby resulting in an effective interaction dominated by the
fines. This is further corroborated by the ratio plots, where the
net particle loss is minimal for low velocity impacts. The data are
also consistent with the notion that the interaction between the
adhesive units at higher velocity tends to be governed by an effec-
tive interaction energy that is an average of the carrier and fines
surface energy. A possible explanation is that most of the fines,
at higher velocity, are displaced from the contact surface between
the two units thereby giving an effective interaction resembling
that of the units with lower surface energy. For higher velocities,
the net loss of particles is equal for different surface energies even
for different SCRs. For the sake of clear representation the stability
ratios for adhesive fines is omitted from Fig. 11 but can be found in
Fig. 8.

Transfer ratio during the handling phase. Transfer ratios during
the collision of adhesive units is negligible as can be seen from
Fig. 11; most of the fines are either retained on the carriers or lost
from the system (but could potentially be picked up by other car-
rier in a real mixture). This is in sharp contrast to the situation
when collisions between an adhesive unit and a carrier have been
studied during shear mixing (at higher impact velocities)
(Tamadondar et al., 2019).
5.3. Relationship between SCR, critical velocity and surface energy

As already mentioned, particles tend to stick to each other at
low velocities, something that may adversely affect the flowability



Fig. 10. Restitution coefficients vs. impact velocity for different surface coverage ratios (SCRs) and surface energies. The data are grouped according to the fines–fines and
carrier–fines surface energies: (a) C0:01�0:01, (b) C0:03�0:03, (c) C0:05�0:05, (d) C0:03�0:05 and (e) C0:01�0:05. Each data point represents the mean obtained from three independent
simulations and the error bars indicates the standard deviation.

S. Sarangi et al. / Chemical Engineering Science: X 6 (2020) 100051 9
of the adhesive mixture and its performance in e.g. hopper flow
leading to operational problems such as arching or bridging. The
propensity for sticking is expected to be captured by the critical
velocity, as extracted from the fits to Eq. (21). Fig. 12 shows the
obtained relationship between the critical velocity vc and the
SCR for different surface energies. For the systems characterized
by a single surface energy, the critical velocity increases in a regu-
lar manner with both the SCR and the surface energy. Consistent
with the discussion in the previous section, the critical velocity is
largely controlled by the fines for adhesive units with more cohe-
sive fines than carriers, which act as a damping padding.

The adhesive units aggregate when they impact at low veloci-
ties, indicating that handling velocities above the critical velocity
are desirable in order to avoid flowability issues. However, at very
high velocities there might be extensive losses of particles. If we,
somewhat arbitrarily, demand that no more than 10% of the fines
shall be lost in a binary impact, the maximum handling velocity
should be relatively low when the surface energy of the interaction
is low (in the range 0.9–1.5 m/s depending on the SCR for
C0:01�0:01). Higher handling velocities are possible for higher surface
energies, also beyond the maximal velocity investigated in the cur-
rent study (1.7 m/s), especially when the SCR is relatively large.
Systems comprising highly cohesive fines that are loosely attracted
to the carriers (C0:01�0:05), are exceptional in this sense, since an
increase in the SCR generally results in an increase in the loss of
fines.
6. Conclusions

Dynamics of adhesive unit is complex and difficult to represent
by a simple mathematical equation parameterized by surface
energy and SCR. This work reports a characterization of the beha-
viour of adhesive units in a velocity range representative of the
handling phase. A detailed analysis of binary collisions of adhesive
units formed from mono disperse spherical fines and carriers was
performed and the restitution coefficient and stability ratios were
determined. These parameters are expected to reflect the flowabil-
ity and stability of the adhesive mixtures.
At low velocities, restitution of adhesive units depended criti-
cally on the precise spatial arrangement of the fines on the carrier
surface, thus introducing a significant randomness in the values
obtained for the restitution coefficient. For higher velocities, still
in the handling regime, the randomness decreased considerably
and the restitution coefficients exhibited a consistent and rapid
increase with velocity followed by a more gradual increase. The
restitution coefficient of adhesive units was generally smaller than
that of bare carriers, the smallest values being obtained for adhe-
sive units with high SCR and high surface energy. Further, for adhe-
sive units formed from fines that were more adhesive than the
carriers were (i.e. had a higher surface energy), the fines-fines
interaction dominated the restitution at lower velocity whereas
the behaviour at a higher velocity was an average effect of fines
and carrier surface energy.

As expected, the integrity of adhesive units following binary
impacts was most strongly influenced by the surface energy. How-
ever, for weak to modestly strong adhesive forces, a significant
dependence on SCR was also seen, such that a larger fraction of
fines were lost for higher SCRs, especially at higher impact veloci-
ties. Hence, adhesive units do not behave as static, independent
units but are more complex in their dynamics.

The knowledge of interaction between adhesive units is a first
step in understanding the complex micromechanics of adhesive
mixtures. This knowledge could be used to improve flowability,
reduce segregation and improve handling of adhesive mixtures
for inhalation. An understanding of behaviour of adhesive units
at low velocities could be used to improve movement of units
through hoppers, whereby identifying potential velocities which
could lead to arching in the system.The model developed can fur-
ther be extended to include other mechanical properties and inter-
action and handle polydisperse complex shaped particles.
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Fig. 11. Restitution coefficients (left) and stability ratios (right) vs. impact velocity for different surface coverage ratios (SCRs) and surface energies (Ci or Ci�j). The data are
grouped according to SCRs: (a) SCR 0.5, (b) SCR 0.7 and (c) SCR 1. Each data point represents the mean obtained from three independent simulations and the error bars
indicates the standard deviation.

Fig. 12. Regime map for stability of adhesive units plotted as a function of surface
coverage ratio (SCR) and Surface energy. vc represents the critical velocity above
which agglomeration doesn’t take place.
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