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A bstract

AN INVESTIGATION OF POWDER GRANULATION 

BY EXPERIMENTS AND NUMERICAL SIMULATION

by

M. IRFAN KHAN 

A d v iso r: Professor Gabriel I. Tardos

The objective of present work is to develop a model of granulation process, which pre­

dicts product properties of from a knowledge of operating conditions. Granulation is 

essentially a solid-particle agglomeration process. It improves bulk powder properties 

like density, flowability. solubility etc.. and is an extensively  used unit operation in 

chemical, mineral, pharmaceutical and food industries. Our primary aim in this work 

is to understand the micro-level physics of this process, and arrive at a macro-level 

model which relies on a minimal number of readily estim able parameters.

We begin in Chapter 1 by reviewing some basic concepts in granulation modelling. 

We then proceed to develop a sim ple model which predicts the mean size of agglom­

erated product. This m odel attem pts to incorporate the influence of important, and 

also to a large extent hitherto unexplored, effects of agglom erate breakup. Further­

more, we identify th e important problem of deformation and breakup of agglomerates 

in a shearing m edium , and analyze this in Chapter 2. There we also develop two new 

tools of analysis: those of experiments using a fluidized-bed granular-flow Couette 

device, and a com puter sim ulation of shear flows o f solid particles.

The experim ental setup is useful in creating an environm ent in which particles 

can flow under conditions of approximately constant, and known, shear. We use this 

experimented setup to analyze the problem of deform ation and breakup of wet ag­

glomerates in a shearing medium. Study of this problem  provided useful insight into
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the micro-level agglomerate breakup phenomenon at work during granulation. Subse­

quently. we also dem onstrate the usefulness of this device in carrying out rheometric 

studies on flowing solid particulate system s.

T he com puter simulation serves as a good tool of integrating the micro-level forces 

and providing an accurate macro-level description of solid-particle flow processes. The 

central philosophy behind the simulation is to model inter-particle interactions, and 

com pute the individual particle trajectories which result from these interactions. We 

apply this tool to  analyze the problem of shear induced deformation and breakup of 

wet agglom erates, and compare the results with those obtained from experiments.

In Chapter 3 we improve upon the sim ulation developed in Chapter 2 by directly 

sim ulating an idealized wet granulation experim ent. In this model we essentially  

sim ulate a shear flow of a system  of solid particles, som e of which are wet. while 

the rest dry. This simulation model provides for a com plete model of granulation 

process, in which the properties of the agglom erates like their size, shape and density  

can be inferred from the input parameters of the sim ulation. Due to the limitations 

of the present model we are able to relate these properties only in a qualitative sense. 

An accurate quantitative relation between these input and output properties can be 

achieved by means of some further work on the sim ulation model. Practical means 

of incorporating these improvements are also discussed.
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1

C hapter 1 

P relim in ary  con cep ts and a basic  

m od el

1.1 P a r tic le  a g g lo m era tio n  p ro cesses  and  th eir  

term in o lo g y

A par t i cu la te  material  in which the individual particle* are agglomerate* made up 

of still finer particle*, is referred to as being agglomerated.  Agglomeration i* use­

ful for improving bulk particle properties like density, fiowability. dispensability etc. 

and to reduce dustiness.  For a mix tu re  of different powder types,  such as in many 

pharmaceutica l  formulations, agglomeration provides resistance against component 

segregation and is therefore usually a prerequisi te  for tablet compression.  Many pow- 

derv food products  are agglomerated in order to have pleasant appearance  and good 

' in s tan t '  propert ies  such as wettabili ty,  sinkability. dispersibi lity and solubility.

Agglomeration  is carried out by ag i ta t ing  the powder mass in the  presence of a 

'b inding-agen t ' .  usually a polymeric substance,  which serves to bind the individual 

part icles together  in the agglomerates. If the  binding agent used during the agglom­

erat ion process is in a liquid solution form, the process is called wet agglomeration,  

while if it is a molten liquid which solidifies at ambient  tem pera tu re ,  it is called a
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melt  agglomeration process. An agglomeration process tha t  results in somewhat  non- 

sphericai agglomerates with a ra the r  wide size dis tr ibution wi th in  the  range of about

0.1 to 2 m m  is named a granulat ion  process and the agglomerates are called granules. 

If the  final agglomerates are somewhat spherical and of a narrow size distr ibution 

in the size range of about  0.5 to 2 m m .  the  process is called p d h t i z a t i o n  and the 

agglomerates are called pellets (Schaefer  (1007').  The  present work concerns w e t  

g r a n u la tio n  processes.

1.2 W et g ra n u la tio n  p ro cesses  an d  eq u ip m en t

Agglomeration in wet granulat ion  is carr ied out by spraying on to  an agi tat ing pow­

der mass, a controlled amount of binder  liquid to yield wet agglomerates.  Movement 

in the powder mass is induced by an appara tu s  such as a ro ta t ing  d rum,  fluidized 

bed or a high-shear mixer.  Local conditions of shear in the  moving powder mass 

serve to induce both coalescence as well as breakage of wet agglomerates and hence 

define a s teady agglomerate size. Wet agglomerates are subsequently  dried to yield 

the final product  in which particles are bound together by solid bridges left behind 

bv the binder fluid. Several commercial  designs of wet granula t ion  equipment I called 

granulators  i are popular .  The  basic requirement among various design al ternat ives is 

to provide a shear envi ronment  to the powder being granula ted  while also providing 

a facility for the addi t ion of binding agent .  Following are a few popular  ones:

R o ta r y -D r u m  g ra n u la to r: It is a hollow cylindrical d ru m ,  part ial ly filled with 

particles,  in which rotat ion of the  d ru m  provides shear to the  particles.  The axis of 

rota t ion may be horizontal or inclined at a slight angle to the  horizontal .  Particles 

are lifted along the walls ei ther  by friction or by vanes a t ta ch e d  to the  walls and fall 

down from a height which can be control led by the rate of ro ta t ion .  Binder is usually 

sprayed on to the falling cur ta in  of particles.  The  m agn i tude  of shear impar ted  to
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the powder  in this design is low.

F lu id -B e d  g ra n u la to r : As the  name suggests, particles in this granula tor  are con­

tained inside a fluidized bed. T h e  flow behavior of particles inside the bed. governed 

by the  fluidizing air flow and the  nature  of part icles,  governs the  amount of shear. 

Binder is usually sprayed from the  top of the bed.  T h e  magn i tude  of shear obta ined 

in this kind of equipment can vary from low fin a bed opera t ing  near min imum bub­

bling condit ions i to moderately high (in a vigorously bubbling bed). An additional  

advantage of the  Fluid-Bed granu la tor  is tha t  th e  agglomerates can be dried,  and if 

a subsequent  coating with a different substance is desired,  can also b e  c o a t e d  in the 

same appara tu s .

H ig h -S h e a r  M ix e r  g ra n u la to r : Particles here are conta ined inside a pan-like vessel 

which is equ ipped  with a ro ta t ing  impeller to im par t  shear forces. The arrangement 

is s imilar  to the mixing devices used for mixing fluids. The  binder is introduced at 

the top of the  powder  bed. The  magnitude  of shear  ob ta ined  with this kind of device 

is qu it e  high.  The  quali ty of agglomeration achieved with this appara tus  is good, 

but the  large shear forces also lead to large genera t ion of heat  in the powder mass 

and hence this appa ra tu s  cannot  be used to granula te  powders which are sensitive to. 

a n d / o r  degrade  with.  heat.

A commercial  granula tor  can also be a hybr id  of the  above mentioned types such 

as the  one in which a rotat ing impeller  is present  in a bed of fluidized particles 

(W atano  et  al. (1997)). In o the r  designs an impeller  blade is present  inside a rotat ing 

d rum ,  while in yet  others, part icles in a ro ta t ing  d ru m  are kept in a  fluidized state.  

The  design may also be of an entirely different kind such as the  "Jet granulator" 

(Hogekamp et al. (1996)) in which there are no mechanical  parts  and  an air jet
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im par ts  shear forces to the particles.

1.3 P a st w et g ra n u la tio n  m o d e llin g

Early a t t e m p t s  at modelling granula t ion process were based on popula t ion  balance 

techniques, and followed an approach similar  to tha t  taken in modell ing coagulation 

of aerosols I R am abhad ran  I 1975 l ). T h e  central  element in this modell ing technique is 

the populat ion balance equation,  which is a generalized differential balance  equation 

over t ime and spatial  coordinates of particle  propert ies  such as their size i Hulburt 

and Katz f 1994 m . This equat ion  can be applied in general to model  any process 

involving change in particle propert ies  with respect to 'Ome coordinates ,  and it.' 

solution in principle provides a complete description of the process. In practice, 

however, this proves to be difficult because the equation involves some unknown 

functions of the coordinates and the particle propert ies  i the birth and d ea th  function?, 

which in the case of granulat ion are the growth and breakage functions i. The  torm oi 

these functions is not provided by the  theory,  instead their na tu re  depends  upon the 

phenomenon at micro-level lin granulat ion ,  the physics of agglomera te  coalescence 

and breakagei.  Apart  from some very simple and idealized process, the na ture  ot 

these unknown functions can at best be guessed from a regression analysis  ot the 

exper imenta l  da ta .  Though still a very powerful and versatile one. the technique 

would classifv more as a regression techn ique ra ther  than  one which arises trom a 

fundamenta l  invest igat ion of the process. In the present work we have not considered 

modell ing based on populat ion balance techniques.

A model that  focused on the fundamenta l  physics of granula t ion  process was 

proposed first by Ennis et al. (1991). T h e  model  evolved out  of the  research in 

agglomeration in high tem p era tu re  fluidized beds (C'ompo (19S9)). a n d  rests on an 

evaluation of the condit ions required for a successful coalescence of two wet.  colliding 

agglomerates. The  tendency  towards coalescence was es t imated by th e  m agn i tude  of 

a dimensionless param ete r  called the Stokes number.  S t .  This represents  the  ratio of
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the relative kinetic energy of approach between  two colliding agglomerates which are 

wet on their  ou te r  surface, to the viscous dissipat ion occurring in the liquid bridge 

formed between them,  and was defined as:

9fl

where is the densi ty of the colliding agglomerates.  l \ . i  is the relative velocity of 

approach between them. d„ is the d iam ete r  of the colliding agglomerates and fi if 

the viscosity of the  liquid binder which wets the  surface of the const i tuent particles. 

At low values of >7. the colliding agglomerates tend to coalesce and at high values 

of >7 they tend to rebound at their  ou te r  surface. The value ot >7 at which these 

two tendencies are exactly balanced was te rm ed  as the critical Stokes number.  St".  

This critical num ber  was shown to be a cons tant  paramete r  for a given system, and 

was also evaluated analytically as: St "  =  t 1 — 1/ t  l ln i /?//), i. where c is the coefficient 

of res t i tut ion of the const i tuent particles,  h is an es t imate  of the thickness of the 

wet layer over the  surface of particles, and h.. is a measure ol the magnitude  ot t he 

asperit ies  present  on the surface of particles.

According to the above analysis, the s teady  s ta te  size of agglomerates in a given 

granulat ing  system can be es t imated by equa t ing  the  Stokes number  of the system to 

its critical value. The  model was suppor ted  by fluidized bed granulation exper iments  

of Ennis et al. ( 1991). Subsequently it has also been found suitable for a qual i ta t ive 

descript ion of an  agglomeration process in a d ru m  granulator  as well as in a high- 

shear mixer (Schaefer (1997)). At the same t ime the approach has been criticized 

because of  its overly simplistic view of the  n a tu re  of process. A main drawback is 

tha t  the  model  views the colliding agglomerates as rigid, non-deformable enti ties,  and 

proper ty changes only due to coalescence are considered while an equally im por tan t  

phenomenon  of agglomerate breakup is glossed over. Agglomerate b reakup is now 

regarded to be one of the main phenomenon  influencing the steady s ta te  propert ies
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of the agglomerates (Simons (1996)).  It has not been widely researched because by 

its very na tu re  it is also quite  an unpredic tab le  phenomenon,  not easily analyzed by 

conventional analyt ica l  tools. In the  next section we develop a simple model  of the 

wet granulat ion process, which puts  the above model in perspective while at the same 

t ime also a t t e m p t s  to incorporate the  effect of agglomerate breakup.

1.4 A  m o d e l in co rp o ra tin g  a g g lo m era te  b rea k u p

Growtl

Breakup

i a.) (b.)

Figure 1.1: An idealized wet granulat ion experiment in which identical condit ions 

th roughout the  domain  lead to a cons tant  agglomerate size. At equil ibrium, this size 

is de termined  by relative magnitudes  of the growth and breakup  forces.

Consider wet granu la t ion in a uniform shear envi ronment of a monodisperse powder 

of a constant  initial part icle  size dP. Further  assume these particles to be spherical 

and coated on their  ou te r  surface with  a binder layer of cons tant  thickness h.  In this 

envi ronm ent the  powder would undergo first an agglomeration of individual  part icles,  

forming doublets ,  t r iplets  etc..  and subsequently a further  growth in agglomerate size 

due  to in ter-agglomera te coalescence. As the agglomerates grow, at some point the
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system would also start  exhibit ing  agglomerate breakup  due to an increase in iner­

tial forces result ing from the  increased size of the  shearing agglomerates. The relative 

m agn i tude  of these two forces (coalescence versus breakup l. would determine the final 

equil ibr ium agglomerate size. The  s i tuat ion  is depicted  schematically in Figure 1. 1. 

Since the  individual particles are identical,  having identical surface-wett ing character ­

istics. and  being exposed to identical condit ions of shear, the result ing agglomerates 

would also be identical because of the identical conditions prevailing during their 

formation,  growth and breakup.  We hence assume that the result ing agglomerates 

at equ il ibrium carry identical propert ies  like size, shape and density. These steady 

s ta t e  propert ies  are a function only of the relative magni tude  of growth and breakup 

forces. In order to quant ify  the  na ture  of these forces, we identify three main kinds 

of energies associated with the shearing agglomerates in the present system:

1. Kinetic  energy possessed by the  shearing agglomerates. £ \ .

Energv dissipat ion required in the wet layer for two colliding agglomerates Tu 

coalesce. E-.

