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ABSTRACT

Agglomerates are ubiquitowss intermediate or manufactured products in chemical,
pharmaceutical and food industries. Durivandling and processing they may suffer
breakage if they are weak. On the othand, if they are tostrong, their dispersion
and disintegration could be fficult. The control of their mechanical strength is
therefore highly desirable. However, talysis of agglomerate strength is complex
due to the large number of parameters théiience agglomerate behaviour, such as
the primary particle size, density andagtic modulus, and the interparticle bond

strength.

A simple mechanistic model is presentagte which relates the number of broken
contacts in agglomerate dteimpact velocity, interparticle adhesion energy and the
particle properties of the particles fongithe agglomerate. The model is based on
the hypothesis that the energy used to bmmaitacts during impact is proportional to
the incident kinetic energy of the agglomeraiThe damage ratio defined as the ratio
of broken contacts to ¢hinitial number of bonds ishown to depend on the
dimensionless group, in the form(p°D*?E??)/ I’ whereV is the impact velocity,

E the elastic modulus) the particle diameter,p the particle density and the
interface energy. This dimensionless grodp,incorporates the Weber number,
(pDV*/I'), which was previously shown to bdlirential in agglorerate breakage, and

may be presented in the form=Wel,”” , wherel, = ED/T.



The predicted dependency of the damage ratio on the surface energy has been tested
using Distinct Element Method (DEM). & different agglomerates have been
formed and impacted against a targettfoee different values of the surface energy

of the primary particles. Ensimulation results show théte effect of surface energy

is better described by the above mechamnistodel than by the Weber number alone,

as previously used to charactettise impact strength of agglomerates.

Keywords: Agglomeration; Granulation, Impact; Modelling; Simulation, Surface

Energy.

1. Introduction

There are many factors that influencggmerate strength but one of the most
important one is the interparticle borafrength. Depending on the method of
agglomeration, the bond strength is broughbut by the presence of a binder or

interparticle cohesion.

There are two widely cited models regardthgs topic that have been developed by
Rumpf (1962) and Kendall1088). Rumpf (1962) dmed the strength of
agglomerates as the force that is reqlite break all contacts simultaneously on a
prescribed failure plane. Kendall988) defined agglomerate strength as the
resistance of the agglomerate to craakppigation based on thedar elastic fracture
mechanics. These two models apply to the cases in which agglomerates show a

fragmentation plane. However, agglomesatan also suffer size reduction in the



form of detachment of small debrisnda not necessarily byfragmentation.
Furthermore, the application of the mtelef Kendall and Rumpf to the case of
impact is not straightforward, since agglknmates can develop different patterns of
breakage depending on the impact velocity and agglomerate properties (Mazeno

2004, Morenat al. 2003, Subero, 2001)

For agglomerates which can store elastiaistenergy, Kendal's model is consistent
with the Griffith criterion for crack propagation, whilst Rumpf's model may be more
applicable to cases invohyg plastic deformation as the model is based on a simple
force balance. Experimental data reportedhe literature show consistency with
either or both models. There is no detadathlysis of the applicability of the above
models in the literature. However, Subero (2001) has shown that in so far as the
dependency of the packing fraction isncerned both models predict numerically
similar values, albeit from very differefitnctional relationshipss given by these

models.

The analysis of agglomerate strengbly continuum mechacs has not been
successful so far due to the degree frefedom arising from the structure of
agglomerates. Recently, significant pegg has been made by the use of DEM
(Kafui and Thornton, 1993). The main adtege of this method is its versatility,
allowing an easy variation @fny material property without affecting the others. A
further advantage of DEM is the possibildf quantifying the effect of impact on the
number of interparticle coatts which break within the agglomerate, a feature that

cannot be easily diagnosed experimentallhis paper is focussed on the effect of



interparticle cohesion on the impact brag& of agglomerates using the above

method.

