FLOCCULATION: A GENERAL AGGREGATION-FRAGMENTATION FRAMEWORK
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We present a brief review of the key assumptions at the basis of the kinetic description of aggregation-fragmentation
processes. The goal is to provide a consistent foundation for using the aggregation-fragmentation equation as a frame-
work for modeling flocculation. The derivation presented here is illustrated using a simple form of the equation that
describes the dynamics of a 3-class distribution subject to elementary collisions of order 2, with arbitrary interaction
coefficients.
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INTRODUCTION

The primary mineral component of cohesive muds are clay particles with a plate-like structure, and
a diameter of less than 2 ym. Cohesion arises through a combination of electrostatic charging of pri-
mary particles and various biogenic polymer molecules which adhere to individual particles, and causes
the aggregation of primary particles into larger agglomerates called flocs which behave as an identifiable
sedimentary unit (e.g., Winterwerp and Van Kesteren, 2004; Mehta, 2013). Under typical estuarine condi-
tions, most suspended particulate matter occurs in the form of flocs (Kranck and Milligan, 1992). In given
environmental conditions, observations suggest that flocs have a wide distribution of sizes that can span
over four orders of magnitude, from individual clay particles to stringer-type floc structures several cm in
length. An individual floc might comprise up to of order 10° primary particles. As a floc grows in size, its
effective density (i.e., bulk density minus water density) generally decreases (e.g., Tambo and Watanabe,
1979; Klimpel and Hogg, 1986; Droppo et al., 2000). Because of the size dependency of the Stokes Law
(Gregory, 1978; Mehta and Lott, 1987; Stolzenbach and Elimelich, 1994; Dyer and Manning , 1999; Win-
terwerp and Van Kesteren, 2004) the settling velocity of flocculated sediments is significantly greater than
the constituent particles and can range over four orders of magnitude (0.01 mm/s up to cmy/s; Lick, 1994).

Flocculation, i.e., the formation of flocs, has long been recognized as a dynamic process (e.g., Win-
terwerp and Van Kesteren, 2004) driven by environmental conditions, primarily through flow-sediment
interaction (e.g., Tsai et al., 1987; Burban, 1987; Burban et al., 1990; Manning, 2004). The physical
and biochemical factors affecting flocculation include turbulence intensity, differential settling, sediment
availability, primary-particle composition, salinity, and content of organic matter and polymers, and others
(Burban et al., 1989; Lick et al., 1993; Manning and Dyer, 1999; Mietta et al., 2009; Manning et al., 2013;
Parsons et al., 2016; Yang et al., 2016). Flocculation has a significant effect on deposition, erosion and
consolidation rates, which makes it a primary mechanisms controlling sediment transport in fine-grained
sedimentary environments. Because the characteristic floc size and settling velocity are considered key
parameters for cohesive sediment transport models (Mehta and Lott, 1987), the interest in modeling the
flocculation process has been growing.

All flocculation models are based on some version of the aggregation-fragmentation equation (AFE
e.g., Drake, 1972; Ball and Carr, 1990), which expands the coagulation equation originally proposed by
Smoluchovsky (1917). While the basic flocculation principles are generally agreed upon, the flocculation
debate and contributions (e.g., McAnally and Mehta, 2000; Maggi et al., 2007; Lee et al., 2011; Verney
et al.,, 2011) seem to be focused on the role and form of particular terms, such as turbulence-induced
collision and breakup processes (Maggi et al., 2007), or shear aggregation (Verney et al., 2011). To reduce
computational costs, some models focus on simplified distributions (e.g., bimodal, Lee et al., 2011). With
a few exceptions (e.g., Lee et al., 2011), most models assume homogeneous and isotropic suspensions
(so-called 0-D models), neglect settling effects and boundary sediment sources, and neglect all size-class
interactions that involve more than 3 classes.

Remarkably, most authors caution about the effort to integrate the AFE in its basic form, and stress the
need for numerically efficient simplifications (e.g., bimodal distribution of Lee et al., 2011). Simplifications,
however, should preserve the essential behavior of the full AFE. Even the simple notion of “characteristic
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floc size” implies that “essential features” of the dynamics of the floc-size distribution can be represented
by a low-dimensional model (a few size classes). Is this true? Under what conditions? What are these
“essential features”? For example, one would expect low-dimensional models to work for equilibrium
distributions. Do equilibrium distributions exist? What kind of equilibrium can be achieved (local or
global)? While the effort to derive and validate coefficients for various AFE terms is important, working
with truncations of the equation (e.g., 0-D models) has no solid justification beyond personal intuition,
unless the general behavior of the system is understood. Comparisons with observations do not provide a
compelling validation because: 1) field observations contain inherent forcing variability on multiple scales,
and relaxation times associated with the floc-size distributions are not known; 2) it is almost impossible
to control the forcing (most of the existing studies are based on laboratory experiments under controlled
forcing conditions); and 3) current observations capabilities to resolve floc sizes are quite limited.