3. Energy required to deform and break the agglomerates by shearing them at the 

prevailing shear rate.

( ’nder the  assumption tha t  these energies act independently,  some est imates can 

be m ade  about  their  nature.  For an es t imate  of E l.-, we identify the properties that 

character ize the  kinetic energy of flowing agglomerates. These are the agglomerate 

d iam ete r  e/,. the agglomerate dens i ty p , .  and the shear rate The only combina­

tion of these quant i t ies  tha t  could yield an energy te rm is thus leading to a

following form for Ek-

Ek=C\  p* r d \  11 . 2 )

where  C \ is a  dimensionless cons tant .  For an es t imate  of E.: . consider the dissipat ion
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tha t  occurs when two surface-wet particles collide. Ennis et al. 11991) present an 

approx im ate  solution for this dissipat ion for a given relative velocity of approach 

between two particles before collision. A characterist ic value of i in the

present system is *;r / , . The following form for E.: then follows from their  analysis:

£ ,  =  C j ft -■ <I\ i 1 -3 >

where C;  is a dimensionless constant .  The  above expression is based on the assump­

tion tha t  the dissipation occurring in the wet layer is ent irely viscous in na ture and 

tha t  surface tension effects play a negligible role. This is proven by Ennis et al. i 1990) 

to be a justified assumption under most pract ical  conditions. For an es t imate ot 

consider  the rate of energy input required to make the agglomera te  flow at a shear 

rate of This rate of energy per unit volume is proportional  to n  - > *• (stress times 

strain i. where n - . i  represents the shear-stress response ot the agglomerate.  The en­

ergy required to make the agglomerates flow at 'h e a r  rates ot * for times >cales id 

* is thus proportional to cl -*• i </T We assume tha t  the agglomera te  will break if it 

deforms an 'appreciable" rate over t ime scales which are typical in the present system. 

The t ime scales in the present system are ot the order *--1 . An 'apprec iable  rate of 

deformation is thus aiso considered as one which occurs as a result of flow with a 

shear rate of *•. This leads to a following form for the energy required to deform and 

break the agglomerate:

Eh, = C \  r  ( ) d t  11-4)

where C 3 is a dimensionless constant .

The rat io E'Kj E c gives an es t imate  of the  magnitude  of growth  forces. \  alues of 

this rat io of less than  1 imply tha t  the agglomera te  tend to coalesce after  a collision 

and grow whereas values of greater  than  1 imply tha t  they tend  to bounce back at

R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.



their  surface after  a collision and stop growing. Similarly the rat io Ek/ Eh gives an 

es t imate of the magn i tude  of the  breakup forces. Values of this ratio of less then 

1 imply tha t  the agglomerates survive breakage due to shearing forces, while values 

greater  than 1 imply tha t  the shearing forces result in their  breakage. These two 

ratios. £ ; • /£ -  and Ek / Eb -  can be wri t ten  from the above equat ions  as:

£** $ t .
£,. 5 / :  '

£ *■ 1 • ̂  ' i .
 « _  -!-■> _  -S  ̂ I I (1 |
£« ”  9-  S t : ̂ i

The  numera to r  in the  expression for £ ; - / £ -  represents  the  ratio of inertial forces in 

the flow to the dissipat ive ones in the wet layer, and is te rmed as the coalescence 

Stokes number.  >7.. T h e  numera to r  in the expression for E K Eh represents the ratio 

of inertial forces in the flow inducing the breakage of agglomerates to the ones resisting 

it. and is te rmed as the  breakage Stokes number.  Sth.  The  ratios C’j /V ’i and C-j/Ci are 

dimensionless numbers  which depend upon system propert ies  like the solid fraction 

and the binder relat ive saturat ion (which determines the wett ing  layer thickness!,  

and which are assumed to be constants  for a given system. The value of >7. when 

Eic and £,. exactly balance each o the r  is deno ted by ( the critical Stokes number 

for agglomerate coalescence), and hence S t :  is equal  to C \ j C \ .  Similarly the value of 

Sth when E-K and Eh exactly balance each o ther  is deno ted by S t l  ( the critical Stokes 

number  for agglomerate breakage), and hence it is equal  to L \ j C \ .  For a given 

granulat ion system opera t ing under  condit ions of cons tant  shear,  the dependence of 

the  ratios E k j E c and  E k / E b  on the  size of agglomerates da as obta ined  from the above 

equations is shown in Figures 1.2 and 1.3. Figure 1.2 considers the case when the 

curve for E k / E c lies above the one for E k / E b  and Figure 1.3 considers the case when 

it lies below.

Consider what  happens  in Figures 1.2 and  1.3 as we start  granulat ing a powder.
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Figure 1.2: The  dependence  of E.:: E,  and E k / E h  on <L, tor the case when E.: E > 

E.  E . . Arrows on the curve represent a drift from an uns table  opera t ion  to a s table 

one.

E;_
Eh

( I  t. ~

E

d:

Figure 1.3: The dependence of E k / E c and Ek!Et,  on d̂ , for the case when E k / E ,  <  

Ek/Eh.  Arrows on the curve represent a drift from an unstable operation to a stable 

one.
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progressing from a very low value of d„ iclose to dp ) to a higher one. At low values 

of d 2. Ek!E-_ C l .  Tn o the r  words, kinetic energy supplied to the agglomerates by the 

flow is less tha n  what  can be dissipated during a collision. Hence they coalesce and 

result in a higher value of c/a . The  process continues unti l Ek  >  E,-. when tendencies 

towards fu r ther  growth disappear .  If some agglomerates grow to an extent  such that 

they find themselves  in a region where E^-'E* > 1. they break apart  result ing in a 

lower value of d It is these compet ing effects of growth and breaking tha t  make the 

system drift towards  a s teady  s ta t e  value of The part  of the curve where a value 

of (/... is uns tab le  is marked  by arrow=. The  direction of arrows represent the direction 

of drift towards a s tab le  operat ion .  If </., increases very gradually from the start of 

the opera t ion,  the  sys tem will find a s teady ' t a t e  in Figure 1.2 at </' and in Figure

1.2 at d'  . If th e  progression is not very gradual however,  one would expect  a spread 

in sizes towards <71, in the  first case and towards d~ in the  other.

Another  conclusion tha t  can be drawn from the  above  analysis is that it the 

s ranu la t in s  svs tem opera tes  at conditions where the  size is mainly determined by 

a limitat ion on coalescence,  as in Figure L.2. the s teady s ta te  agglomerate size. d";. 

can he found by equa t ing  87 to .87". and when the size is mainly de termined by a 

l imitation on breakage,  as in Figure 1.2. d\ can be found by equat ing Et* to Ef ' .  

Since E t m and 8 7 '  are cons tants  for a given powder-binder system, the above can be 

expressed as:

For granula t ion occurr ing under a coalescence l imitat ion:

p.. ■; d~ ~
Et  - =  —1----------=  Cons tant  ( I.< i

and for granu la t ion  occurring  under a breakage l imitation:

*" dml
5fj, =  a =  Cons tan t .  (1.8)

A cons t i tu t ive  relat ion for "(*■). relating it to is needed in order to find the 

dependence of «, on y. T h e  agglomerates are essential ly concentrated  suspensions
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of particles in the  binder fluid. L'nder most pract ical s i tuations,  such suspensions 

follow a general Herschel-Bulkiey type flow model (Adams et al. ( 1993)):

-( | =  -  k  -A '1.9)

where is the yield stress, k  is the shear flow consistency and n is known as the -Tear 

flow index. Contr ibut ion of the yield stress usually becomes im por tan t  when the 

particle size approaches the colloidal limit (about  1 / /mi.  the part icle volume traction 

approaches the m ax im um  limit, or as the shear rate approaches zero i Turian et al. 

' 1 9 9 2 In the present discussion we assume tha t  none of the above requirements 

are met. so that  the  contr ibution of the yield stress in the Herschel-Bulkiey mode! 

can be neglected. The stress r( -• i under these conditions becomes ( nder the

assumption of uniform agglomerate properties (like their  density i. k  can be taken 

as a constant . Hence for granulating systems operat ing under identical conditions 

except for the imposed shear rate,  equations 1.7 and l . s imply tha t  * </■' =  ( onstant 

for granulation occurring under a coalescence limitat ion, and =  Constant

for granulation occurring under a breakage limitat ion.  These two expressions can be 

rewrit ten as:

For granulation occurring under a coalescence limitation:

logi <7") =  — -log( *• ) — Constant  ' 1. 1U >

and for granulat ion occurring under a breakage limitation:

log(</‘ ) =  — ( 1 — ^  ) l o g (-■ ' -f Cons tan t  (1.11)

A logari thmic plot of versus 7 hence predicts a straight  line of slope —(1/2) for 

a coalescence l imited granulat ion and a slope of —(1 — n / 2 )  for a breakage limited 

granulation.
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granulator 1
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granulator 2~ -  - o -

-  - e -  -  _

.210' 110

granulator 3
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Figure 1.4: A log-log plot of da i / ;mi versus the impeller  rotat ion speed .V (rev., sec. i 

for the  experimental  da ta  of Watano et al. (1997) for three different types of fluid-bed 

high-shear mixer type  granulators.  T h e  symbols ■*'. 'o'  and V  represent the three 

different da ta  sets, each of which was obta ined  by changing .V only.
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In order to test  the  above analysis,  da ta  of YYatano et al. t 1997) is compared  to 

the  prediction of the model. These authors have carr ied out  granula t ions  of a p h a r ­

maceutica l  s tandard  formulat ion (average dp = 45 / /ml in fluid-bed high-shear mixer 

type  granulators  of th ree  different dimensions.  For each granula tor ,  their  exper im en­

tal results contain sets of da ta  points for agglomera te  sizes d.t ob ta ined  for different 

impeller  rotat ion speeds .V. rest of the conditions being identical for a par t icu la r  set. 

For a given granula tor .  .V should be proport ional  to the  imposed shear ra te  *■. hence 

replacing *• by .Y in equat ions 1.10 and 1.11 should affect only the  constant  te rm  and 

a log-log representat ion of </., versus A for a par t i cu la r  da t a  set should result in a 

s traight  line. Figure 1.4. which is a log-log represen ta t ion of the ir  set of da ta  points 

of d.. versus .V. suppor ts  this conclusion. A da ta  set is fit ted to an equat ion of the 

tv pe  log(d : i =  ni logi.Yj — c where d.. is measured in / /m and A’ in revolutions per  

sec. Table 1.1 gives the  values of m  and r  obta ined  for different da ta  sets.

Table 1.1: Values of m  and c obta ined  by fitting the  da t a  sets in Figure 1.4 to the 

equat ion  lo2 (</.: ! =  rn log! A I — c

Data  Set Granula to r  1 G ranula to r  2 G ranu la to r  3

m c m c m c

1 l - ' l - 0 .3 0 2.67 -0 .3 9 2.60 - 0 . 2 3 2.47

2 ( ' o ’ l - 0 .2 4 2.66 -0 .3 4 2.67 - 0.22 2.49

3 f 'x ' ) - 0 .3 0 2.66 -0 .2 5 2.66 - 0 . 1 6 2.50

The  values of m  in Table 1.1 when compared with  the  expressions for slope in 

Equat ions  1.10 and 1.11 indicate tha t  the granula t ion belongs to the  breakage limited 

case. An average value of m ob ta ined  from Table 1.1 is —0.27. This  gives a value of the 

shear flow index n f rom Equa t ion  1.11 as 1.46. which indicates tha t  the  agglomerates 

behave as shear thickening.  Concent ra ted  suspensions of part icles may behave in this 

fashion (Macosko (1993)).  and  the  value of n can also be in this range.  An im por tan t  

conclusion is th a t  bo th  the slope, m. and the coefficient, c. take  approx im ate ly  the
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same value for granula tors  of different size opera ted  under different conditions.  This 

indicates th a t  the  above analysis is well sui ted  not only for characterizing a given 

granulat ion system but  also for a scale-up of the underlying equipment.

So far we have  been able to dem ons t ra te  the  validity of our proposed model  by 

compar ing  it to an exper imenta l  d a ta  set. In order to use it as a self consistent model  

of granu la t ion we would need to find the dependence  of .>7" on system properties.  

It was no ted  earl ier  tha t  St~  depends  upon constant  system properties such as the 

solid fraction and  binder relat ive sa tu ra t ion ,  and th a t  the dependence of on them  

arises from the  physics of deformat ion  and breakup of individual agglomerates.  In an 

a t tem pt  to eva lua te  this dependence ,  we analyze  in next chapter the phenomenon  of 

' h e a r  induced deformation and breakup of wet agglomerates.
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C hapter 2 

Stab ility  o f w et agglom erates in a 

shearing m edium

As was noted in the previous chapter ,  the model of wet granula t ion  tha t  we devel­

oped can be made complete an d  self consistent if one can rela te the  deformation and 

breakup characteristics of individual  agglomerates to a p a ram ete r  such as the break­

age Stokes number.  St , .  The deformation and breakage of agglomerates  in this model 

results from their interact ion with the surrounding,  identical shearing wet agglomer­

ates. This system is somewhat difficult to s tudy in pract ice because an agglomerate 

is part of a system containing numerous objects which are identical to it. and also 

because it is present in a dynam ic  environment in which a rap id  coalescence and 

fragmentat ion of these enti ties  is occurring.  Due to these reasons it becomes difficult 

to s tudy the behavior of an individual  agglomerate in isolation. The  difficulties can 

be overcome to a large ex ten t  however in a somewhat re la ted  sett ing,  in which an 

individual agglomerate is su r rounded  not by other  identical wet agglomerates,  but by 

a dry granular  material.  An agglomerate can then be easily identified as a separate 

enti ty until its point of breakup  into smaller  pieces, while an added  advantage  is that 

the  flow of surrounding granula r  materia l  is also much easier  to  control.  This chap­

ter  is devoted to a careful s tudy  of this problem. We begin by first formulat ing the
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problem and identifying the dimensionless parameters .  Subsequently we present the 

analysis by means  of computer  s imulat ions and experiments.

