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Towards an Understanding of the Influence of Sedimentation on Colloidal

Aggregation by Peclet Number
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The Peclet number is a useful index to estimate the importance of sedimentation as compared to the Brownian
motion. However, how to choose the characteristic length scale for the Peclet number evaluation is rather critical

because the diffusion length increases as the square root of the time whereas the drifting length is linearly related
to time. Our Brownian dynamics simulation shows that the degree of sedimentation influence on the coagulation

decreases when the dispersion volume fraction increases. Therefore using a fixed length, such as the diameter of

particle, as the characteristic length scale for Peclet number evaluation is not a good choice when dealing with
the influence of sedimentation on coagulation. The simulations demonstrated that environmental factors in the

coagulation process, such as dispersion volume fraction and size distribution, should be taken into account for
more reasonable evaluation of the sedimentation influence.

PACS: 82.70.Kj, 82. 70. Dd, 83.10. Mj

The sedimentation of colloid particles is an impor-
tant physical phenomenon existing in industrial ap-
plications, in the laboratory, and even in daily life. A
great deal of effort has been devoted to the influence
of gravitational fields on the coagulation process.[!—2Y]
Basically, it has long been held that gravity is usu-
ally of little importance in colloidal coagulation. The
magnitude of the sedimentation influence on the coag-
ulation depends on size and shape of particles, as well
as the density difference between particle and the lig-
uid phase. The Peclet number is commonly used for
estimating the importance of the sedimentation influ-
ence on the aggregation in comparison to diffusion.
In physics, the Peclet number P, is a dimensionless
number, which in general represents the ratio of the
strength of the convection to the strength of the dif-
fusion: P, = Lv/D, where L, v and D are the char-
acteristic length, velocity and diffusivity, respectively.
It can be seen that for approximately zero values of
the Peclet number the problem reverts to one of pure
diffusion. When P, > 1, diffusive effects are negligi-
ble.

Considering a spherical aggregate suspended in the
liquid, we have the diffusion length L = (2Dt)Y/?
according to Einstein’s equation. From the balance
between gravitational force, buoyancy, and viscous
drag, we can obtain the sedimentation velocity of a
spherical particle with radius ag, which is given by
v =2ApgaZ/9m (Ap is the difference between the den-
sity of the particle pg and that of the liquid p, g is the
gravity acceleration and 7 is the viscosity of the lig-
uid). The settling length is equal to vt. To evaluate
the importance of sedimentation influence on aggrega-

tion relative to diffusion is to establish a characteris-
tic length and to compare the time in which particles
move through this length by diffusion and sedimenta-
tion. However, the choice of the characteristic length
may make significant difference because the diffusion
length increases as the square root of the time whereas
the drifting length is linearly related to time.

To estimate the contribution of sedimentation re-
lated to the diffusion to the aggregation process,
Gonzélez et al.[>3! chose a particle diameter as the
characteristic length in their Peclet number evalua-
tion and derived P, = mo(1 — p/po)gao/kpT, where
my is mass of the particle and kg is Boltzmann’s con-
stant. They found that P, is of the order of unity if
the particles are 1 um in diameter, (1 — p/pg) is less
than but of the order of unity, and T is room tem-
perature. Then they concluded that 1 um marks the
transition between diffusive and drifting for individual
particles.

However, we think that when dealing with the in-
fluence of sedimentation on coagulation, taking parti-
cle diameter as the characteristic length may be prob-
lematic because the diffusion length is not linearly re-
lated to time and shortening characteristic length will
be more favourable to diffusion.

As a vivid example, at room temperature a 1 ym
sphere (radius) particle diffuses 1 um and needs 2.3
seconds; but to diffuse a distance of 1 mm will require
27 days! Under the same conditions, however, if the
sedimentation velocity is 0.2 um/s, the time for a par-
ticle to drift 1 um requires 0.5s, and drifting 1 mm
needs 500's (a little more than 6 min) only.

Apparently, choosing small characteristic length
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scales will be more favorable to the influence of diffu-
sion than that of sedimentation. The Peclet number is
a useful index to estimate the importance of sedimen-
tation as compared to the Brownian motion. However,
the method for choosing the characteristic length scale
for the Peclet number evaluation is critical. When we
are concerned about the influence of sedimentation on
aggregation, not only particle size but also environ-
mental factors, such as the dispersion volume fraction
and size distribution, have to be taken into account.
For one thing, when the volume fraction of particles
increases, the average distance between particles be-
comes smaller; the influence degree of sedimentation
should go down.

To demonstrate how the degree of sedimentation
influence on the aggregation process changes with the
volume fraction of particles, a Brownian dynamics
(BD) simulation was carried out. The advantage of
BD simulation is that, instead of considering the con-
tribution of individual solvent molecules to the sus-
pension dynamics, one considers only their average ef-
fect as a random force or Brownian motion on the sus-
pension particles. Therefore, compared with molecu-
lar dynamics (MD) simulation, much larger time step
can be used in BD simulation.

