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The aggregation and breakup of particles in u Couette flow system were studied for 
different values of the shear rate (G) and the volume fraction of particles $o. After a 
certain time, an initial distribution of 2- km-dia. latex particles achieves the steady state, 
reflecting the balance between coagulation and fragmentation forces. Higher G values 
shift the steady state to smaller aggregate sizes. For a fiwed value of G, when 4(j in- 
creases, the steady-state size increases if the flow is laminar and decreases if the jlow is 
turbulent. The population balance model proposed describes siniultuneous coagulation 
and fiagmentation during shear flocculation. A power dependence between the breakage 
rate coeficient and the shear rate was found. The model is adjusted by using two 
parameters: the probability of success for collisions CY and the effective breakup coefsi- 
cient for shear fiagmentation B:,f,. depends on both C; and 4(>, while LY is near4 
constant. 

Introduction 
It is well known that, as a result of collisions, particles form 

aggregates that have higher effective sizes than primary parti- 
cles. This increase in size is found to be especially relevant in 
lakes or in the sea, where aggregates, as pointed out by 
Casamitjana and Schladow (19931, can account for the re- 
moval of particles in the epilimnion. Particles in lakes arc in 
a continuous process of aggregation and breakup until even- 
tually the steady-state size is reached. The final size of the 
aggregates seems to depend on the shear rate and the vol- 
ume fraction (Serra et al., 1997). Aggregates play an impor- 
tant role in volcanic eruptions, where aggregate formation, 
initiated in the atmosphere, induces a premature fallout of 
fine-grained ash. As a result, when the aggregates are ab- 
sorbed by the ocean, the settling velocity is higher than would 
be expected for dispersed ash particles (Weisner et al.. 1995). 
At the same time, aggregation introduces modifications in the 
effective surfaces of the particles (Krishnappan et al., unpub- 
lished), which can be important carriers of pollutants that ad- 
here to them. As the surface area of the aggregates increases, 
more pollutants can be absorbed. 

Different experiments carried out with sediment particles 
(Lick and Lick, 1988; Tsai e t  al., 1987) and with latex parti- 
cles (Oles, 1992; Pandya and Spielman, 1983) show that the 
aggregation of particles is a dynamic process. The particle 
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size distribution at any particular time is determined by the 
rates at which individual particles aggregate and disaggre- 
gate. The rates of the aggregation and disaggregation pro- 
cesses are different and the average size of the distribution 
increases or decreases according to whether the aggregation 
mechanism is higher or lower than the disaggregation mecha- 
nism. The steady state is reached when thc disaggregation 
process balances the aggregation process. 

The physical processes that control particle aggregation 
have been well known since the pioneering work of Smolu- 
chowski (1917). However, the disaggregation processes are not 
so well understood. The aggregation rate depends on the rate 
at which collisions occur and on the probability of cohesion 
of particles after collision. The disaggregation rate depends 
on the shear ratc and the probability o f  disaggregation after 
collision. Burban et al. (1989) proposed a model to  explain 
the aggregation of sediments that takes into account the ef- 
fect of the shear. but not the breakup. Based o n  thc experi- 
ments of Oles (1992), Spicer and Pratsinis (1996) proposed a 
model for the breakup process; however. as Oles used a fixcd 
value for (b,,, the effect of (b<, in the breakup process was not 
predictable. Covering a wide spectrum in the laminar and 
turbulent flows. Serra et al. (1997) showed that both G and 
do are important in the breakup of the aggregates. 

In the present study, primary particles with a diameter of 2 
p m  are introduced in a Couette shear flow. As no differ- 
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ences exist bctween particle and fluid densities, the only rele- 
vant mechanisni in the collision frequency is the shear rate 
G. A physical rnodcl is used in order to understand the effect 
of G and d,> in the aggregation and breakup process. The 
model is adjusfed by using two different parameters: the 
probabilitl of success for collisions a ,  and the effective 
breakup coefficient for shear fragmentation, Bkff. The values 
obtained lor these two parameters are discussed and com- 
pared with values found by Spicer and Pratsinis (1996). 