2.1 P r o b le m  form u la tion

MBB|
B H
■ ■
n 1 1 1 1 1

Fisure 2.1: A wet agglomerate in a granular  m ed ium  which is (a.) s ta t ionary  and 

i b. i sheared. T h e  spherical wet agglomerate in part la.) deforms by stretching in 

part i b. i.

The problem t h a t  we seek to analyze is depicted  schematical ly in Figure 2.1. An 

initially spherical wet agglomerate in a s ta t ionary  granular med ium  (Figure 2.1la. i) . 

s tar ts deforming by stretching when the surrounding granular medium is sheared 

(Figure 2.1(b.)).  This behavior has been observed during exper iments  (see section 

2.4). where a shear  field of granular  solids is crea ted  in a fluidized bed C’oue t te  device, 

and the response of wet agglomerates in this shearing granular  m edium  is studied.  

Experimental  results  indicate th a t  if the  degree of deformation exceeds a part icular  

limit, wet agglomerates  become susceptible to breakage. The degree of deformation 

depends on sys tem  param eters  such as the  propert ies  of the wet agglomerate,  those 

of the granular  m e d iu m  and upon the imposed shear rate. In this chap ter  we aim to 

evaluate this dependence  by means of a  com puter  s imulat ion model,  and subsequently 

compare the results  with those obta ined  from experiments.
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The force inducing deformation of the  agglomerate in Figure 2.1 is the inertial 

force due to the surrounding granula r  medium. The  force resisting its deformation 

is the  viscous drag opposing the movement of individual part icles in it. The rat io of 

these two forces (inducing to resisting) can be expected to govern the  dynamics  of 

deformation of the agglomerate.  Tendency towards deformation (and hence breakage) 

should be large for large values of this rat io and vice versa. The  ratio of  part icle  inert ia 

to the  viscous drag has been referred to in the l i terature as the  Stokes num ber  (Koch 

( 1900) ). We have hence te rm ed  the present  ratio as the deformat ion  Stokes number.  

>9y,/. which can be wri tten as:

P v X :<t ,v .. -  J J ■■■>'•

T h e  numera tor  in the above expression represents  the characteri s t ic  inert ial torce 

in the sur rounding  granular  medium,  where pP and ( 3 are part icle dens i ty and its 

characteri s t ic  velocitv. respectively. The  denominato r  represents  the  characteris t ic  

viscous force in the agglomerate,  induced as a result of a part icle moving relative 

to the interst it ial  fluid with a charac ter is t ic  velocity i'., in the Stokes flow regime, 

where p is the  viscosity of the interst i t ial  fluid and dPi is the d iam ete r  of a particle 

within the agglomerate phase. If *• is the imposed shear rate,  a characteri s t ic  particle 

velocity in the agglomerate phase is dPi~:. while tha t  in the granula r  phase is d P . 

where d F is the d iamete r  of a part icle within the granular  phase. T h e  expression for 

Et. i t r then simplifies to:

Pp?
S t , f j  =  (2.2)

P

As a measure  of the degree of deformation (by elongation) of the agg lomera te ,  we 

in t roduce  the  Elongation param ete r .  E.  defined as:
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where d0 is the  d iam ete r  of the original undeformed (spherical) agglomerate and 

/ the  majo r  axis of the  deformed one (F igure '2.1 i. The range  of experimentally 

observed values of E  lies between 1 (for zero deformation) and 1.5 ( for highly deformed 

agglomerates).  E  can be used as a measure of the agglomerate s tendency towards 

breakage. Low values of E  would imply a low tendency towards breakage and vice 

versa. The  ob jec t ive  of analyzing the present problem then reduces to correlating E  

with

The deformation  Stokes number.  S t ^ . j .  defined above is different from the break­

age Stokes number .  S’E-  int roduced in the  previous chapter.  Both  numbers represent 

the rat io of forces induc ing the deformat ion  and breakup of agglomerates i inertial 

forces) to ttie ones resisting it ( the viscous forces). They however represent  this ratio 

in two different set t ings .  The  deformat ion  Stokes number.  St . ir, f .  represents  this ratio 

for a case where an individual  agglomerate is surrounded by shearing dry particles, 

while the breakage Stokes number.  S t . .  represents  it for a case when the surrounding 

medium is composed  of identical shearing wet agglomerates.  The  manner  in which 

viscous resistance is cap tured  in the two numbers is also different. Viscous forces in 

S t ^ f  represent  the  resistance offered to the  movement of individual  particles in the 

agglomerate and  assum e a Newtonian  type  flow behavior,  while in St? they represent 

the resistance offered to the  deformation of agglomerate as a whole and assume a 

power-law type  flow behavior.

2.2 T h e  c o m p u te r  s im u la tio n  m o d e l

A com puter  s imula t ion  model  is developed to analyze the  above problem. The model 

is based on the  d iscre te  element approach for s imulat ing flows of a granula r  material,  

and of a suspension of  particles.  T h e  two approaches,  applied separately in the gran­
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ular or the external  phase, and  th e  agglomerate or the interior  phase,  are discussed 

further  in the following two subsections.

2 .2 .1  G ranu lar p h a se

Particles in the granular  phase  are modeled as smooth rigid spheres ot uniform size. 

The  interstit ial fiuid is assumed to be of very low density and viscosity I such as air I. so 

tha t  it plays no significant part  in m o m en tu m  transfer. Part icle t rajec tories between 

successive collisions can then be approx im ated  by Newton s equat ion of motion. A 

computer  simulation of the flow of such particles computes tra jectories between two 

successive collisions and modifies th e m  appropr ia tely during a collision by satisfying 

the conservations of linear angular  m om en tum  and energy. The  inter-part icle in terac­

tions during a collision are usually characterized by two parameters:  the coefficient ot 

resti tut ion, f i the  ratio of approach  to recoil velocitiesi. and the coefficient of surface 

friction, v.  Both these param ete rs  are usually taken as constant  part icle properties .  

In the present s imulations the  only param ete r  of interest is ! c i. since the particles are 

considered to be smooth on the ir  ou te r  surface.

There are several such simulat ions in li terature.  Exist ing simulation techniques 

mainly differ from one ano the r  in the manner  they satisfy the conservation of lin­

ear angular  mom entum  and energy during a collision, and upon the definition of con­

ditions under which a collision is assumed to occur. These techniques can be broadly 

classified into three main  types (Hopkins i :  Louge (1990)): hard-part icle collision, 

soft-particle contact  and  hard-par t ic le  overlap models. The  hard-par t icle collision 

model assumes the part icles to be hard  spheres and hence a collision is assumed to 

occur instantly upon contact .  Dur ing  a collision the colliding part icle pair  undergoes 

an instantaneous change in its l inear /angula r  mom entum,  the change being a function 

of the coefficients of res t i tu t ion  and  surface friction. The  model  progresses in t ime 

by searching for the most  im m inen t  collision in the  system (the closest point  in t ime 

at which any two particles in th e  system jus t  touch),  moving the system to the point
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of this collision, and then executing the collision. In soft-particle contact  model the 

particles a re  modeled as deformable on their  ou te r  surface. The simulation proceeds 

by moving the  system ahead over small prede te rmined  time intervals af ter which the 

particles overlap slightly. The overlaps are in te rpre ted  as deformations and a repul­

sive force based on a spring and dashpot  model is generated.  The  properties  ot this 

model are chosen such tha t  the collision outcome is consistent with the chosen values 

of e and rr. The  hard-part icle overlap model combines the above two approaches by 

modeling part icles as rigid spheres while also allowing for an overlap.  The  simula­

tion proceeds over small time intervals, af ter  each one of which the  overlaps between 

particles a re  checked and a collision is executed whenever one is detected.  The time 

interval is kept low enough so tha t  on an average only a very t iny fraction (say l ' i  i 

of the part icle d iameter  is overlapped and the  system properties such as the stresses 

in flow become independent  of a fur ther  reduction in the t ime interval.  Each model 

is su i table  for s imulat ing flows in a part icu la r  densi ty range: hard-par t icle collision 

model in the  low density, soft-particle contact in the  high densi ty and hard-part icle 

overlap model  in the intermediate dens i ty range. In the current problem we deal with 

flows in the  in te rmedia te  density range and hence we have used the hard-part icle 

overlap model ,  developed by Hopkins ck: Louge (19901. in the present s imulations.

For com puta t iona l  efficiency we have simulated  the flow of spheres, the motion 

of which are restr icted to lie in a plane. While an idealization, this type  of flow has 

been regarded as a good approximation for three-dimensional  shear flows of granular  

materials  as well as tha t  of suspensions,  since the pair dis tr ibution functions in the 

two cases are expected not to differ significantly from one another (Bossis and Brady 

(1984)). Exper iments  with such systems,  involving granular  materia ls  (Aidanpaa  et 

al. (1996)) as well as suspensions (Bouillot et al. (1982)). have also been performed.  

This shows th a t  these type of flows are also pract ical ly realizable. T he  simulat ion do­

main along the  plane of particle movement is rec tangular  with horizontal  and vertical 

edge dimensions equal  to £ r and L y respectively. The domain is surrounded on all 

four sides by mirror  images as is shown in F igure  2.2. If image boxes at the  top are
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Figure 2.2: S imulat ion of a shear flow of particles in a domain  following a periodic 

boundary condit ion.  The image boxes mimic  the condit ions of s imulat ion domain.

moved in .r direct ion with a velocity v and  those at  the  b o t tom  moved in —.r direction 

with a velocity — e. the simulation domain  experiences a constant  shear rate equal 

to r / L.j. This  is a so called periodic boundary  condit ion and has been used widely 

for s imulat ing shear flow of a granular mate r ia l  (Wal ton Brown < 19S6i: Campbell  

(19S9): Hopkins Louge (1990)1. In addi t ion  for providing a means  of conserving 

particles in the  simulation domain ,  a periodic boundary  condit ion provides an ap­

proximation to simulat ing a domain which is a part  of an infinite region undergoing 

uniform shear flow.

For most  par t ,  the  present s imulat ion of granular  phase is s imilar  to tha t  of Hop­

kins Louge (1990). Table 2.1 is a compar ison of the d a t a  for the ir  s teady state 

stresses in th e  flow with tha t  in the present s imula t ion  in the  absence of an agglomer­

ate. Good agreement with  the ir  da ta  (with in  59c in most  cases) is observed.  The  da ta  

corresponds to  the  simulat ion of smooth  spherical two dimensional  disks of uniform 

size in a square domain  with an edge dimens ion  equal  to  I .  T h e  le t te r  u in Table
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Fable 2.1: A compar ison of the da t a  for stresses in flow in present s imulat ions in 

absence of an agglomerate with those in Hopkins iL_ Louge i 1200!.

C o nd i t i o n s Kinetic Stresses

H o p k i n s  £' L oug e

L , c L T* } r,„ T! i o j  =  ~2: 2 -
r

o.:> 0.9 1.605 —0.420 1.374 1.673 —*). 4 11 1 3S1

0.9 :■>:> 1.20 L —0.2(54 1.119 177 _> —0.262 1.141

0.6 0.9 *3 1.222 —0.222 1 166 1.361 -0 .2 2 2 1.196

P re se n t  H im u l a t n

C o nd i t i o n s Col l is ional  Stresses
—

H o p k i n s  £ ’ Louge P r e s e n t  . s i m u l a t i o n s

i/ f L /  d P r- • _ r- ■ T;-. =  -•••
--

0.3 0.9 S3 1.522 —0.35S 1 447 1.576 - 0 . 3 7 9 1.496

0.5 0.9 S3 3.500 - 0 . 9 7 3 3.415 3.664 - 1 . 012 3 .5 6 7

0.6 0 9 S3 6 .352 - 1 . S 2 9 6.233 6.759 - 1 . 9 5 1 6 .648

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



24

2.L denotes the solid fraction,  e the coefficient of rest i tut ion,  and L ; d P the ratio of 

the edge dimension L to the particle d iamete r  dp. The  upper  half of the table is a 

comparison for the kinetic component  of the stress tensor. t k . which represents the 

mom entum transfer  due to the motion of part icles between collisions, and the lower 

one is a comparison for the collisional component ,  t  ... which represents  the momen­

tum transfer  due to inter-particle collisions. T h e  overall stress tensor,  r .  is equal to 

t  t  For details on computat ions  of r;. and r  - in the simulat ion model and for a 

further  elaborat ion on the  simulation in the granula r  phase, the reference is made to 

Hopkins .k: Louge (1990 ).

2 .2 .2  A g g lo m e r a te  p h ase

In t he present work a "wet agglomerate" phase has been in troduced in the center  ot t he 

simulation domain.  In this phase the interst it ial  fluid is relatively dense and viscous 

i such as water  or an organic binder fluid used in industr ial  granulat ion  operat ions).  

The cont r ibution of the  interstit ial fluid in m o m e n tu m  transfer  cannot be ignored 

now. The  result ing part icle movement can be modeled by an approach known as 

Stokesian Dynamics i Brady i ;  Bossis t I9SS t ). In its most general form the particle 

motion in a fluid is modeled by the Langevin equation:

where m  is the generalized mass /moment-of- iner t ia  ma trix .  U  is the part icle velocity 

vector. F h  is a vector of hydrodynamic  force exer ted  on particles due to the ir  motion 

relative to the  fluid. F p is the vector of determinist ic  nonhydrodynamic  forces which 

may be interpart icle ( F / ) or external  ( F £ ). and  F B is the  vector  of the stochastic 

forces tha t  give rise to Brownian motion.  For a suspension of particles of size greater  

than a micron in ordinary fluids such as water  or air under  normal conditions of 

tempera tu re  and pressure.  F fl provides a negligible correct ion to part icle velocity in
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equation 2.4. U n d e r  the  assumpt ion tha t  the cont r ibution of F B is negligible, that the 

external forces such  as gravity are absent  and tha t  all particles are identical,  spherical 

and smooth  on the i r  oute r  surface, the above equat ion reduces to:

dU
' p~dt

= F H

where m ? is the  par t i c le  mass and F ; represents the interact ion forces between part i­

cles. We model t h e  inter-part icle interact ions in the  same manner  as in the granular 

phase, i.e.. the par t icles are taken as hard spheres having a constant  coefficient of 

resti tut ion which interact impulsively during a collision. Hence the particle motion 

bf tu' f t n  collisions follows the equation:

dU
m . , 

dt

Two im por tan t  dimensionless parameters  can be identified in the agglomerate 

phase. The par t icle Reynolds number  [ R t p \ is the rat io of fluid inert ia to drag force 

due to the par t i c le  motion:

Or (I I ., Of, d2 ~
R t „  =  -Ia - - =  12 . .  i

where p fii is the  interst i t ial  fluid densi ty in the agglomera te  and the characterist ic 

particle velocity in the  agglomerate phase.  T.,. is again taken as d p^- .  The  particle 

Stokes number  ( S t p ) is the rat io of part icle inertia to the  drag force experienced by 

it and hence can be expressed as:

  P p <! a   Ppa d pa !

l p _  P l \ / d p
=  a =  Pa Pa 1 (° 'S)

Stp is thus s imply related to R e p as: S t p =  {pPaj p f a) R e p. and to the deformation
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Stokes number.  > ' /* / .  defined in equation 2.2 as: $ t p =  i Ppn(fla/ Ppg^ i  -it/- If the 

particles in the granular  and  agglomerate phase are identical.  S t P is equal  to S t ^ j .