In the BD simulation, at the beginning of the coag-
ulation process, all particles are dispersed at volume
fraction ¢. Particle motions, driven by the Brownian
random force and gravity, and particle collisions lead
to coagulation and the formation of larger aggregates.
Thus, particles’ motions are described by the following
Langevin equation:

dp/dt = F(t) — yp(t) + R'(t), (1)

where p, F(t),yp(t) and R'(t) are, respectively, the
momentum of a particle, the conservative force acting
on the particle, dissipative and random force terms
(v is the friction coefficient). Here 80000 primary
spherical particles with the simplest pair potential, the
hard sphere model, were used in the simulation. Since
only the changes in the number of collisions caused
by gravity were concerned in this study, aggregates
are approximated by spheres at all stages of coagu-
lation (the same approximation as in Smoluchowski
theory[m]). We further assume that the gyration ra-
dius of an aggregate containing 7 particles is agi'/?,
which is correct for coalescing particles (or droplets)).
Whenever the distance between two particles with
radiuses a; and a; was less or equal to (a; + a;), they
were considered to collide. In the simulation we need
to consider only rapid coagulation in a homogeneous
medium. Particles are assumed to stick together ir-
reversibly whenever they collide. Hydrodynamic and
intermolecular forces between particles are ignored.
Considering gravity is the only external force,
based on Eq. (1), the updated coordinates of i-th par-

ticle for the time step At at time t are calculated by
ri(t+ At) = ri(t) + v; At + Aric};, (2)

where each component of Arf is taken from a
Gaussian distribution with mean zero and variance
((Ar§)?) = 2DAt, where the diffusion coefficient,
according to the Stokes-Einstein equation, D =
kpT/6mna (kp is the Boltzmman constant, T is tem-
perature and 7 is the viscosity of the liquid); 7;(¢)
is the position of the ¢-th particle at time t and w;
is the settling velocity of i-th spherical particle, ob-
tained from the balance between gravitational force,
buoyancy, and viscous drag, v = 2Apga? /9.

Strictly speaking, the above Stokes’ settling veloc-
ity is a good approximation only for the case that the
volume fraction of particles is small. With increase of
the particle concentration, the settling velocity of in-
dividual particle is fluctuating around a mean velocity
which is noticeably smaller than that from the above
equation, because of the presence of other particles in
the fluid, as shown in Ref.[12]. However, because the
volume fraction of particles concerned in this study is
not high (less than 1x 1072), the associated deviations
should be negligible.

In order to evaluate the quantitative sedimenta-
tion influence, we adopt the sedimentation influence
ratio, described in Ref.[20], which is the ratio of the
difference in collision numbers, with and without sed-
imentation in a specified interval to the total collision
number in this interval. Physically, it is the percent-
age of collision number caused by sedimentation over
the total collision number within the specified inter-
val. The advantage for considering the integral effect
is that the sedimentation influence ratio is a more sta-
ble quantity than the coagulation rate, and therefore
is more suitable for examining small differences in co-
agulation rate.

If all particles have the same size (monodispersed
suspensions), sedimentation will have no direct effect
on the coagulation. Therefore, the influence of sed-
imentation depends on particle size distribution but
this distribution varies.
effective only when different sized particles or aggre-
gates appear. The way of the gravitational influence
on the coagulation is reflected by an increase of the
number of collisions. Therefore to estimate the accu-
mulated influence of gravity on coagulation for disper-
sions with initially identical particles, the sedimenta-
tion influence ratio can be written as

The sedimentation becomes

0= (ngzl - ng:O)/”g:Oa (3)

where ny—; and ny—o are the accumulated collision
number at a special moment during the coagulation
process for g = 1 and g = 0, respectively.
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For the rapid aggregation, we have
0 = (¥Zilg=0) = (¥ Zilg=1))/ (¥ Zilg=0),  (4)

where (X¥'Z;|,=0) and (X' Z;|,=1) are the total number
of particles (X'Z;) at a special moment, (for instance,
the moment when the total number of particles is re-
duced to half (the coagulation time)), for g = 0 and
g = 1, respectively. Since every collision is effective
in reducing the total number of particles by one, the
increase in the number of collisions at a given moment
caused by gravity (g = 1) is strictly the difference in
the total number of particles when g = 0 and g = 1.
As a matter of fact, 6 represents the percentage of ad-
ditional collisions caused by gravity during the period
of the coagulation time of g = 0.

In our calculation, spherical particles (py =
1.4g/(cm)?) of radius ag = 0.5um are dispersed in
water (1.0 g/cm?®). Temperature=298 K, n = 0.1009 g
em~ 1571 and Ap = 0.40g/cm3. We choose the origi-
nal volume fraction ¢g = 1.4 x 107°. The correspond-
ing number concentration was Ny ~ 2.67 x 107 /cm?.
The sedimentation influence ratios are computed for
¢ = ¢o, » = 10¢, ¢ = 50¢¢ by the Brownian dynam-
ics simulation. The average distances between the par-
ticles at the beginning of the coagulation, for ¢ = ¢,
10¢¢ and 50¢, are 33.44 ym, 15.52 ym and 9.078 pum,
respectively. The sedimentation influence ratios for
¢ = ¢g, 10¢y and 50¢ are listed in Table 1.
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Fig.1. The collision numbers versus time for initial

monodispersed suspensions (ag = 0.5 pm) of ¢ = ¢o and
¢ = 10¢p, in the g = 0 and g = 1 cases, respectively (the
total particle number at ¢ = 0 is 80000). The theoretical
collision number calculated from Eq. (6) is represented by
the dotted line, which is almost overlapped with the solid
line.