Experimental Results 
Aggregation and disaggregation was performed in a Cou- 

ette flow system (Figure 1) with the inner cylinder rotating at 
a constant speed and the outer cylinder at rest. The inner 
cylinder. with a diameter of 163 mm, was made of stainless 
stecl to avoid corrosion. The outer cylinder, with a diameter 
of  103 mm, was made of Plexiglas so the fluid would be visi- 
ble. The height of the cylinder was 360 mm. Suspensions of 
latex particles were prepared in 1.29 M NaCl solution in ul- 
trapure water at different volume fractions (40) ranging from 
2.5 X 10 ' 10 10.0 x lo-'. The diameter of the latex parti- 
cles was d,, =: 2.00 + 0.06 pm. To avoid sedimentation effects, 
the density o f  the solution was set at the same value as that 
of the latex particles, p,, = 1.055 g/cm3. Therefore, differen- 
tial settling will be negligible in the process of aggregation. In 
addition, as a result of this salt dilution, the electric double 
layer was highly reduced to an approximate value of the De- 
bye-Hiickel length of m. Samples were taken from the 
Couettc floa system and analyzed by a laser particle size ana- 
lyzer that scanned the sample. A more complete description 
of the whole system can be found in Serra et al. (1997). 

The angular velocity at which transition to  turbulence takes 
place can be estimated from van Duuren's equation (van 
Duuren, 1968). and was found to be approximately 98 rpm 
(Serra et al.. 1097). The angular velocities used in this study 
ranged from 40 rpm to 211 rpm, therefore covering the tran- 
sition from laminar to turbulent flow. The value of the shear 
rate G was estimated to range from G = 2 5  s - '  to 195 s- '  
and was detcrniined depending on whether the flow was lam- 
inar to turbulent, as was explained by Serra el al. (1997). 
Transition from laminar to turbulent flow was estimated to 
occur at G = 58 s- -  ' .  

Pump 

I 

Figure 1. Experimental setup. 

The relationship between viscous forces and thermal forces 
is given by the Peclet number, 

37~pGd: 
Pe = ___ 

4k,T (1) 

where p is the fluid viscosity, d, is the diameter of the pri- 
mary particles, k ,  is the Boltzmann constant, and T is the 
temperature. In all the cases studied, the Peclet number was 
found to be higher than 120. This ensures that aggregation 
due to Brownian movement can be neglected compared with 
the shear-induced aggregation (Oles, 1992). 

Evolution of the dimensionless diameter d/d, with the di- 
mensionless time t* for different G, when the initial volume 
fraction is 4, = 2.5 x lop5 ,  is plotted in Figure 2. As the 
characteristic diameter, d, we use the median of the size dis- 
tribution with respect to the aggregate volume. t* depends 
on G, and 40, as t* = tG+<,,. This dimensionless time repre- 
sents a normalized number of collisions taking place in the 
system (Oles, 1992). At the beginning of the experiments 
shown in Figure 2, at small t*, d/do scaled well with t*. At 
larger t*, breakup is more pronounced until it balances the 
aggregation process, and the steady state is then reached. For 
all the cases studied in Figure 2, the steady-state size is 
reached for t* e 7 .  But taking into account that t* depends 
on the product Ct, this means that the steady state size is 
reached sooner when G increases (Serra et al.. 1997). In ad- 
dition, it is found that, the larger G is, the faster the aggrega- 
tion occurs. As a result, the system reaches the steady state 
more rapidly and the final size of the dimensionless diameter 
of the aggregates is smaller. This behavior is supported by 
other authors such as Oles (who worked with latex particles), 

25 - 

G-2j.Y ' t 

15 
0 s 

10 

G= rlis ' 

+ +  * +  

0 

0 20 40 60 
t X  

Figure 2. Evolution of dld,  versus the dimensionless 
time t* at different shear rate values and at 
+,= 2.5x 10 - 5 .  

Points correspond to the experimental data and lines corre- 
spond to the model predictions. 
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Lick and Lick (19881, Burban et  al. (19891, and Tsai et al. 
(19871, who worked with sediment particles. 

Figure 3 depicts the relationship between the normalized 
diameter at the steady state, (d/dOIe,[,  and at different G 
values. Three regimes or zones can be differentiated. The 
first one corresponds to value of $<, < 6 x approxi- 
mately (regime A). Here, the value of (d/d, ,Ies,  depends on 
G, but not on 4(,. This regime was also found by Oles (1992). 
When 4o > 6 X two new regimes can be identified 
depending on the value of G. When G is less than 50 s-', if 
do increases, the aggregation is enhanced and the final diam- 
eter of the aggregates increases (regime B in Figure 3). How- 
ever, when G > 50 sP1, if (b, increases (d/do)cs, decreases 
(regime C in Figure 3). Higher values of 4<> give more colli- 
sions between the particles in the suspension. For higher val- 
ues of G, collisions between aggregates will have enough en- 
ergy to cause breakup. For lower values of G. collisions be- 
tween the particles will not have enough energy to break 
them. This is in accordance with the work of Tsai et al. (1987) 
and Lick and Lick (1988), using sediment particles; however, 
these authors did not study the aggregation/breakup process 
at the range of low shear rate values. as was done in our case. 
It is important to point out that the transition from regime B 
to  regime C coincides with the transition from laminar flow 
to turbulent flow. 