If R e p <C 1. the  hydrodynamic force induced by the  part icles on the fluid. —F w. is 

re la ted  to the  part icle velocity U  by the  following linear  relat ion (Happel  and Brenner 

( 1973']):

- F h  =  R l x f i U - U " )  (2.9)

where is the fluid velocity in the  absence of particles (and is equal  to zero in

the present  case], and R  is the resistance matr ix ,  which depends only on the particle 

configurat ion x. T h e  Langevin equat ion 2.6 then reduces to:

.S’/,. ^  ■1 * =  -  1SR( x  )U( /) *2.10 i
f dt

where the  hats  represent non-dimensional  variables. Here U  is non dimensionalized 

by - ilp i . t by * _I and the resistance matr ix .  R .  by the  d rag  factor 3rr/n/. ,. We wish 

to model  the  part icle movement in the  agglomerate by the  above-equation expressed 

in a finite difference form. If the t ime step of integrat ion is kept small enough.  R  

can be app rox im ated  by the identi ty matr ix  I  since R  is computed  as a function ot

the  part icle configurat ion x  at each step (Ichiki <k: Hayakawa (1995)). I nder this

approx im at ion  the  above equat ion simplifies to:

U ( / )  =  U (0)exp  (2.11)

From th e  above  equat ion  it is apparent  tha t  $ t P is an im por tan t  p a r am e te r  governing 

th e  dynamics  of part icle  movement in the  agglomerate.  W'hen particles come very 

close to one another ,  short range lubrication forces become im por tan t  and  th e  present 

scal ing of R  breaks down. The  present s imulat ion does not capture  this effect and
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neglects the presence of the  lubrication forces. However,  as an approximat ion,  we have 

taken the coefficient of rest i tut ion in the  agglomerate phase as zero in an a t tem p t  to 

incorporate the effect of relatively large lubricat ion forces.

Since the agg lomera te  phase is freely suspended in the granular phase, the ag­

glomerate as a whole will t ranslate and  rotate rela t ive to the granular  phase. The 

part icle velocitv vector  in the agglomerate phase with  respect to a fixed reterence 

frame is thus:

U  =  U-4 - U fi '2.12)

where U 4 is the  velocity of the agglomerate as a whole with respect to the fixed 

reference frame and  U ft is the particle velocity in th e  agglomerate with respect to a 

reference frame fixed to the agglomerate.  It is t h a t  cont r ibutes to the Stokesian 

Dynamics calculations. The agglomerate velocity. U 4 . can be computed trom the 

force/ torque  ba lance on the agglomerate. It can be wri t ten  as: U 4 =  — L ^ .

where is the trans la t iona l  and is the ro ta t ional  component .  The  translational 

component .  U j .  can  be evaluated by considering th e  force balance:

(IJS j  s r
m, , —— — 

dt
=  i 2.12)

where m a is the  mass  of the agglomerate and can  be es t imated  by modeling the 

agglomera te  as having  no interstit ial fluid and having particles possessing an "effective 

enhanced  mass".  m p. due  to the presence of in ters t i t ial  fluid. rhp can be es t imated 

as:

m p =  ^1 +  —  ^  - j j m p = 3 m p (2.14)

where ua is the  solid fract ion in the  agglomerate an d  3  is called as the  mass en ­
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hancement factor. The  agglomerate mass. m„.  is then equal  to A\ r h P. where A. 

is the total  number  of particles in the agglomerate.  The  ro ta t ional  component of 

agglomerate velocity. U ^ .  can be evaluated by considering th e  to rque balance:

/ . ^ E r . x F "  ,2.13,

where /,  is the moment of inert ia,  u j  the angular  velocity and r, the  position vector 

with respect to the center  of mass of the agglomerate,  and x denotes the vector cross 

product .  The  moment of inert ia of agglomerate.  / , .  can be es t im a ted  as:

/ i  =  r i r . - r , ) 1 2. lb i

The rotat ional  component  of agglomerate velocity. U ^ .  can then be computed as 

u; x r,.

We now examine  the effect of surface tension forces experienced  by the particles 

at the ou te r  surface of  the agglomerate.  Such forces, if significant,  would rend to 

influence the deformed s ta te  of the agglomerate even when the forces inducing its 

deformation are absent  (as in the case of a liquid drop which tries to regain its 

original spherical shape  as soon as the forces inducing its de fo rmation  cease to exist i. 

However, s imple labora to ry  experiments show tha t  a deformed wet agglomerate has 

no tendency to al te r  its s ta t e  in the  absence of forces induc ing its deformation.  We 

hence conclude th a t  surface tension forces do not play a significant role in governing 

the dynamics of part icle  movement in the agglomerate and hence have neglected their 

effect in the present  s imulat ion.

We now exam ine  the  assumption  R t p <C 1 by making an e s t im a te  of its highest 

possible order of magn i tude  under  pract ical conditions.  A typical  high end shear 

rate  employed in a granula t ion appara tus  is of the order 10" sec.- 1 . Taking an ap­

proximation of the  largest part icle size of powders granu la ted  as 100 f i m and taking
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the  interst i t ial fluid to be on the low end on the viscosity scale, such as water  for 

example,  we es t imate  the value of R e p f rom equation 2.7 as 1. Most processes how­

ever. would employ lower shear rates, use binder fluids more viscous tha n  water  and 

granu la te  powders with a mean size of  less than  100 //m. Hence we conclude tha t  the 

assumption  R e F <C 1 would be met unde r  most  practical conditions.

2 .3  S im u la tio n  r e su lts

Table 2.2: Condit ions for s imulat ion corresponding to Figures 2.2. 2.4 and 2.7. Only 

input  pa ram ete r  changed in these figures is the deformation Stokes number.  > 0 . / .

Quan t i ty Value Com m ents

1 Horizontal edge dimension of the simulat ion domain

L, 1 Vertical edge  dimension of the simulation domain

•V 10.000 Number of part icles s imulated

I'.; O.bb Solid fract ion in the granular  phase

1'. 0.7S5 Solid frac t ion  in the agglomerate phase

t- .. 0.5 Coefficient of rest i tut ion in the granular phase

0.0 Coefficient of rest i tut ion in the agglomerate phase

a 2.0 Part icle to fluid density rat io in the agglomerate

<lp<i 0.009127 Diamete r  of particles in the granular  phase

(iPa 0.009127 Diameter  of particles in the agglomerate phase

da 0.20 Diameter  of the  agglomerate

f 0.02 Set point for av. fraction of particle dia. overlapped

P aram eters  chosen for the present s imula t ion ,  except for the deformation Stokes num ­

ber. S t j e f .  are given in Table 2.2. F igure  2.3 is a picture of the simulat ion domain  as it 

looks initially. Since particles are t aken  as spheres,  the  motion of which are restr icted
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to lie in a plane.  Figure 2.3 provides a view which is normal to the  plane containing 

these particles.  The dark colored part icles in the center  represent  the  agglomerate,  

while the  rest form the granular  phase.  Since particles in the granula r  and  agglomer­

at e  phases are taken as identical.  5’£* /  is equal to S t p. Initial solid fract ion (fraction 

of space occupied by solids in the plane containing the center  of particles)  in the 

agglomera te  phase is set at the m ax im u m  value which can be sheared homogeneously 

in two dimensions.  ~ / \  or 0.7S5 (Brady an d  Bossis (1985 li. This  high ini tial value is 

necessary to avoid an excessive "cap ture"  of particles from the granula r  phase during 

the  course of simulation.  Initial solid fract ion in the granular phase is taken  as 0.65. 

Initial part icle positions follow a regular square lat tice ar rangement and the  center ot 

ma.-s of the system coincides with the center  of the simulation domain .  Particle ve­

locities in the granular phase are ini tialized as the mean shear velocity superimposed 

on a small random component ,  in order  to ini t iate  collisions. Par t icle velocities in 

the agglomerate phase are initialized as zero. Initial particle velocities are readjusted 

slightly so tha t  the initial net m o m e n tu m  of the domain is zero.

Figure 2.3: Snaphot of the simulat ion dom a in  at zero dimensionless t ime  units for 

condit ions listed in Table 2.2.

As the  simulat ion is allowed to  proceed  in t ime the agglomerate phase moves
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relative to the granular  phase and at t imes tends to come close to. or worse, leave 

the boundary  of the domain.  Since the image boundary  condit ions str ictly hold only 

for a unidi rect ional  flow (as would be the  case in the  absence of the agglomerate) ,  

the agglomera te  must  be kept as close to the center  of the domain as possible so 

that  the  d is tu rbance  in the flow field crea ted by its presence is not felt strongly at 

the top and b o t tom  edges of the domain  and the flow close to these boundaries is 

close to being unidirect ional .  In the present s imulat ions the  center  of mass of the 

agglomerate is always kept at the center  of the domain by making small ad jus tments  

to the overall m o m e n tu m  of the domain  at each t ime  step. Such an ad jus tment at 

each step in effect am ounts  to moving the "window" of the domain (which is used 

to observe the  agglomera te  in a region of  infinite shear )  such tha t  the center  of mass 

of the agglomerate occupies the center  of the domain  and thus should not affect 

any stat is t ics  or o the r  results of the simulat ion except for the net m om entum  of the 

domain i which remains close to zero as a result of such an exercise i. This conclusion 

has been verified by means  of a few prel iminary simulat ions.

Figures 2.4 and 2.5 show the t ime evolution of the  domain  for cases when ■*; is 

equal to 0 .0 IS and 0.1S respectively. The  t ime in these figures is non-dimensionalized 

bv mul t iplying with the  shear rate.  In Figure 2.4. where is relatively low. the

agglomerate elongates very li ttle within 100 dimensionless t ime units.  An increase in 

St**.- bv an order of magni tude  in Figure 2.5. however, produces an appreciable defor­

mation within this t ime.  This  result is in good agreement  with experimenta l  results 

(see next section) where a s imilar pa t te rn  of increase in the degree of elongation of 

agglomerates within a given t ime was observed as S t ^ e f  of the  system was increased. 

The exper imenta l  results also indicated th a t  the deformed agglomerates become sus­

ceptible to breakage if the degree of elongation exceeds a par t icu la r  value. Breakup of 

agglomerates occurs because at high elongations some particles are held toge ther  only 

bv a few liquid bridges, which eventual ly  rup tu re  when st re tched  beyond a certain 

limit. C ap tu r in g  this in s imulat ion would require in t roduction  of an appropr ia te  rup­

ture d is tance  of  a liquid bridge connect ing  two particles,  and could be modeled based
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Figure 2.4: Snapshots  of the simulat ion domain  at (a.) 25. (b.) 50. (c.) 75 and  (d. 

100 dimensionless t ime units for condit ions listed in Table 2.2 and  S t ^ f  =  0.018.
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(a.) r  =  25 (b. I r  =  50

Figure 2.5: Snapshots  of the simulat ion dom a in  at  (a.) 25. (b.) 50. (c.) 75 and (d. 

100 dimensionless t ime units for conditions l isted in Table 2.2 and S t ^ j  =  0.1S.
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on an approach  such as tha t  described in Simons et ai. I 1994). T he  si tuat ion will 

be complica ted  however by the fact tha t  the domain will then contain wet particles 

which are not confined to within a single agglomerate phase.  The  present s imulat ion,  

hence,  does not incorporate the phenomenon of liquid bridge rup tu re ,  and does not 

cap tu re  the  phenomenon of agglomera te  breakup into smaller  pieces. However, by 

looking at the simulat ion domain,  one can crudely judge  if an agglomerate exists in 

a fractured state.  For example,  the  last case in Figure 2.5 suggests tha t  particles are 

chipped off at the two edges of the elongated agglomerate.

Figure 2.6 provides some insight into the mechanism of agglomerate deformation.  