Typical curves of time evolution of the collision
numbers for ¢ = ¢g and ¢ = 10¢y, under g = 0 and
g = 1 cases, respectively, are shown in Fig. 1. We can
see that at the early stage of the coagulation, there
is no difference between the curves with ¢ = 0 and
g = 1 and the difference increases with time when

large particles form. Compared the curves associated
with ¢ = ¢¢ and ¢ = 10¢y, when the volume frac-
tion increases, the coagulation processes become much
faster, but the differences in collision numbers corre-
sponding to ¢ = 0 and g = 1 become smaller. Since
80000 particles are used in the calculation, the statis-
tical errors are quite small (the relative standard de-
viation is less than 0.5% over five independent runs).
The time step is taken to be 0.0005s, and therefore
1.4 x 107 steps are needed for a single calculation with
t = 7000s).
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Fig. 2. The collision numbers versus time for binary par-
ticle mixtures (radius ap = 0.5pum and 1pum) of ¢ = ¢g
and ¢ = 10¢y, in the g = 0 and g = 1 cases, respectively
(the total particle number at ¢t = 0 is 40000).

According to the Smoluchowski theory,2! which
deals with only the rapid coagulation for diluted
monodispersed suspensions with the g = 0 case, the
change in the total number of particles (¥'Z;) with
time t is given by

XZi = Zo /(1 + ks Zot), (5)

where Z; as the initial number of particles and ks =
4kpT/3n is the Smoluchowski coagulation rate con-
stant. Because every collision is effective in reducing
the total number of particles by one in the rapid coag-
ulation, we can easily reduce the following expression
for the collision number associated with the Smolu-
chowski theory:

Ncollision == ksth/(]- + kSZOt) (6)

Figure 1 shows that the theoretical collision number
from Eq. (6) is very close to that from our simulation
with the g = 0 case.

When the suspension is composed of particles with
different sizes, the influence of sedimentation will be
more easily observed. In the simulation, Eq. (3) is also
used to estimate the influence of sedimentation on the
aggregation for binary particle mixtures (with radius
ap = 0.5um and 1pm). At the very beginning, the
ratio of the number concentration of 0.5 ym and 1 pm
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particles is 50% to 50%. In this case, the sedimenta-
tion affects the aggregation process from its beginning,
so we do not need to take long time to check its influ-
ence. In Eq. (3), we check the collision number (which
is equivalent to the reduction in the total number of
particles (X'Z;)) at the moment when the total num-
ber of particles is reduced to 90% for g = 0 and g = 1,
respectively. We can see that for ¢ = ¢g, the sedi-
mentation plays a dominant role in the coagulation:
over 200% more collisions are caused by the sedimen-
tation. When the volume fraction increases, the per-
centage of the contribution from sedimentation drops
further to 79% and 30% corresponding to ¢ = 10¢q
and 50¢¢, respectively.
our simulation, the average collision frequencies per

In addition, obtained from

particle caused by pure diffusion at the beginning of

the coagulation for this binary particle mixtures are
0.0002/s, 0.0026/s and 0.048/s for ¢ = ¢y, 10¢y and
50¢, respectively, whereas those due to the sedimen-
tation are 0.0003/s, 0.0011/s and 0.011/s. The results
of our computer simulation show clearly that the ef-
fect of sedimentation on the coagulation drops with
The typical plot of
collision numbers versus time for the binary particle
mixtures (radius ag = 0.5 yum and 1 um) of ¢ = ¢y and
¢ = 10¢g, in the g = 0 and g = 1 cases, respectively
(the total particle number at t = 0 is 40000). Obvi-
ously, the gravitational influence on the coagulation
becomes much more significant for the binary particle
mixtures, yet the influence becomes smaller when ¢

the increasing volume fraction.

increases.

Table 1. Sedimentation influence ratios 6 versus volume fraction for initially monodispersed suspensions (ag = 0.5 um) and binary
particle mixtures (radius ap = 0.5 um and 1um) (¢o = 1.4 x 107°).

Volume fraction %o 10¢0 50¢¢
0 for monodispersed suspensions (%)  3.4(£0.2)  2.3(%0.1) 1.5(%0.1)
0 for binary particle mixtures (%) 201(£2) T9(£1) 30(£1)

In conclusion, using a fixed length (e.g. the diame-
ter of particle) as the characteristic length scale for the
Peclet number evaluation is not a good choice when
dealing with the influence of sedimentation on coagu-
lation. Environmental factors in the coagulation pro-
cess, such as dispersion volume fraction and size distri-
bution, should be taken into account for more reason-
The

result of our computer simulation has shown clearly

able evaluation of the sedimentation influence.

that the effect of sedimentation on the coagulation
changes with the size distribution and drops with the
increasing volume fraction of suspensions.
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