The first work analysing the effect bbnd strength on agglomerate breakage using
DEM was carried out by Kafui and Thorntorf@B). They analysed the effect of the
surface energy on the strength of reguladgk®ed agglomerates having a face centred
cubic and a body centred cubic structures] exlated the breakage of interparticle

contacts to the Weber numbére, as defined by

_pDV?
r

We

()

wherep is the particle density) the primary particle diametek, the impact velocity
and [ is the interface energy which is definby the Dupré equation (Israelachuvili,

1985) as:

I'=y,+Vs = Vg @

wherey, andy; are the surface energiestwo particles madef different materials,

A and B, in contact with each other gnd is the interaction energy between them.

For surfaces of the same mateyiaglis zero and thereforg=2y.

Kafui and Thornton (1993) carried oudimulations of impact breakage of

agglomerates with a two-dimensional-{2 particle motion. They defined the



damage ratio as the ratio of broken emts to the initial number of bonds and
expressed it as a function of the Weber hamfor a range of impact velocities and
surface energies. They found that the cum@sesponding to the values of surface
energy between 0.1 Jrand 1.0 J/fiwere reasonably unified by the use of Weber
number. However, in a later work, Thornten al. (1996) obtained a better
unification by modifying the Weber numband defining a lower limit of impact

velocity, V), below which no contact is broken, as given by Eq. 3.

C pD(V—V0)2
T

We B)

The above analysis was alsarried out for a 2-D ordedlepacking with the surface
energy in the range between 0.3 and 3.G.J/ater, Suberer al. (1999) carried out
simulations using three-dimensional (3-Dption of the particles and analysed the
effect of the surface energip the range 0.5 to 5.0 Jmin randomly packed
agglomerates using Eq. 3. They pldtthe damage ratio as a function ¢ and

found the results in agreemenith the work of Thorntorer al. (1996),i.e. a good
unification of data for different surface energies was obtainédwever, the range of
surface energies used in the above simulations covered only one order of magnitude
variations. In a later work, Moreno (2008jried the surface energy by two orders of
magnitude and found that the use of the modified Weber number no longer unified the
data adequately. Therefore an alternaéimalysis is proposed here based on the idea

that the damage suffered by agglomeratesnduimpact is related to the incident



kinetic energy and also to the physical arethanical properties of the agglomerates.

The basis of the model is described in the following section.
2. Mechanistic Model of Agglomerate Breakage

The model development is based on the camattbn that the work required to break
interparticle contacts varidimearly with the incident kirtec energy. Associated with
each contact breakage is an amount of vworkirnish the required surface energy and
therefore the higher the incident energye tlarger will be the number of broken

contacts. The incident kinetic enerdy, before impact is given by

E, :NémVZ é)

whereN is the number of particles in the agglomeraids the mass of a primary
particle and is the impact velocity of the agglemate. The case of normal impact is
considered here. If thiotal number of broken ccentts after impact 8/, the work
for breaking these contact®, assuming that all contadtawve the same contact area,

A, is:
W=N,l4 6)

Let us consider that the total work spent in brealipdoonds is proportional to the

incident kinetic energy of the agglomerate witheing the proportionality factor.
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Rewriting Eqg. 6 and expressing the particle mass as a function of particle density,

and particle diametdp, Nz, can be expressed as:

2 2
Ny =k N2V DC
1277 1 4

@)

The contact areal, depends on the interface energy and mechanical properties of the
contact. Therefore, the dependency ofribenber of broken conteon the interface
energy is not fully determined by the exponeht1 of the intedce energy in Eq. 7.

In order to analyse the full dependemeythe surface energy, the model of Johrgon

al. (1971) is used to describe the relatlupsbetween the contact area and surface
energy. The model provides an exgsmien for the contact area radius,which is
similar to the expression provided by Hermnalysis, but substituting the actual
external loadP, by an effective loadPsrr, which depends on the absolute value of

the pull-off force Pogr:

3R*
a’ :(mj Prpr 6)
Prpr =P+2POFF+(4PP0FF+4P02FF)]/2 (9)
3
POFF :Eﬂ']—R* a'o)



where,R* and E* are the reduced radius andlueed elastic modulus of the two

particles in contact as definbeg the Eqgs. 11 and 12, respectively.