Figure 2.6(a. i is a plot of the num ber  of rotat ions of the  agglomerate versus dimen- 

sionless t ime.  t~. i real t ime multipl ied by the shear rate!  for condit ions listed in Table

2.2 and .s7.Ie/  equal  to 0.016 ( the ro ta t ion  in the agglomerate is different from a pure 

solid body type  rotat ion since an elongatory  motion is s imultaneously present i. It can 

be concluded from this figure tha t  the agglomerate ro ta tes  s teadily with time,  com ­

pleting about  2 rotat ions in 150 dimensionless t ime units.  The rate of rotat ion shows 

a slight decrease with time, a phenomenon that can be unders tood by considering 

Figure 2.7. This  figure simply i l lustrates tha t  a pure shear is composed of one half 

pure vort ici ty and one half pure strain.  W hile a spherical agglomerate responds well 

to vorticity and rotates faster, an elongated one rotates slower and hence the decrease 

in the ro ta t ion rate  as t ime progresses or  as the agglomerate becomes more and more 

elongated.  Figure 2.6(b.) is a plot of the orientat ion of the  major axis (defined as the 

line joining the centers  of particle pair farthest away from one ano ther  in the agglom­

erate)  of the deformed agglomerate in degrees versus dimensionless t ime,  where the 

angle is measured from the positive x-direct ion in a counter-clockwise direction.  The  

orien tat ion  oscillates about  a  mean value of approxim ate ly  45 degrees, indicat ing tha t  

the elongated agglomerate tries to  align itself in the  direc t ion of the  straining com po­

nent  of the  shear field (Figure 2.7). The  nearly vert ical  ju m ps  in Figure 2.6(b.) can 

be a t t r ib u t e d  to the  sudden appearance  of a particle pai r  forming a new m ajo r  axis 

at  an or ienta t ion angle grea ter  t h a n  the current .  T h e  new major  axis between these
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Figure 2.6: (a.) N u m b er  of rotat ions of the  agglomerate,  (b.) Orien ta t ion of t 

majo r  axis of the deformed agglomerate and  (c.) Elongation param ete r  E  versus t 

dimensionless t ime.  t~. for condit ions listed in Table 2.2 and  equal  to 0.01S.
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Figure 2.7: A pure shear field is composed of one-half pure vortici ty and one-half 

pure strain.

particle pairs then rotates slightly with t ime ( indicated by the slanted portions ot the 

oscillations l. decreasing the orientat ion until the sudden appearance  of a new major 

axis. The period of oscillations also decreases with t ime indicat ing tha t  elongated 

agglomerates have a greater  tendency towards a sustained al ignment in the direction 

of ' t ra in  and a reduced tendency towards rotat ion than the more spherical ones: a 

conclusion tha t  was also arrived at previously from observations of Figure 2.bia. i. 

Figure 2.bi c . ) is a plot of the Elongation parameter  E  versus dimensionless t ime and 

shows that E  increases with time,  though not monotonically. The  points of discon­

tinuity in slope coincide exactly with the points ot sudden jum ps  in Figure J .blb. i .  

indicating tha t  these are caused by the appearance  of new part icle pairs forming the 

major axis. As the agglomerate ro tates,  the major axis first increases in magnitude,  

which corresponds to the increasing port ions of the plot in Figure 2.6(c.i and then 

decreases slightly, indicated by the decreasing portion.  This  decrease continues until 

the distance between another  part icle pair becomes large enough to become the new 

major axis. Over large t ime intervals £  increases with t ime and  the rate of elongation 

also increases, which again can be a t t r ib u ted  to an increased response of an elongated 

agglomerate to the straining component  of the shear field..

Figure 2.S is a plot of the Elongation parameter .  E.  versus S t ^ f  for condit ions 

listed in Table 2.2. and for different dimensionless t ime units.  Each curve  in Figure 

2.S is formed by joining 9 points ob ta ined  from several s imulat ion results.  Each point
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Figure 2.S: A plot of the Elongation param ete r .  E.  versus the deformation Stokes 

number.  S t dtJ. for the conditions listed in Table 2.2 and for different values of dimen- 

sionless t ime  units.
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is itself an average of three ob ta ined from different initial conditions.  This  averaging 

out over several points reduces the jagged na tu re  of the plot and makes it smoother  

since it in effect serves to reduce the  er ro r  in s imulat ion. E  is observed to increase 

with as expected,  for all times.  An interesting feature of Figure 2.8 is the

existence of two distinct regimes based on the  value of St ^, *  having relat ively low 

and  high characteris t ic  values of E.  We call the  value of E t ^ f  which separates  these 

two regimes,  as the critical deformation Stokes number.  Et' jf}-. The  m agn i tude  of 

Et~f ■ can be concluded from Figure 2.8 to be approxim ate ly  0.02. Since the ra te 

of elongation for regions above Et~i f i is significantly higher than  tha t  below, we can 

sav tha t  the  agglomerates possess a much higher tendency towards deformation iand 

breakage i if the value of Et, i f j  lies above Et ~r f . Thus Et],  .• can be regarded as an 

im por tan t  param ete r  characterizing the stabil i ty  of the agglomerate.  Which,  as seen 

from the  fieure. is also relatively insensit ive to variation in t ime for the  simulated 

dimensionless t ime ot 100 units.

We now explore the effect of changing the  agglomerate d iameter  relat ive to the 

par t icle d iam ete r  on the simulat ion results .  Figure 2.0 is a plot ot E  versus Etd- f  for 

condi t ions  listed in Table 2.2 and 100 dimensionless t ime units for different values ot 

the relat ive agglomerate diameters  (d a jcL, l. Each curve is again ob ta ined  by joining 

0 points  ob ta ined  from simulat ion results,  each point itself being an average ot three 

ob ta ined  from different initial condit ions.  T h e  curve for small agglomerates is a litt le 

jagged  since the error  in s imulat ion results  decreases with the number  of particles.  

.V. as l / ’v . V  (since the s tandard  devia t ion  of a collection of random variables decays 

with the  sample  size. .V. as 1 / \/TV) a n d  smal ler  agglomerates also contain fewer 

particles. T he  different values of (drl/ d p ) te sted  were 27.34. 21.91. 16.45 and  10.98. 

It is apparen t  from this figure tha t ,  for the  range of {da/ d p ) s imulated ,  the value 

of S t j c , is nearly insensit ive to variat ions in the relative agglomera te  size. i.e.. all 

agglomerates  make a transi t ion from the  low to high elongation regime at  nearly the  

sam e  value of the critical of approx im ate ly  0.02. However, for any given value

of S t j ' f .  agglomerates having lower relat ive  sizes possess a higher value of E .  In o ther
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Figure '2.9: A plot of the Elongation pa ram ete r .  £ .  versus the deformation Stokes 

number.  S t d t f . for conditions listed in Table 2.2 and 100 dimensionless t ime units  for 

different values of relative agglomerate d iamete rs  (da/ d p ).
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words, under similar condit ions smaller  agglomerates tend to be more uns tab le  than 

larger ones. This relat ive uns table  na tu re  of smaller  agglomerates might  explain the 

reason behind the difficulty in obtaining stable nuclei (small agglomerates)  during 

granulat ion (Pietsch (1996)).

2.4  E x p er im en ts

In order to test the  conclusions reached from simulat ion results,  exper iments  on de­

formation and breakup  of agglomerates were performed.  The  pr im ary  requirement 

for such an experimental  s tudy is a se tup in which a granular  mater ia l  can flow in a 

manner  closely approx im ated  by simple shear flow. For Newtonian fluids, the most 

common arrangement  of this kind is a C’ouet te  device, which consists of two concen­

tric rotat ing cylinders with fluid in the annulus: the thickness of annular  gap being 

much smaller than the  d iamete r  of cylinders. Although granular  mater ia ls  do not be­

have as Newtonian fluids, and exhibit complex flow behavior i Campbell  (1990)). an 

' idealized'  granular material  in a zero gravity environment obeying no-slip boundary 

conditions at the walls develops a linear velocity profile along the shear gap. This 

behavior has been observed in compute r  s imulations by Campbell  Brennen  (19S5i. 

The idealized granular  material  used by these authors  was one in which all particles 

were spherical, of equal size, having cons tant  coefficients of res t i tu t ion  and surface 

friction, and which interacted only by means of instantaneous  collisions. Such inter ­

particle interact ion is likely to be predominant  in a real granula r  mater ia l  when it 

flows fast, as in the  'grain-inert ia '  regime.

A common exper imen tal  technique with granular  materials  to ob ta in  a no-slip 

boundary  condition is to make the  solid walls ext remely rough (Savage Syed ( 19S4)). 

A simple way to ob ta in  an approx im ate  uniform shear flow of a  granu la r  material  

might then be to roughen the walls of a C’oue t te  device with sand  paper  of appropr i­

ate  coarseness and then  shear the mater ia l  inside the  annular  gap. Such an exercise, 

however, would prevent  the granular  mater ia l  from flowing in the  grain-iner t ia  regime.
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Figure 2.10: Schematic of the f luidized-bed granular-flow Couette device.
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due to the presence of gravity (which acts along the  axis of the cylinders) ,  which in­

creases the frictional interact ion among adjacent  layers in the direct ion of gravity. 

This  frictional loading increases vertically down from the free surface of th e  g ranu­

lar material .  This  undesirable effect was el iminated in the present  exper iments  by 

means of  fluidizing the particles (Kunii  Levenspiel ( 1991)) with air en ter ing  at the 

bo t tom  of C'ouette device. If the  velocity of upflowing air is kept  equal  to the min­

im um fluidization velocity of particles,  upward  drag force on particles balances the 

downward force of gravity. T h e  net force on individual particles is then zero, and fric­

tional interact ion among them is considerably reduced.  The  particles can then flow 

in the grain-inert ia  regime, provided tha t  enough mom entum  is im par ted  to them by 

the moving walls. The  detailed exper imenta l  se tup utilized in this work is shown in 

Figure 2.10.

Exper iments  were performed with t he fluidized-bed C’ouet te device described  above 

using glass part icles of a mean size of about  300 microns such th a t  SOVc of the part i­

cles lay within the  range of 350-250 microns.  The  density of particles was within the 

ranee of 2.42-2.5 gm/cc.  Under Geldar t ' s  classification scheme I Kunii <k: Levenspiel 

(1991)). these particles classify as class B. T he  minimum fluidizat ion velocity of the 

particles was found experimental ly to be about  S cm/sec.  The  volume fract ion ot 

bed at m in im um  fluidization condit ions was es t imated  approxim ate ly  as 0.4 l Kunii 

Levenspiel (1991)). Sand paper  was glued to the walls of the  two cylinders as is 

shown in Figure 2.10. Its coarseness was chosen such tha t  it was roughly equal  to the 

size of glass beads.  The bed was fluidized at minimum fluidizat ion condit ions and 

the  inner cylinder rotated.  Rota t ion  at low speeds caused shear only in th e  particles 

close to the  inner rotat ing cylinder.  This  was due to the fact th a t  granu la r  flows 

dissipate energy, and hence energy im par ted  by the moving wall had  to exceed a cer­

tain threshold in order to cause flow across the  gap. Shear pene t r a ted  the  whole bed 

only for ro ta t ional  speeds exceeding about  50 R P M .  High ro ta t ion  speeds (exceeding 

about  100 R P M )  caused slip on the inner wall, due to a decrease in 'pa r t i c le  pressure' ,  

caused by an increase in the  centrifugal forces experienced by the  part icles.  Hence.
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in all exper iments ,  the ro tat ional  speed of the  inner cylinder had to be kept between 

50 and 100 R P M .  The  shear ra te  in the  annu lar  gap was es t imated  from the velocity 

of the inner cylinder and the thickness of the  shear gap.

Wet agglomerates were formed in the  Coue t te  device kept at minimum fluidization 

condit ions by add ing droplets of an aqueous solution o f '20 K Carbowax i Polyethylene 

Glycol.) of known concentrat ion using a syringe. The  droplets of Carbowax solution 

quicklv pene t ra ted  inside the bed of particles and formed wet agglomerates.  If the bed 

was kept s ta t iona ry  while adding the  droplets ,  the initial shape of wet agglomerates 

devia ted  slightly from spherical due to an uneven penet ra t ion  of liquid. Shearing the 

bed at very low rates while adding  the  droplets  helped in achieving an initial nearly 

spherical shape.  The  rate and  t im e  of shear dur ing  this exercise were kept low enough 

i at about  2b sec. -1 and 20 sec. respectively ) so tha t  negligibly small elongations 

were produced.  The technique worked well for the  entire range of concentrat ions of 

Carbowax solut ions used.

Exper iments  on deformation and breakup  of wet agglomerates were performed 

in the following manner: The  bed was fluidized at minimum fluidization conditions 

and ten ini tially spherical wet agglomerates were produced in the manner  described 

a b o v e .  Adding ten droplets of Carbowax solution to the bed took approximately 

15 seconds. Subsequently,  the ro ta t ion  ra te  of the inner cylinder was increased to 

the desired value and held constant  for a certain  amount of time, characterist ic ot 

each exper iment .  During this t ime the  wet agglomerates deformed to various degrees 

depending  upon the exper imenta l  condit ions.  The  ro tat ion rate was then reduced 

to zero and  the  bed kept s ta t ionary  at m in im um  fluidization conditions for several 

more minutes .  During this t im e  the  deformed s ta te  of the  wet agglomerates was 

preserved while they slowly dried.  T h e  required drying t ime under these conditions, 

for the  range of concentrat ions of  Carbowax  solutions used, was found to be about 50 

minutes.  Dry agglomerates were then  carefully sieved and the  Elongation parameter .  

E .  d e te rm ined  by measuring the  m a jo r  axis manual ly using a projection microscope.

Two sets of  experiments  were performed: O ne  in which the  variation of Elongation
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Table 2.3: Exper imental  results for the variation of Elongation parameter .  E.  with 

time for a fixed value of  deformation Stokes number.  S t j ef  =  0.013.

Time Elongation m*/ m% N um ber

Parameter Unbroken

i m i n u t e s } i E )

i 1.11 1.11 10

> 1.17 1.11 10

3 1.16 1.06 10

4 1. IS 1.0!) 10

5 1.24 0.06 10

6 1.29 1.03 10

i 1.30 1.01 10

.'N 1.32 0.90 10

ft 1.36 0.96 9

10 1.33 0.96 1

11 1.35 1.03 i

12 1.41 0.9S 6

13 1.47 1.00 i

14 1.50 0.99 4

15 — — 0
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Table 2.4: Exper imenta l  results for the variation of Elongation parameter .  E.  with 

deformation Stokes number.  S t ^ j .  for a fixed run t ime of 5 minutes.