Description of the Model 
To model the rate of change of particles of a given size due 

to the process of aggregation and breakup, Lick and Lick 
(1988) proposed the following expression: 

where nk is the number of particles per unit volume corre- 
sponding to size class k ,  characterized by the diameter d,. 
The first two terms on the righthand side of the equation are 
.used to model the aggregation processes, while the others are 
used for the disaggregation processes. 

The first term on the righthand side represents the rate at 
which particles of size class k are formed from collisions be- 
tween particles of size classes i and j .  The second term on 
the righthand side represents the loss of particles of size class 
k due to collisions with the rest of particles. a is the proba- 
bility of success for a collision between two particles. is 
the collision frequency function for particles of size classes i 
and j and depends on the physical mechanism of the inter- 
particle contacts. The third term on the righthand side of Eq. 
2 represents the loss of size class k particles, giving particles 
with lower diameters. This disaggregation is due to the effect 
of the shear rate on the particles. The fourth term on the 
righthand side of Eq. 2 represents the rate of increase of size 
class k due to the disaggregation of bigger particles caused 
by the shear rate. The quantity Y , ~  is the breakage distribu- 
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Figure 3. Final diameter of the aggregate. 
Norrmilizcd t o  the diameter o f  the primary pal-tides. 
(d/d,,)c,l. for different voluriic fractions. 4(,. at different wl- 
ucs of the shear rate, G. 

tion function defining the volume fraction of the fragments of 
size class k corning from the disaggregation of a particle of 
size class j .  The fifth term on the righthand side represents 
the loss of particles of size class k due to unsuccessful colli- 
sions with all the other particles. The last term on the right- 
hand side represents the rate of increase of particles of size 
class k after unsuccessful collisions between particles of size 
classes i and j ,  where j is greater than k .  Finally, a' repre- 
sents the probability of disaggregation after collisions. 

Contact between particles in water can occur by thrce dif- 
ferent processes: Brownian motion. fluid shear, and differen- 
tial settling. Thc collision frequency function for thc Brown- 
ian motion is 

3 k,{T ( d ,  + d I l 2  p = - -  
' I  3 ,u did, 

The collision frequency function for the fluid shear is 

G 
p,, = 6 ( d ,  + d ,  ) '  (4)  

The collision frequency function for the differential settling 
is 

where g is the acceleration due to gravity and A p  = p, - p is 
the difference in the effective density of the particle of size 
class i and the density of the water. 

Volume conservation has been assumed in the model. That 
means that, when a particle of size class i aggregates with a 
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particlc of size class j ,  a particle of size class k is given whose 
volume is 

V,=T/I+Y (6) 

The main difficulty in using Eq. 2 for modeling the aggrega- 
tion and breakup processes is that even approximate values 
of a' are unknown at the present time. However, if an effec- 
tive rate of breakage is defined as, 

Eq. 2 can be written in the form, 

5c 

In Eq. 7 H, <,, accounts for linear breakup and the breakup 
resulting from collisions between two clusters or nonlinear 
breakup. Obviously. Bk,cff should increase with # J ~  as the 
number of  collisions and the rate of nonlinear breakup in- 
crease with d,,. Also, the rate of linear breakup B, is ex- 
pected to increase when C increases and therefore Bk,eff will 
increase too. This will be later confirmed by the experimental 
results. Spicer and Pratsinis (1996) used an equation similar 
to Eq. 8 but they did not take into account the effect of the 
nonlinear breakup. In Eq. 8, the value of p was calculated 
from Eq. 4 because the shear is the only mechanism that in- 
duces collisions between particles, as was discussed in the ex- 
perimental section. 

The effective breakage rate due to the effect of G, Bk,eff, 
has been assumed to depend on the volume as. 

(9) 

whcrc Vk is the volume of the particle of the size class k and 
BQ,, is the effective breakage coefficient for shear fragmenta- 
tion and volume fraction fragmentation. Other authors have 
made similar assumptions (Spicer and Pratsinis, 1996; Kapur, 
1972; Boadway, 1978; Williams, 1990) and expressed the fact 
that particles with a high volume are more easily broken up 
in a sheared flow. 