AL a1)

12)

Considering that before impact the exterfwaites acting on the contacts are small as
compared taPorr, the value of the effective forc@zrr is approximately equal to

4Porr and Eq. 9 can be rewritten as:

Pipp =4 Fopr a3)

and substituting Eq. 10 into Eq. 13etfollowing equation is obtained:

Py =67l R* @4

If the agglomerate is maag monodispersed particlgs* = R/2 and the particles are
all of the same materidl* = E/2(1-v°), wherev is Poisson’s ratio, Eqs 8 and 14 are

reduced to:



4’ = {MJ P, (15)

P =37nlR (1L6)

Substituting Eq. 16 into Eq. 15, the radiokthe contact area is expressed as a
function of the primary particle propertiend the interface energy from which the

contact aread, is calculated:

2/3

A=m® = (ﬁj 71'5/3(1—V2)2/3(%2Fj 17)

Finally, if the value of the contact argais introduced in Eq. 7 and the terms are

rearranged, the number of broken corgadter impact can be expressed as:

(18)

Equation 18 relates the number of brokemmtacts in the agglomerate with the
primary particle propeks (particle densityp, particle diameterpD, and particle
elastic modulus,E), the interparticle interaction, the agglomerate properties (the
number of particles in the agglomeratd, and the characteristics of the tese. (

impact velocity,)).

10



Now, considering the definition of damage ratio, it is necessary to relate the initial

number of bonds in the assembl, to the number of parles in the agglomerate.

This can be carried out ugj the coordination number pérticles in the assembly,

The relationship betweew N, andZ is given by:

Therefore, Eq. 18 can be rewritten in the form,

:k 22/3 ZN() ] pD5/3V2 E2/3
37/37[2/3 7 (]_V2)2/3 1—v5/3

Ny

and damage ratio can gesen in the form

25/3 i 1 pD5/3V2 3
37/372_2/3 7 (1_V2)2/3 1—v5/3

D, =k

19)

(20)

(21)

Now considering the terms in Eq. 2.1 itgessible to define a new dimensionless

number, 4, as given by Eq. 22, incorporatingriide density, particle diameter,

elastic modulus and interface energy.

(22)

11



Following Thornton’s (2001) suggestion tmsmber can be wign as a product of
two primary dimensionless groups, the Weber numider,and the elastic adhesion

index, 7., which is defined by Eq. 23:
I, = (@j 3)
Therefore the damage ratidy, is given by:

DyaWel,”? @4

It will now be of interesto explore if such a relatiohg prevails in the numerical

simulation of agglomerate breakamad this is described below.

3 Simulations of Agglomerate Breakage

3.1 Simulation details

In order to analyse the efft of bond strength on the agglerate breakage behaviour,
four agglomerates of 3000iprary particles were formed in exactly the same way, but
with different initial configurations of the primary particle positions. The primary

particle properties are given in Table and the size and properties of the four

agglomerates are given in Tal2. The coordination numbeéf, is given within each

12



bracket next to the value of the contacimber. The surface energy was varied

within a range of two orders of magnitude.

The simulations were carried out byings DEM whereby the primary particles
accelerations, positions and velocities weakculated using Newton'’s laws of motion
and updated cyclically, deks of which are desdoed by Moreno (2003). The
particles deformed elastically according to the Hertz model for normal contact
interactions (see Johnsat85) and Mindlin and Deresvicz (1953) and Thornton
and Randall (1988) for tangential contademactions. When the surface energy was
assigned to the particles in contaaweach other the models of Johngon/. (1971)

and Savkoor and Briggs (1977) were useddetermine the naral and tangential

contact forces respectively.