Viscosity of 

Carbowax 

Solution 

(kg; m sec. i

Shear

Rate

(1 / s e c . )

Deformation

Stokes

Number

( S t , u f  i

Elongation

P aram eter

( E)

Number

Unbroken

7.82 31.41 0.000880 1.07 1.22 10

4.52 39.26 0.001023 1.14 1.21 10

2.41 45.55 0.004174 1.18 1.18 10

1.10 40.21 0.000108 1.33 1.14 10

0.54 40.21 0.010830 1.38 1.03 10

0.23 45.55 0.043087 1.32 0.02 6

0.00 30.26 0.003x04 0

param eter .  £ .  with t ime was studied for a fixed value of the deformation Stokes 

number.  >7..v/. In the o ther  set the variation of E  with S t j , j  was studied for a fixed 

t ime.  The deformation Stokes number.  >’£».•. was held constant during the first set 

of experiments by holding constant  the rotat ion rate of the inner cylinder (which 

determines the shear rate.  -■ i. and the concentrat ion and tem pera tu re  of the 20 I\ 

Carbowax solution (which influences its viscosity. //). Actual  values of shear rate 

and viscosity were 34 sec.-1 and 0.55 k g /m  sec., respectively. The  particle size. <L .. 

and density. pPj . for the glass particles were taken as their mean values provided 

by the supplier  as 300 p m  and  2.46 gm/cc .  respectively. The  value of dur ing

these set of experiments was thus es t imated  from Equat ion  (2) as 0.013. Several 

experiments with run t imes varying from 1 to 15 minutes,  with an increment of 1 

minute,  were performed (see Table 2.3). During the second set of experiments,  run 

t ime was fixed at 5 minutes .  The  deformation Stokes number.  5 f * / .  was varied in 

these set of experiments  by varying both  the  rotat ion  ra te  of the inner cylinder and the 

concentrat ions of 20 K Carbowax solution. Seven experimental  runs were performed
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with values of varying between O.OOOS and 0.093S (see Table 2.4).

In order to quan ti fy agg lomerate breakage (see last co lumn in Tables 2.3 and 2.4 ). 

the mass of a dry defo rmed agglomerate. m„. was com pared  to its mass at zero time, 

m y  The mass at zero t ime.  m°„. was es t imated  by forming ten wet agglomerates 

in the Couet te  device, im par t ing  an initial spherical shape  to t h e m  by the  method 

discussed previously, dry ing  them  in tha t  s tate without  any fu r ther  shearing,  and 

measuring their average mass ( the  d iameter  of the original undefo rmed agglomerate.  

cl.: . was es t imated  by measur ing  the average d iamete r  of these  agglomerates in two 

perpendicular  directions and  then taking their  average). Under condit ions of low 

deformation,  m.. exhib its  a slight increase (about  10‘v on an average I over its zero 

shear mass. 2 < see before last column in Tables 2.3 and 4). This  phenomenon  can be 

a t tr ibu ted  to the ca p tu re  of particles by the agglomerate from surrounding  granular 

material when it is sheared.  The  effect of agglomerate breakage,  on the  other  hand,  

tends to reduce the dry agglomerate mass. m , .  ei ther  as result of chipping of individual 

particles from the ends along the major axis, or as a result of its fragmentat ion  into 

two or more agglomerates.  A dry agglomerate is thus (qui te  arbi t rar i ly)  considered as 

"broken" if its mass.  m , .  is less than  90(7c of its corresponding mass at zero time, m y  

The last column in Tables 2.3 and 2.4 reports  the number  of unbroken agglomerates, 

out of the initial ten.  as de termined  by this criteria. The  second last column in Tables

2.3 and 2.4 lists the average rat io m a/m ^  measured over th e  unbroken agglomerates.  

Measurements of the  Elonga tion  parameter .  E.  are also repor ted  as averages over the 

unbroken agglomerates.

Figure 2.11 displays exper imenta l  results for the  varia t ion of Elongation param e­

ter. E.  with t ime for a fixed value of S t ^ . f  =  0.013. Some samples of dry  deformed 

agglomerates are placed vertical ly above da ta  points to which they  correspond.  The  

Elongation param ete r .  E .  is observed to increase with t ime.  T he  behavior is in good 

quali tat ive agreement  w i th  th a t  of the ' smoothed-out '  behavior of Figure 2.6(c.). 

which displays the  s im ula t ion  results for the variation of  E  with t ime,  for a fixed 

value of S t f a f  =  0 .0IS. T h e  Elongation parameter .  E .  acquires a value of about  1.1
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Fieure  2.11: Variat ion of the Elongation param ete r .  E.  with t ime for a constant  value 

of deformaton Stokes number.  S t ^ f  =  0.013.
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Figure 2.12: Variat ion of Elongation pa ram ete r  E  with th e  deformation Stokes num ­

ber. S t dtj .  for a cons tant  t ime of 5 minutes.
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in 1 m inu te  and  increases to a value of about  1.5 in 14 minutes.  Part ial  breakage 

of agglomera tes (only some of the  original ten surviving) is observed for all times 

exceeding 8 minutes.  The fract ion of broken agglomerates increases with t ime,  and 

all agglomerates break during the exper imen t with a run t ime of 15 minutes.

Though  the values of 5 2 * /  in exper imenta l  and simulat ion conditions of Figures 

'2.11 and 6(c.)  are close, there is a substant ia l  dispari ty in run times. The simulation 

run t ime in Figure 2.6(c.) is '200 dimensionless units,  whereas the experimental  one 

in Figure 2.11 ranges from about  2042 to 2S58S dimensionless units (from 1 to 14 

minutes).  Much larger run t imes are required in actual  experiments since variations 

in Elongation parameter .  E.  can be measured accurately over small t ime increments 

in simulat ions  but cannot  be measured accurately in experiments,  due to the presence 

of exper imenta l  "noise". Meaningful d a ta  in experiments can be gathered only over­

time inc rements  of about 1 minute,  which, at the experimental  conditions in the 

appara tus ,  corresponds to about  2042 dimensionless t ime units.

Figure 2.12 displavs experimental  results for the variation of the Elongation pa­

rameter .  £ .  with the deformation Stokes number.  5 2 * / .  for a fixed run t ime oi 5 

minutes. Samples of dry deformed agglomerates are again placed vertically above 

the da ta  poin ts  to which they correspond.  The Elongation parameter .  E.  is observed 

to increase with 5 / * / .  The two regimes of low and high characterist ic deformation 

are also apparen t .  The behavior is again in good quali tat ive agreement with tha t  

of Figures 2.8 and 2.9. which display the simulation results for the variation of E  

with S t i e f for various dimensionless t ime units and relative agglomerate diameters  

(da/dp).  Values of the relative agglomerate diameter.  ( i L / d p ). ranged in simulations 

from about  10.9 to 27.3. while during experiments from about  16.8 (for an agglomer­

ate m ade  o f  50CT Carbowax solution) to about  22.6 (for an agglomerate made of 25M 

Carbowax solution).

The  lower limit of 5 2 * /  in Figure 2.12 is chosen such tha t  a sufficiently low value 

of E  is ob ta ined  within the given exper imenta l  run time. T he  increment in the value 

of S t i f f ,  by  a factor of 101/3 between two successive da t a  points, is again chosen
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such tha t  a clear  p a t t e rn  of change in E  with $ t def  is observed.  The  upper  limit is 

de te rmined by the  lowest possible concentrat ion of  Carbow ax  solution which can still 

make  agglomerates s trong enough so tha t  they do not break easily during handling. 

Run t ime of 5 m inu tes  is taken such tha t  for the  chosen range of S t dej .  agglomerates 

in the high elongat ion  regime acquire a sufficiently high elongation without  breaking.

A quan t i ta t ive  compar ison of the values of th e  cri t ical Stokes number.  S t 'i f J in 

experiments  and s imulat ion can be made desp ite  the  fact th a t  s imulat ions and ex ­

per iments cover different t ime ranges, since S t de, was observed in Figure 2.S to be 

relatively insensit ive to the variations in t ime.  T h e  value of from experimental

results of Figure 2.12 is es t imated  approximate ly  as 0.00G. T h e  same critical value 

es t imated  from simulat ion results in Figures 2.S and  9 was found to be approximate ly  

0.02. The discrepancy is surprisingly small considering exper imenta l  error,  the large 

number  of assumptions  in the simulation model  and  the  fact tha t  the simulat ion is 

two dimensional  while the experiments are not. Par t i a l  breakage of agglomerates is 

observed for the run corresponding to Et.u-  =  0.042 > hC-- '1- run corre‘

sponding to =  0.092 resulted in a breakage of all agglomerates,

as expected.

2.5  C o n c lu s io n s

In addit ion to providing an insight into the phenom enon  of shear induced agglomerate 

deformation  and  breakup,  an impor tan t  finding of this  chap te r  has been tha t  this 

phenomenon  can be characterized by S t ^ j .  a p a ra m e te r  which represents  a ratio of 

inducing (inert ial)  to resisting (viscous) forces, and  which is also similar  to the  concept  

of Stfy int roduced in the  previous chapter.  We also found t h a t  there exists a critical 

value of this param ete r .  St 'd t f . below which the  forces induc ing the deformation and 

breakage are low and  above which they are high.  This  cr it ical value was found to 

be relatively insensi t ive to some parameters  of the  system,  and  we concluded tha t  it 

could be a cons tan t  for a given system, thus  also suppo r t ing  our hypothesis  of the
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cons tant  na ture of 5f£ in chap te r  L. Relating and 5U in a ma them at ica l  sense

however has proved difficult due to na tu re  of their dist inct ions mentioned  in section 

2 . 1 .

It is also interesting to  com pare  the  present s tudy with tha t  of shear induced de­

formation and breakup of  viscous drops in viscous fluids (Stone (1994)). A drop of 

viscous fluid when suspended in ano ther  viscous fluid undergoing shear flow exhibits 

a phenomenon  identical to th a t  observed in the present s tudy:  tha t  of deformation 

by stretching.  In both cases stretch ing occurs in the direction of the straining com­

ponent  of the shear field (F igure  2.7). Whereas the straining component  causes the 

drop /agg lom era te  to elongate,  vortici ty in the flow serves to reduce the elongation.  

In the case of a drop,  s teady  deformed shapes are possible since the surface tension ef­

fects drive the flow back into the  drop and thus always try to make the drop spherical 

attain. When  the oute r  flow is s topped,  the drop would regain its original spherical 

shape.  However, s teady deformed shapes in case of agglomerates are not possible 

because surface tension effects at the  interface are negligibly small and the re is no 

force which acts to make an elongated agglomerate spherical again. The  mode of 

fragmentat ion  in the two cases is also different. In case of a drop,  fragmenta t ion  of an 

elongated drop occurs due  to an instabili ty in flow, and is caused by surface tension 

effects. Fragmentat ion of an elongated agglomerate is caused as a result of narrowing 

of its smaller  dimension to a size comparable to tha t  of the individual  particles,  and 

a subsequent  rupture  of liquid bridges which tend to hold them  together.

A be t te r  quant i ta t ive  comparison of the simulation results with exper iments  re­

quires improvements in t h e  exper imenta l  setup an d /o r  a larger C P U  time for s imu­

lations. A bet ter  exper imenta l  se tup ,  with larger cylinder d iamete rs  to yield reduced 

curvature  effects and one with a be t te r  speed control over the ro ta t ion  of inner cylin­

der.  would serve to reduce the  exper imenta l  noise. This would allow a collection of 

d a t a  at smaller  increments of t ime and thus also allowing lower total  run times.

This would hence make possible comparisons with simulation results at  lower times 

much easier. An increase in th e  simulat ion run t ime on the  o the r  hand  is limited
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by the available C P C  time. A simulat ion of 100 dimensionless t ime units in the 

present s imulat ion with 10.000 particles required about  3 hours of C’PL t ime on a 

SGI Power Challenge workstation using a MIPS RS000 processor. Thus  a simulation 

run for a t ime comparable to the smal les t  experimental  run t ime  ( I minute  or 2042 

dimensionless t ime units) would require about  61 hours (2.-5 days) of  C P I  time.

Relaxing the assumptions made  in the simulation model  also have implications of 

requiring larger C P C  times. Consider an extension of the  present  s imulat ion to three 

dimensions.  Assuming a similar particle  number densi ty in th ree  dimensions requires a 

s imulat ion with about  I O'"' particles. Since the computa t ional  a lgor i thm for .V number 

of particles is Ot  A ) (computa t ion  in both  granular and agglomerate phases is Ot  A ii. 

a s imulation of 100 dimensionless t ime units on a s imilar  machine  would require about 

300 hours l 12.5 days) of C P C  time.  Reducing the num ber  of particles would reduce 

the C P C  t ime but  would also increase the error in com puta t ion ,  thus  requir ing many 

s imulat ion runs in order to reduce the error. Another  appropr ia te  extensional work 

would be to incorpora te the effect of lubrication forces in the agglomerate phase, which 

were neslected in computing the  dynamics of part icle movement in the agglomerate 

in section 2. Computat ional  dem ands  of such an extension are even more severe, since 

the incorporat ion of lubrication forces is a costly Ot  A’3) operat ion .  If we assume that 

on an average lOM of particles are occupied by the agglomerate phase,  incorporation 

of lubricat ion forces in the present s imulations would increase the  C P C  t ime to about 

3( (9000 4- 10003 )/’10.000 ) or  3 x 10° hours.

Despite  its l imitations,  the present s imulation model  has provided a neat descrip­

tion of the  process, both quali tat ively and  quanti tat ively.  Moreover, the experiments 

have confirmed the qual i tat ive conclusions reached from the simulat ion results. To­

gether.  the  simulat ion and experiments,  have led to a much b e t te r  unders tanding  of 

the phenomenon of shear induced deformation and breakup  of wet agglomerates.
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C hapter 3 

A  sim ulation  o f  w et granulation  

and future work

In this chapter  we redirect our focus to model  the granulation problem directly by 

simulat ing shear flows of solid particles which are wet on their ou te r  surface. Hence 

in principle the only addit ional  considerat ion that one has to deal with compared 

with the  simulation model of d ry  particles developed in the previous chapter  is a 

proper incorporation of forces tha t  the individual particles experience when they 

interact  via the wet layers on the ir  ou te r  surface. The simulation serves as a complete 

model of  the wet granulat ion process, in which agglomerate properties like their  size, 

shape,  and  density can be inferred from the input  parameters  of the  system, and 

if enough simulations can be performed these properties can be correlated with the 

input parameters  in the range of opera t ing  conditions of interest.