The aggregation and disaggregation process occurs over a 
wide size range. In order to represent the whole population 
of particles, the size domain has been divided into 23 classes 
or sections that give the same number of the equations. The 
smallest size i s  the size of the primary particles, characterized 
by a diameter d,, and a volume V,. The volume of the higher 
size class has been taken 222 times y) in order to account for 
the biggest aggregates formed. Also, in order to model the 
breakage processes it has been assumed that when a particle 
of size class ,i disaggregates due to the effect of shear rate, it 
will split in a well-shaped distribution of particles covering 
the range from size class I, corresponding to the primary par- 
ticles, to j ,  thus causing a normal distribution in the continu- 
ous space. Therefore y,, has been calculated from, 

(10) 

A similar assumption has also been used by Spicer and 
Pratsinis (1996). 

Model Results 
Given an initial distribution of particles. Eqs. 7 and 8 have 

been solved using a finite difference scheme for each one of 
the 23 size classes until the steady-state size was reached. 
Simulations were done for different values of do, and G. in 
order to  cover all the cases with available experimental data. 
In order to test the model a special routine that calculates 
the total mass of the system, and verifies conservation of the 
mass, was coupled to it. In order to test the model we have 
added a routine to the model that computes the value 
C d V J d t .  In each run this value was estimated to be less 

than lo-", ensuring the volume conservation and. given that 
p p  was constant, mass conservation as well. 

Table 1 summarizes the model results. The two first 
columns give the values of 4o and G, while the rest of the 
columns give the output values of the model, namely, the ad- 
justing parameters Bk,, and a ,  and the fitting error calcu- 

L 

Table 1. Shear Rate Values, G ,  Collision Efficiency, a, Ef- 
fective Breakage Rate Coefficient, Bba ( x 10 -'), and Fitting 

Errors at Different +o 

2.5 

5.0 

7.5 

10.0 

4,ClO- 51 = 2.5 
25 6.0 1 17 
32 9.5 1 14 
50 14.8 1 10 
70 30.6 1 12 
90 39.8 1 18 

135 103.0 1 16 
195 323.0 1 14 

$ci(io-j) = 5.0 
25 13.2 1 16 
32 15.6 1 I 0  
50 27.8 1 12 
70 50.9 1 13 
90 106.0 1 16 

135 207.0 1 14 
195 645.4 1 15 

25 5.5 1 18 
32 32.1 I 16 
50 5 1 .O 1 14 
70 74.0 1 14 
90 525.0 1 10 

135 803.0 1 11 
195 2,803.1 1 15 

25 1 .0 0.4 20 
32 2.8 0.4 14 
50 139.0 1 9 
70 582.0 1 14 
90 718.0 1 17 

135 19,994.4 I 14 

$"(I0 - <i = 7.5 

dI,(lO - 5) = 10.0 

I95 152,060.4 1 11 
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lated by matching the theoretical and experimental data ob- 
tained. This error varies from 10% to 2096, approximately. 
Also, in Figure 2 the results predicted by the model for a 
volume fraction +o = 2.5 X are compared to the exper- 
imental data obtained as described in the last paragraph. 

It is instructive to represent the variations of the effective 
breakup coefficient for shear fragmentation l?& with G. In 
Figure 4a these variations are represented for the volume 
fractions +o = 2.5 X lo-' and 5.0 X in Figure 4b for 

+o = 7.5 X lo-'. and in Figure 4c for 6, = 10.0 X lo-'. In 
all the c a m  a power relationship, 

(11) B;,* = kCh 

as suggested by Spicer and Pratsinis (1996). fits well with ex- 
perimental data. These authors suggested that h depends on 
the inverse of  the floc strength, while k is constant. 
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Figure 4. Relationship between the breakage parame- 
ter, B;,,, and the shear rate, G, for different 
values of the volume fraction. 
In Figure 4a, + " ( I ) =  2 S X  lo-', +,(2)= 5 O X  LO-' In  Fig- 
ure 4b. d,,(3) = 7 5 X 10 ' dnd in Figure 4c, +,(J) = 10 0 X 
10 ' The best power dependence 15 presented 
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It is irnpot-tant to point out that the cases represented in 
Figure 4a correspond to the regime A (Figure 3). Here the 
exponent h was found to be 1.89 and seems to be indepen- 
dent of cb,,, at least for the available data. This is in accor- 
dance with the experimental observations that in this regime 
the value of the volume fraction does not affect the behavior 
of the system. For the volume fractions of 2.5 X and 5.0 
x the obtained values of k were 0.010 and 0.020, re- 
spectively. Also. the value b = 1.89 agrees with the results 
found by Spiccr and Pratsinis (1996) who modeled the experi- 
mental data o f  Oles (1992) corresponding to the case 4o = 5.0 
x 10 '. However, as we have extended the model to cover 
regimes B and C (Figure 3) we will show that the values of b 
and k are n o  longer the same values found in regime A. 