The agglomerates were formed bynadamly positioning 3000 particles within a
spherical space. A centripetal field was applied and the particles were brought
together in order to form a dense sphéragglomerate. During this first stage the
particles were frictionlesand non-cohesive, which allod&n easy agglomeration of

the particles. Once the assemblies reaghethble number of tarparticle contacts,
friction and surface energy were introduced $jow small steps in order to avoid the
accumulation of residual stresses. Theirfagglomerates A, B, C and D have
therefore nearly the same characteristlmst have been generated with different

random seed for positioning the primary particles.

13



For each impact velocity the mean andnsfard deviation of the number of broken
contacts were determined for the four agglomerates. Each agglomerate was impacted
in a range of impact velocities fromlifelastic rebound with nbreakage of contacts

to the disintegration of the agglomerate istoall fragments. The number of broken
contacts in the agglomerates was aredysy using the modified Weber numbkt;

and the new dimensionless group,

3. 2 Analysis of Damage Ratio

Figure 1 shows the average damage ratia asction of the impact velocity for the
impact of the agglomerates reported in Eabl At low impact velocities the damage

ratio is not sensitive to the impact vekycibut once a threshold velocity is exceeded

the damage ratio quickly rises and eventuafiproaches unity in an asymptotic way.

An increase in the impact velocity implies acrease in the incident kinetic energy

and consequently more energy is avadaibl the system for breaking contacts.
However, at high impact velocities tipeocess of breakage of contacts slows down
and the damage ratio becomes again insensitive to the impact velocity. In general, the
dependency of the damage ratio with theaet velocity is in agreement with the

previous results of Thorntan al. (1996) and Suber& al. (1999).

For a given impact velocity, the damargio decreases as the surface energy is

increased (Fig. 1). This is due to linas@pendency between the force required to

break a contact and the surface energy.

14



In Fig. 2, the damage ratio has been ptbtss a function of the modified Weber
Number as given by Eq. 3. There is some normalisation of the data with different
surface energies although itgsll possible to distinguish one curve from another and
furthermore each curve is out of the limdkthe error bars of the other curves for
intermediate values of the adified Weber number. Thorntoer /. (1996) and
Suberoer al. (1999) showed a goashification of the data when the modified Weber
number was usedThe difference with the previous wkois thought to be mainly due
to the wider range of surface energies testee. The simulations carried out here
cover two orders of magnitude of the swwdé energy, in contrast to previous work,
where the values of surface energy wevéhin approximately one order of
magnitude. Furthermore, differences time agglomeration method could produce

slightly different strgtures and packings.

Figure 3 shows the damage ratio as a function of the new dimensionless/réup,

it can be seen a much better unification dada obtained as coraped to Fig. 2. At
low values of the dimensionless group,each curve is now within the error bars of
the other curves. However, high values of the abscisse unification is not as
good as for the rest of the curves fbe case of lower surface energy (0.35%)/m
although the curves for larger valuessoifface energy are reasonably well unified.
The lack of good unification of the smaitevalue of surfee energy (0.35 Jfinat

large value off is unclear and need a further investigation.

15



4. Discussion and Conclusions

The main assumption made in the model @né=d in section 2 is the consideration
that the work for breaking contacts is proporéibto the incident kinetic energy. This
leads to Eq. 18, in which the number obken contacts is related to the primary
particles properties (elastic modulus, $3oin’s ratio, particle density, particle
diameter and bond strength)gghomerate properties (nuomar of particles in the

agglomerate and coordination number) anemal parameters (impact velocity).

The analysis of the simulation results clearly shows that the dimensionless gjroup,
describes the effect of the surface gyeon the agglomerate strength much better
than the Weber numbel/e, and its modified forml#e’. Other factors such as the
agglomeration process, thesét of residual stresses inetlagglomerate, the range of
the surface energy are undoubtly influenciathe results. Thefore, an accurate
comparison with the previous work is netrictly feasible. However, the new
dimensionless group is based on an ener¢gnba and should in principle have more

predictability.