It is known from simulat ions of shear flows of dry granular mater ia ls  tha t  a finite 

dissipat ion during inter-particle collisions (i .e.  a resti tution coefficient of less than 

unity)  results in a slight tendency towards particle clustering (Hopkins and Louge 

(199C)). These clusters, however, do not  act as stable entities and  the re is a con­

tinuous migration of particles in and out  of the clusters. They  also do not posses 

any ‘strength*, since they in effect are only a collection of closely spaced dry particles.
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Tendency towards part icle clustering increases with increasing surface dissipat ion ( i.e. 

with a decreasing res t i tu t ion  coefficient). Figure 3.1 shows steady s ta t e  snapshots  of 

the simulat ion domain  containing a shearing dry granu la r  material  with rest i tut ion 

coefficients of 0.9 and  0.0. The model of s imulat ion is the  same as tha t  discussed in 

the previous chapter .  T he  number  of particles in th e  domain  is 40.000 and the solid 

fraction is 0.4. T h e  square  box in the center  represen ts  the  com puted  domain  while 

the surroundings include particles in the periodic cells. The  case with res t i tu t ion  co­

efficient. e — 0.9 shows a more or less uniform par t icle densi ty th roughout the domain 

while the one with e =  0.0 shows a tendency towards part icle agglomeration.

(a.) e =  0.9 (b.) e =  0.0

Figure 3.1: The  effect of surface dissipat ion on par t icle clustering: Par t  I a.) is the 

snapshot  of  the  simulat ion domain containing a shearing dry g ranu la r  material  at 

s teady s ta te  with a res t i tut ion coefficient, t  =  0.9. while part (b.) shows the case 

with e =  0.0.

The phenomenon i l lustrated in Figure 3.1 has some resemblance to part icle ag­

glomeration in wet granulat ion.  We are hence encouraged  to modify the  simulat ion
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C h ap te r  2 to s imula te  shear flows of particles which are wet on their  outer  surface. 

We hope  to see in this s imulat ion,  particle agglomerates,  the propert ies  of which 

are a function of the  input  parameters  of the  simulat ion. In the following sections 

we present two models , each with a different mode of viscous interact ion between 

particles in terac t ing  via their wet layers. We first present a s imple model which con­

siders forces only in the centerline direction and  ignores lubricat ion effects. In the  

next section we refine this model to incorporate lubricat ion effects in the centerline 

direct ion.

3.1 T h e  m o d e l w ith  cen ter lin e  forces and  no  

lu b r ic a tio n  effects

Figure 3.2: Breakdown of an arbi trary translat ional  motion of two particles a  and  i  

past one an o th e r  into purely relative and common trans lat ional  components.

As a s ta r t ing  point ,  we model  the  viscous forces experienced by two particles in ter ­

ac t ing via the ir  viscous wet layers as being dependent  only on and  proport ional  to 

thei r  centerl ine relat ive velocity of approach.  If U °  and U J denote the velocities 

of particles a  a n d  3  respectively (Figure 3.2). we define a relative velocity of the ir  

approach as U fi =  0 .5 (U a — U J ). If U 7 =  0 .5 (U J 4- U J ) defines a common tr ans la­

tional.  center  of mass,  velocity of the two part icle system, then U a =  U r  4- U R and
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U J =  U r  — U R . In o ther  words,  the two particles at any instant  can  be thought of 

as moving with a common tr ans la t iona l  velocity of U 7". and at the  sam e t ime moving 

relative to one another with equal  and opposite velocities equal  to i particles o 

and 3  with velocities equal  to + U fl and — U fl respectively I.

Let axis 2 point along the  direct ion from the center  of  part icle  a  to  tha t  of particle 

3.  and axis 1 point along the  direction perpendicular  to 2 such th a t  1 and 2 form a 

right handed coordinate system. If U R and U R denote the  com ponents  of U R along 

directions 1 and 2 respectively, then  the two particles move at any instant  relative 

to one another with equal  and opposite  velocities equal to I R a long direction 2 and 

with l ' R along direction 1. If the  two particles interact via the wet layers over their 

surface, viscous forces will be experienced by them along direct ions 1 and 2 ( the 

common translational mot ion  will not cont r ibute to any forcei. If direction 3 points 

outwards from the 1-2 piane.  such tha t  1. 2 and 3 form a right handed coordinate 

system, torques will also be experienced by the two particles along direction 3.

If the wet layers are th in .  i.e. if hid?  i. where h is the thickness of the wet 

layer and </,, is the part icle diamete r ,  lubrication effects will dom ina te  the viscous 

forces between two part icles (provided also that the Reynolds n u m b e r  Re  1. which 

we assume here and was shown in chapter  2 to be a good assumpt ion  under most 

practical situations!. T h e  dominant  force is then directed along direction 2 while 

the one along direction 1 and  to rque along direction 3 are relat ively weak. More 

rigorously, if £ =  2{R  — d r ) / d p defines a dimensionless gap w id th  between the two 

particles, where R  is the d is tance  between their  centers, the  force along direction 2 is 

(3( f_1) to a leading order,  while the one along direction 1 and also the  torque along 

direction 3 are 0 ( l n £ - 1 )- The  centerline force thus far exceeds o th e r  effects under 

the limit f  «  1. In this section we will consider only the  centerl ine force and will 

model it in a simplified fashion. If F °  and F J denote the  viscous forces experienced 

by particles a  and 3  respectively,  we model their components  along the  centerline 

direction 2 simply as:
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3 . i

where p  is a constant  and is only an approx im at ion  of the viscosity of the fluid in 

the  wet layer. The  component  of along direction 2. f'-f. can be evaluated as 

• k . where denotes the  vector  dot product  and k  denotes a unit vector 

along direct ion 2. It can be evaluated as k  =  (rJ -  r ^ / j r 3 -  rJ |. where r* and r* 

denote the position vectors of particles a  and  3  respectively, and the denominator  

represents  the  magnitude of i r 1 — rJ ). T h e  above equat ion can also be rewritten as:

F :  =  -  -  (',* =  -  F\* i 3.2 i
. V

where St  =  PP3 'y : P >s the Stokes number .  pP is the particle density and m p is the 

part icle mass. Since the simulation proceeds over small t ime steps, the above forces 

can also be expressed as: F? = m P( F ?  — l ' ? ) j  A t  -  — F'F where U?  now denotes the 

initial centerl ine relative velocity before the  t ime step. I ' f  denotes its final value after 

a t ime  step, and A t  denotes the m a gn i tude  of the t ime step. The  magnitude  of the 

centerline relative velocity in equation 2.2 can be approximated by any value acquired 

by it during a t ime step. If it is approx im ated  by the initial value. L'P. the expression 

for force remains same as tha t  in equat ion  2.2. while if it is approximated by the final 

value. L'?.  the  equat ion can be rearranged to yield the following expression for force 

in te rm s  of the  initial velocity, i

FT = -  l S ]  = CWI
M - r l S y - A /

The above expression for evaluating forces should be preferred over equation 3.2. since 

it provides for a more stable com puta t ion  ( though not necessarily a more accurate* 

one). It hence avoids the possibility of  choosing an overly conservative time step, and
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we have hence implemented it for computing  forces in the simulat ion model.

Since the wet layers are thin,  the particles which interact via the ir  wet layers will 

form a dist inct ' l iquid-bridge' .  Thus  a net a t t r ac t ive  force due to the  surface tension 

effects will also be experienced by the particles.  In most pract ical  s i tua t ions ,  this force 

is weaker than the  viscous forces (Ennis et al. (19911). It is always d irec ted  along the 

centerline direction and its magnitude  for the  case of two equal sized particles can be 

es t imated  as:

n  " 17 i \
t -  — --------------- —

1 -r tant  ^ i

where rr is the interfacial tension and o is the  wett ing angle (Simons et al. (19t)(5i|. 

Since we have assumed the particles to main ta in  a constant wet layer thickness,  we 

es t imate  o  by its maximum value of ~ 2. This assumpt ion does not s ignificantly influ­

ence the value of F  since as seen from the  expression. F- is a relatively weak function

o .  If a Capil lary number.  C a .  is defined as C a  =  j.LcL~:jrr. the above  expression can 

be rewrit ten as:

. I m p - ; 1 dF
F- =  ----------   L. I-5.0I

C a  S t

The  wet layers are assumed to merge whenever R  <  (2/i — d P). where R  is the 

dis tance  between the centers of the two particles.  No interact ions due  to the  wet layers 

are considered whenever R  >  (2h - r d p ). In o the r  words the l iquid-bridge connecting 

the two particles is assumed to rup ture  exactly  when R  =  ('2h ~r d p ). In a pract ical 

s i tuat ion this point of rup tu re  will not be sharp  and will occur at  a slightly higher 

value of R.  T h e  influence of these effects will be small in the limit \ h j d p <C 1). and 

are ignored in the  present model.

T h e  hard-core interact ions between wet particles are modelled by the  soft-particle 

overlap model  ra ther  tha n  the hard-part icle overlap one of chap te r  2. We consider 

the  soft-part icle overlap model  to be more appropr ia te  for wet part icles,  since these
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particles also remain under the influence of forces (viscous and capillary) which are 

more enduring in nature rather than im pulsive. A ‘stiffness’ is hence imparted to 

particles by introducing a spring-type force which pushes them  outwards when they 

overlap. This spring force is modelled as: Fa =  Q .5K(R  — dp), where I\ denotes the 

stiffness of the spring. The value of K  should be chosen as the highest possible which 

still avoids an instability  in com putation. The choice of a still higher value can be 

achieved at the expense of lowering the tim e step. D issipation during the hard-core 

interactions is m odelled by introducing a dashpot which resists the centerline relative 

m otion of approaching particles. The m agnitude of this resistance is chosen high 

in order to model the high resistance predicted by the lubrication theory for nearly 

touching particles. T his high resistance can be easily m odelled by taking the limiting 

behavior of equation 3.3 as St  approaches zero. This gives resisting forces of the type 

F£  =  — (m .p /A t ) U2 — ■ These forces are also equivalent to a zero coefficient of

restitution type interaction since they in effect tend to dam p the centerline relative 

velocity of approaching particles to zero by the end of tim e step.

0 . 8  0 . 6  0 . 4  0 . 2
Solid Fraction

Figure 3.3: Particles in a two-dimensional plane with solid fraction linearly decreasing 

from 0 .8  to 0 .2  along the horizontal direction.

T he above forces are introduced in the simulation m odel of shear flow of dry 

particles in chapter 2. These forces are m ade active (i.e . the wet layers are introduced) 

only after the tim e in sim ulation exceeds a parameter, t avTa.y, which represents the 

tim e of fluid spray over particles. At earlier tim es, no forces due to wet layers are
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(c.) S t  =  1: C a  =  1 (d.) S t  =  1: C a  =  10

Figure 3.4: Snapshots of the sim ulation domain containing shearing wet particles 

incorporating the model of viscous interaction of section 3.1. The tim e is 100 dimen­

sionless units while the tim e of the fluid spray is 25 dim ensionless units.
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considered, and the simulation is identical to the case when the particles are dry. This 

tim e o f fluid spray, t SVTay. is chosen such that the simulation with dry particles reaches 

steady state before the wet layers are introduced. A tim e of 25 dimensionless units was 

found to be a reasonable value for this purpose. The number of particles simulated  

were 40.000. the solid fraction was 0.4 (During the course of simulation, the solid 

fraction exhibits considerable local variation. This local value can be related from a 

figure to its quantitative equivalent with the help of Figure 3.3. which plots particles 

in a plane with a linear density variation along the horizontal direction.), the thickness 

of the wet layer was taken as 10% of the particle diameter, the dimensionless tim e step 

was taken as 0 .0 1 . while the value of dim ensionless spring stiffness, defined as K/~f2. 

was chosen as 10. The choice of the tim e step and the spring stiffness maintained an 

average overlap between particles as less than 1% of the particle diameter. Though a 

finite overlap between particles violates continuity (conservation of mass) in the plane 

containing the particles, we noted previously in chapter 2 that this low value of overlap 

is a good approximation, and ensures a good accuracy of com putation. The CPU tim e 

required by the simulation for these choice of parameters and 100 dimensionless time 

units was approximately 4 hours on a SGI Power Challenge workstation using a MIPS 

R10000 processor (better CPU tim es are reported here than in the corresponding 

problem of Chapter 2 due to some improvements in the program). The computation  

tim e scaled approximately linearly with the number of particles, the time step and 

the total simulated time.

After the particles are sprayed with the fluid at tim e t =  tapray. the simulation  

evolves towards a different steady state and results in particle agglomeration, the 

properties of the agglomerates being the function of parameters of the simulation  

such as the Capillary and the Stokes numbers. Figure 3.3 shows four results, with 

Stokes numbers of 0.1 and 1, and Capillary numbers of 1 and 10. Reaching steady 

state after the fluid spray takes approxim ately 50 more dimensionless tim e units. The 

snapshots in Figure 3.3 are taken at 100 dim ensionless tim e units with the simulation 

running at steady state. It can be concluded from these figures that the tendency to­
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wards agglom eration increases with the decreasing values of the Stokes and Capillary 

numbers. T he figure provides som e idea about the sensitivity o f agglom erate size to 

order of m agnitude changes in the value of the Stokes and Capillary numbers. It also 

provides an idea about the relative effects of changing the Stokes versus the Capil­

lary numbers. One can conclude from this figure that changes in these two numbers 

which are approxim ately equal in m agnitude have approxim ately the sam e magnitude 

of effect on agglom erate size.

A more rigorous analysis, correlating the agglomerate properties to parameters 

such as the Stokes and the Capillary numbers can be achieved if som ething equiva­

lent of an im age analysis can be performed over the pictures of the sim ulation domain. 

Several good software tools are available which could help in accom plishing this, and 

provide information about size, shape and density of the agglom erates in a given 

picture. Though in this work we have not attem pted this, it seem s that the quality 

of agglomeration in Figure 3.3 is not good enough for this purpose. As seen from 

this figure, the agglom erates lack a good definition and also carry a wide size dis­

tribution. There can be several possible reasons for this behavior. It can be due to 

the very nature of the process: as was discussed in chapter 1. particle agglomeration  

by granulation results in granules which are not very spherical and also carry a wide 

size distribution. The reason can also be that some assum ptions in the simulation  

model distort the essential physics of the process. These assum ptions could be the 

ignored lubrication effects, the ignored tangential forces and torques. It can also 

be due to som e other ignored effect such as the cohesive forces between particles or 

non-Newtonian type flow behavior of the wetting layers.