For the case represented in Figure 4b (+o = 7.5 X 
h = 2.78 and k = 0.001 and for the case represented in Figure 
4c (dc> = 10.0 x b = 5.62 and k = 2.0 X lo-'. These 
results seem to suggest that if 4o is higher than 6 X 
approximatelv (regimes B and C), the value of b increases 
with 4(,, indicating that the power dependence between BLff 
and G is stronger when do increases, that is, the solution is 
more concentrated. Figure 5 shows the relationship between 
h and d<). Thc increase in b with +o can be explained when 
it is taken into account that the number of collisions in- 
creases with (b(>. Collisions at low G do not have enough en- 
ergy to cause breakup and result in aggregation. Collisions at 
high G have more energy and result in breakup, in accor- 
dance with the experimental results (Figure 31, whereas the 
same change in the value of G causes a more pronounced 
change in (d,/d?),,, at high values of 4o (as 10.0 X lo-') 
than at low values of r$o (as 5.0 X 

In Table 1 it can be seen that a = 1 for most of the simu- 
lated cases and is smaller only in some cases corresponding 
to regime H (Figure 3). A constant value for a with the shear 

' )  5 10 

40 (XI0 -7 
Figure 5. Relationship between b and +o. 

rate (Table 1) is reasonable because a depends on the chem- 
ical interactions between the particles and their physical 
properties but not on the flow characteristics. a = 1 indicates 
that the suspension was completely destabilized and that all 
of the collisions were successful. The complete success of all 
collisions is unlikely, because that would mean that collisions 
are unimportant in the disaggregation process, even with 
higher shear rate values. This behavior ( a  = 1) is also found 
by Spicer and Pratsinis (1996), and can be attributed to the 
fact that colloidal aggregates have fractal structures (Lin et 
al., 1989; Li and Logan, 19971, which are not taken into ac- 
count in the model. As was pointed out before by Jiang and 
Logan (19911, a higher coagulation frequency exists due to 
the fractal structure of the actual flocs at a = 1. A higher 
value of the collision frequency might compensate for the re- 
duction of collision efficiency. However, it is important to 
point out that a is a complex function of the stability of the 
suspension, the surface chemistry of the particles, and the 
structure of the aggregates or the diameter of the aggregates, 
as has been proposed by other authors (Burban et al., 1989). 
Further work should incorporate all of these contributions to 
the a value. 

Conclusions 
An experimental study was carried out to investigate aggre- 

gation and breakup of particles in a Couette flow system with 
the inner cylinder rotating at a constant speed. Experiments 
have been conducted with suspensions of latex particles with 
an initial diameter of 2 p m  at different values of +o. De- 
pending on both G and +o, three different regimes were 
found. In the first regime, when +o is less than 6 X 
approximately (regime A in Figure 3), (d/d,Je5, is indepen- 
dent of 4c> and depends only on G. When 4cl is higher, two 
new regimes are identified, with the final diameter of the 
aggregate depending on both G and 4*. When G is less than 
50 s-', if 4o increases, the aggregation is enhanced and the 
final diameter of the aggregates increases (regime B in Fig- 
ure 3). However, when G > 50 s- ' ,  if 4o increases (d /do )eb ,  
decreases (regime C in Figure 3). Also, the transition be- 
tween these two regimes corresponds to the transition from 
laminar to turbulent flow. 

A population balance model is used in order to understand 
the dynamics of the aggregation and breakup process. The 
model uses 2 independent parameters: the probability of suc- 
cess for collisions a ,  and the effective breakup coefficient for 
shear fragmentation, BLff. The parameter a depends on the 
chemical interactions between the particles and their physical 
properties but not on the flow characteristics. For this rea- 
son, a has been found to be nearly constant. The parameter 
BLff accounts for linear breakup and the breakup resulting 
from collisions between two clusters, which is nonlinear. This 
parameter was found to depend on both G and do. The rela- 
tionship BLff = kGb fits well with the experimental data. Dif- 
ferent values of k and b were found for the different regimes. 
The value of b was found independent of 4o in regime A, 
while it was found to be dependent on +o in regimes B and 
C. The value of k was found to be dependent on 4o in all of 
the regimes. 
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