Another point that needs tme highlighted is related tihe minimum velocity under
which no breakage of contacts is observég,and to the modified Weber number,
We . In the simulations reported here isHzeen observed thtite subtraction of’;,

from the impact velocity does not significantly improve the fit for the curves of
damage ratio versus. Furthermore, the subtractiorilmonly affect the data at low
impact velocities wher@¢ andV, are comparable. However, in this rantjalready

describes the behaviour ofetlsystem very well. Moreover, the physical meaning of

16



subtracting/, from V' is unclear and we have theye# opted for not including such a

modification in the dimensionless group,

In summary, a new mechanistic model o impact breakage of agglomerates has
been presented relating the number of brakésrparticle contacts to the interparticle

bond strength as represented by surface energy. The model is based on the assumption
that the work required for breaking contads proportional to the incident kinetic
energy. A new dimensionless group inargiing the Weber number and the elastic
adhesion index has been obtained. Accwydio this new group the number of broken
contacts varies with the surface energy topeer index of -5/3. This is in contrast

with the previous work reported in theeliiture that uses the Weber number as a
dimensionless group in the analysis oé thffect of bond strength on agglomerate

breakage due to impact.

The results of the computer simulatiomave corroborated the relationship between

the surface energy and number of brokenattstas predicted by the new model.
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Nomenclature

A

Ng

No

Prrr

Porr

Area of a contact

Contact area radius

Particle diameter

Damage ratio

Incident kinetic energgf an agglomerate
Elastic modulus

Proportionality factor

Elastic adhesion index

Particle mass

Number of particles in an agglomerate

Number of broken contacts

Pa

kg

Initial number of bonds in an agglomerate -

External load in a contact
Effective force in JKR model
Force to break a contact
Particle radius

Tangential force

Particle velocity

Velocity under which no contacts are
broken in agglomerates
Work for breaking contacts

Weber Number

Modified Weber number

N

m/s

m/s

18



7 Coordination number -

Greek characters

Y| New dimensionless group -

r Interface energy Jfm
¥ Surface energy Jfm
e Porosity -

u Friction coefficient -

1% Poisson’s ratio -

p Particle density kg/fh
0] Packing fraction -
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Table 1 Single particle properties

Young's modulus (GPa)
Poisson’s ratio

Density (kg/m’)
Friction coefficient

Particle radius (pum)

31

0.3

2000

0.35

50
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Table 2 Agglomerate propertiesThe coordination numbeg, is given within each

bracket next to the value of the contact number.

Agglomerate A B C D

Aggl. radius (mm) | 0.902 0.922 0.921 0.912
Packing fraction | 0.555 0.520 0.522 0.537
Contact No. 9151 (6.10) 9061 (6.04) 9102 (6.07) 9093 (6.06
for 35 J/m*

Contact No. 8932 (5.96) 8796 (5.86) 8836 (5.89) 8854(5.90
for 3.5 J/m’

Contact No. 8718 (5.81) 8513 (5.68) 8560 (5.71) 8621(5.75
for 0.35 J/m’

23

N



1.0} ;
| | —e—0.35J/m
0.8 3.50 J/m’
£ - | —v—35.0 J/m’
S 0.6F
?n L
® 0.4F
g I
«
2 02+t
00 ©
0.01 0.1 1 10

Impact velocity (m/s)

Fig. 1. Relationship between damage ratmd impact velocity for different

values of surface energy. The data points correspond to the average values of
damage ratio for the impact of Agglenates A-D reported in Table 2 and the
error bars to thetandard deviation.
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The data points correspond to the ager damage ratio for the impact of
Agglomerates A-D rported in Table 2.
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Fig. 3. Relationship between damage oaéind new dimensionless grouf,
for different values of surface energy. The data points correspond to the
average damage ratio for the impact of Agglomerates A-D (Table 2).
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