The quality of agglom eration may also be compromised because our system  is 

entirely hom ogeneous, since we have taken all particle and w etting layer properties 

to be identical. It is known from experim entation in granulation that large particles 

act as nucleation sites which grow by capturing the smaller ones. It is hence tem pt­

ing to explore the effect of a distribution in properties such as the particles size and 

the w etting layer thickness. Unfortunately such an exercise is not quite straightfor-
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(c.) S t  =  1: C a  =  1 (d.) S t  =  1: C a  =  10

Figure 3.5: Snapshots of the simulation dom ain containing shearing particles. 20% 

of which are wet while the rest are dry. T he m odel of viscous interaction is from 

section 3.1. T he tim e is 200 dimensionless units while the time of the fluid spray is 

25 dim ensionless units.
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ward, and we leave this as future work. We can however explore the effect of an 

inhom ogeneity more easily in a som ewhat artificial setting in which only a fraction 

of particles are made wet at the point of fluid spray and are m aintained that way. 

while the rest are maintained dry. T he model is somewhat artificial since the effects 

of liquid spreading are not considered. Wet particles are always assumed to remain 

wet while maintaining a constant w etting layer thickness, while the dry ones always 

remain dry. We still go ahead w ith  the exercise since it may provide some insight 

on the effects of the introduction o f an inhomogeneity. Figure 3.4 shows the steady 

state snapshots of the domain for the case when 2 0% of the particles are held wet. 

The choice of other parameters except for the total dim ensionless tim e, which is now 

chosen as 200. remains the sam e as before. As seen from this figure the quality of 

agglomeration improves som ewhat and one can detect agglom erates as clearer enti­

ties. The properties of agglom erates are correlated to the Capillary and the Stokes 

numbers in somewhat similar fashion as in Figure 3.3. It can hence be concluded from 

this figure that inhomogeneities in the system  may assist in achieving agglomeration 

of good quality. In the next section we explore the effects of incorporating lubrication 

effects.

3.2  T h e  m o d e l w ith  cen ter lin e  forces an d  

lu b r ica tio n  e ffec ts

In this section we improve on the m odel developed in the previous section by incor­

porating lubrication effects in the centerline direction. Following the notation of the 

previous section, the lubrication forces experienced by two particles moving relative 

to one another in the centerline direction are given as (K im  and Karrila (1991)):

F? =  -  X * ) L ?  =  - F ?  (3.6)
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where A'{\ and are functions of the particle diam eter and the dimensionless gap 

width. Though this relation is derived for the case when the particles are surrounded 

on all sides by infinite fluid, the expression will provide a good approximation for our 

case since the lubrication force predominantly arises from flow in the gap region along 

the centerline direction. The A”{\ and functions axe given in Kim and Karrila 

(1991) as:

A',4, =  3 r d ,  ( ) r ‘ +  +  0.9954 +  J g f K ' 1 +  0 ( { ) )  (3.7)

A';4 =  - 3 r d ,  ( j r ‘ +  J j l n r 1 +  0.3502 +  +  O ( o )  • (3.8)

Following previous section we will approxim ate in equation 3.6 by its final ve­

locity during a tim e step and rearrange this equation to yield the following expression 

for forces:

= ------- 3  7  ^  4,  - ( / '«  =  - f  ’f  ( 3 . 9 )
2 St  +  3 7  A t X A ‘

where the function X A is defined as X A =  2(A'{\ ~  A " ^ )/(~ dp). As in the previous 

section we prefer this expression for force over equation 3.6 since it provides for a 

more stable com putation, and have im plem ented it in the simulation model. The 

expression has the added advantage that while equation 3.6 carries a singularity at 

£ =  0 (when particles touch), equation 3.9 does not. The above expression for forces 

is not valid when particles overlap (i.e . when £ <  0 ), and for this case we model 

forces by the soft-particle collision model, as we did in the previous section.

Apart from the above nature of centerline viscous forces and the dimensionless 

tim e step, which is now’ chosen as 0.005, the rest o f simulation model remains same 

as that in the previous section. Figure 3.5 shows the result for the case when all 

particles are wet and Figure 3.6 for the case when only 20% are held wet. The values
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( c . ) St  =  1: Ca =  1 (d.) 5 f  =  1: Ca =  10

Figure 3.6: Snapshots of the sim ulation domain containing shearing wet particles 

incorporating the model of viscous interaction of section 3.2. T he tim e is 100 dimen­

sionless units while the tim e of the fluid spray is 25 dim ensionless units.
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(c.) S t  =  1: C a  =  1 ( d . ) 5 /  =  1: Ca =  10

Figure 3.7: Snapshots of the simulation domain containing shearing particles. 20% 

of which are wet w hile the rest are dry. The m odel of viscous interaction is from 

section 3 .2 . T he tim e is 200 dimensionless units while the time of the fluid spray is 

25 dim ensionless units.
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of the Stokes number in these two figures were chosen as 0.5 and 1, while those of the 

Capillary number were chosen as 1 and 10. The two figures are more or less sam e in 

quality as Figures 3.3 and 3.4. This indicates that the incorporation of lubrication 

effects alone is not sufficient for achieving agglomeration of good quality.

3 .3  C o n clu sio n s an d  fu tu re  w ork

We were able to predict agglomeration by sim ulating shear flows of wet particles, and 

were also able to demonstrate sensible trends in agglomerate properties with respect 

to parameters such as the Stokes and Capillary numbers. Simulation results also 

allowed us to judge the relative sensitivity of agglomerate properties with respect to a 

change in these parameters. We also concluded from the sim ulation of a partially wet 

system  that inhomogeneities in the system  may contribute to good agglomeration. 

The drawbacks of the sim ulation model have been that the agglomerates carry a 

som ewhat weak definition and also a large size distribution. We have argued that a 

possible reason for this behavior might be a failure to incorporate the essential physics 

of the process in the simulation model.

Future work should involve exam ining the assumptions of our model, identifying 

some ignored effects, and properly incorporating them  in the model. The nature of the 

model and the set of input parameters that lead to good agglomeration should help 

one in identifying the important factors necessary for achieving good agglomeration. 

The simulation model can also be com plem ented nicely by experim ents which are 

intended to closely represent the model. The fluidized-bed granular-flow Couette 

device of chapter 2, can assist in such an experim entation. We saw how this device 

can be used to make dry particles flow under conditions of approxim ately uniform  

shear. An idea to perform such an experim ent for wet particles would be to use 

particles the surface of which can be made sticky by increasing the temperature of 

the fluidizing air (this phenomenon resembles sintering in high-tem perature fluidized 

beds). A nice and controlled ‘quenching’ can then be achieved by a gradual reduction
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of the shear rate and the tem perature of the fluidizing air.

Further work along the developed lines looks promising. An improvement of and 

a system atic study with th e simulation and experim ental tools developed, can lead 

to a better understanding of the granulation process. To further this future develop­

ment we present in the appendix a com plete model which includes all viscous effects 

between particles interacting via their wet layers. Comparison of such simulations 

(unsuccessful so far) with experiments in the Couette device described above will be 

a great step forward.
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A p p e n d ix  

T h e  c o m p le te  m o d e l w ith  lu b r ica tio n  e ffec ts

In this appendix we will extend the analysis of section 3.2 to incorporate the viscous 

forces in the tangential direction and also the torques over particles. So far we have 

not been able to successfully implement this analysis the sim ulation m odel. Its incor­

poration makes the com putations unstable. Further work aim ed at finding out the 

possible reasons for this behavior is left as a future exercise.

If F  and T  represent the generalized force and torque vectors writh com ponents 

being the com ponents of forces (both centerline as well as tangential) and torques 

respectively on particles o and 3.  they can be related to the corresponding transla­

tional and angular velocity vectors, denoted by U  and respectively, as (Kim  and 

Karrila (1991)):

1fa 
1 

-

i•0Q<«

U°° - U
=  V-

T B  C — u;

where U 00 and w 00 represent the translational and rotational com ponents of the fluid 

velocity at infinity. T he matrix with elem ents denoted as A . B . B  and C is called the 

resistance matrix. Its elem ents (A . B , B  and C ) are also m atrices, the com ponents 

of which are a function of the particle diam eter and the gap width between the two 

particles. Rigorous definition of these elem ents and their exact dependence on the 

gap w idth can be obtained from Kim and Karrila (1991). T he resistance m atrix can 

be written in a simplified form for our two particle system  if the coordinate system  

is chosen as the right handed 1-2-3 system  of Figure 3.2. T he above equation in a 

proper expanded form can then be w ritten as:
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The subscripts on the elem ents of force and velocity vectors represent their com po­

nents in the subscripted directions. The elem ents of the sub matrices A. B. C and 

D . under choice of the present coordinate system  turn out to be either zero or their 

respective .Y and Y  functions. The dependence of the A' functions on the dim ension­

less gap width was provided in section 3.2. while those of the Y  functions are given

below:

VVi =  3 - d p Q l n r 1 +  0 .9983 ) (.4 .3 )

Y £  =  - 3 j t d p ( ^ I n r 1 +  0 .2 7 3 ? ) ( .4 .4 )

Yfi = *dl ( - +  0-2390 -  ^ l n r 1 +  O(O) U -5)

y* = -*dl ( - ^ r 1 + 0-001? -  i $ in r l + o (o )  (--*-6)

Y g  =  trdp ( | l n r 1 +  0.7028 +  ^ £ l n r 1 +  O (f l)  ^ - 7 )

y \c2 = * 4  ( ^ r 1 -  0.0274 + l ^ i n r 1 + 0 (0 ) • (-*■*)

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



7 2

Figure A.I: Breakdown of an arbi t rary rotat ional  motion of two particles q  and 3

past one another into purely relative and common rotat ional components.

The fluid velocities at infinity in equation  .4.2. can be taken as zero for our two 

particle system if we deal only with purely relat ive particle mot ions and do not con­

sider the common trans lat ional  and rotat ional  components along the center of mass. 

We performed this exercise for the case of purely translational motion in section 3.1. 

In this section we are considering the ro tat ions of individual particles as well. We 

will hence extend the analysis of section 3.1 by separat ing the common rotat ion  along 

the center  of mass as well. We follow a s trategy similar to section 3.1 and define a 

relative rotat ional velocity as ~ R =  O.oi-."' — _"j ) and a common rotat ional  velocity 

as =  O.oi-W The  rotat ional velocity of particle o is then — ~ R .

while tha t  of particle 3  is =  ~ c — ~ R . Thus  the two particles at any instant can 

be thought of as ro ta t ing  about  their centers with  a common velocity of ~, c . and at 

the same time rotat ing  with equal and opposite  velocities of (part icles a  and 3 

with velocities equal to Jr ~ R and  — ~,R respectively).  The ro ta t ion  of particles along 

their respective centers with a common velocity of u; c  can be further  broken down 

into their common rota t ion  about  the center  of  mass, and an equal  and opposite  

t ranslational motion along direction 1 with a velocity of m agni tude  0 . 5 R  (an ex­

ample  which considers a similar  exercise is provided section 11.2.4 of Kim and Karrlia 

(1991)). The  net result is represented in Figure .4.1. Thus separat ing a common ro­

ta t ion along the center  of mass will ieave behind equal and oppos ite  ro ta t ions  about
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the center of particles and equal and opposite translational m otions along direction

1. Since the common rotation about the center of mass in Figure A .l and a common 

translation in Figure 3.2 do not contribute to any force or torques, the velocity vector 

on the right hand side of equation A .2 can be written in a simplified form and the 

equation becomes:

y . A  
1 11 0 y . A

*12 0 y-B 
1 11 _y-B 112

F? 0 X A- M l 0 y .A  
- 12 0 0

Ft

F 3r 2
=  ~f i

y . A  
1 12

0

0

A'i42

y . A

0

0

x A*'■11

y-B 
112

0

_y-B 
1 i i

0

rpa 
1 3 y b 1 11 0 y b 1 12 0 y-c

1 i i
y-c 1 12

11

_ y - s  112 0 _y-B 1 i i 0 y-c 112 y-c
M l

+ { F R — 0.5 usc  R)

+ £ ■ ?

~ ( i \ R  - 0 . o u s c R )

- r RL 2

,B

;.4.9)

+u;

.b

The above matrix equation allows one to evaluate the components of forces and 

torques from a knowledge of the translational and rotational velocity of particles. 

Following sections 3.1 and 3.2 we will attem pt to re-evaluate the above expression for 

forces and torques by approximating the velocity vector on the right hand side by its 

final value during a tim e step. Proceeding along steps similar to those in sections 3.1 

and 3.2 we obtain the following relations for forces in direction 1 and the torques:

T?  =

T? =

(U R -  0.5u:c R)
S t _______ R Y B , |

3-yA.tY* kdpY A “r

°-̂ g & ( U R  -  O . o u c R )

kdpYA

0.25 m pkd% a
 » —A t

k d p S t
3 ^ A t R Y B "*■ R Y B -  1

k St

“- I g d & lU ?  -  0.5u c R)
k dv S t  k d pY *  _  ,

3-yA t R Y B R Y B

3-VA t Y c  

0.2Smj,kdl

+  1

+ A t
p*a p ,R  us

k St
3-VAtKc +  1

(-4.12)

where Y A =  2 ( Y A -  Y A) / ( Tdp), Y *  =  4( Y B -  Y B )/ { irdj), =  8 (V £  -  Y&)/(*<%)

and k is defined as the square of the ratio of radius of gyration of a particle to
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its radius, and is equal to 0.4 for spherical particles. The expression for centerline 

forces remain the same as in section 3.2. As was noted in sections 3.1 and 3.2. these 

relations (equations A .10, A .11, A .12 and 3.9) for evaluating forces and torques should 

be preferred over equation A .9 since they provide for a more stable com putation. 

We added these forces and torques to the simulation of section 3.2. Unfortunately  

this made the computations unstable. The reasons for this behavior axe not clearly 

understood at this point. Possible reasons could be an error in the above analysis or 

its incorrect implementation in the program. We leave a further investigation of this 

issue as future work.
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