The AFE has been studied quite extensively in general (e.g., Drake, 1972; Ball and Carr, 1990; Con-
naughton and Krapivsky, 2010, and many others), but so far little is known about its behavior as a floccula-
tion model. The goal of this paper is to derive the full AFE framework from the perspective of flocculation,
and prove some basic properties, such as mass conservation and the existence of local-balance equilibrium
for very simple cases. We hope that this will provide a general framework for the study of flocculation.
While exploring the dynamics of the full AFE is a significant effort, we contend that it is an important step
in understanding flocculation, defining the “essential features” of its dynamics, and providing a compre-
hensive validation framework for future numerically-efficient formulations.

THE AGGREGATION-FRAGMENTATION FRAMEWORK

Here we formalize the concepts of floc and flocculation, and set the foundation for the AFE framework.
The model proposed below refers to the dynamics of aggregation/disaggregation of flocs and largely ignores
primary particles. Instead of flocs, we will use below the term “particle”.

Particles

A particle is a sedimentary unit that has long life time 7" compared to the characteristic time 7 of an
aggregation/fragmentation process, i.e., T > 7. The hypothesis of separation of time scales is fundamental
to the kinetic description of the aggregation-fragmentation process. It implies that 1) particles have to
be somewhat resilient to forces in the fluid, and 2) that primary particles should not be included in this
definition. Indeed, assume that the concentration of primary particles is high enough that particles float
in a “soup” of primary particles, and exchange continuously primary particles with the soup. If primary
particles are allowed as components of the input/output state, the identity of a particle changes through
absorbing/shedding of a single primary particle. Because the such exchange can be regarded as continuous,
the lifetime of a particle shrinks to the same order of magnitude as the duration of collisions, violating the
time-scale separation. If the characteristic mass of a primary particle is 7, the mass m of a particle satisfies
the relation m > /. In other words, particles contain a large number, say O(10°), of primary particles (e.g.,
microflocs, D < 160 um are resistant to break-up by turbulent shear and are generally considered to be the
building blocks of larger flocs; Eisma, 1986; Manning, 2001).

For numerical modeling purposes particles are divided into a discrete number of classes based on their
mass. Denote by Am > m the characteristic mass of smallest particles. The set of particles with mass

m < |m—kAm| < Am @))

is called a k-class. We will approximate the mass of a k-particle as my;. We will refer to particles from class
k as k-particles. If p and g are two classes such that m,, < m,, g and p will be called upper, and lower class,
respectively.

In some volume V of fluid, let M} be the total mass of k-particles, and Ny = M;/m; the number of
k-particles in V. The total number of particles in V is N = ) ; Ny, and the total mass of sediment in V is
M = 3 My = X Nymy. The density of k-particles in V can be defined in the standard way as

M (1)
V

pu(r ) = lim =52 = my(r, nym, @)

where V is a volume containing the point r = (x,y, z), and n(r, ¢) is the number of particles per unit volume.
In Eq. 2 the limit is taken in a macroscopic sense (i.e., V; contains a very large number of particles). In the
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absence of sources, the total mass M of the sediment, and the total number of elementary particles in the
system M/my is are conserved. The total number of particles N is not conserved.

Collisions
A collision is a type of aggregation/fragmentation event that occurs on a time scale 7 and redistributes
an input set of N p;-particles, i = 1,2,---, N, into an output set of M g;-particles j = 1,---, M, represented

by the transformation

Py ={pi,p2--- . pn}={pily = Oum =191, 92, -+ . qm) = {qi}m- 3)

This definition identifies types of collisions, and not individual, physical aggregation or fragmentation
events. Individual physical collision events of the same type are indistinguishable. Unless specified other-
wise, in the sequel, we shall denote classes and sets of classes by p; and Py for input, and g; and Q,, for
output. For simplicity, and where the meaning is clear, we will use the shorthand P = {p;}, and Q = {g;},
where the indices i are understood to be dummy (local) indices that have their own, distinct range. The
collision type is uniquely defined by the input Py and output Q) classes. Hence, a parameter A associated
with the collision type Py — Qu will be represented in the form AQ}’;‘, with the subscript denoting the
input and the superscript denoting the output. Because input/output can consist of multiple particles from
the same class, the classes p; and g; are not necessarily distinct. The order in the sets Py and Qs does not
matter. Collisions conserve mass, and based on Eq. 1, also the sum of class indices:

M N M n
qu/ = Zmpi, and qu = Zpi. “)
Jj=1 i=1 Jj=1 i=1

THE AGGREGATION-FRAGMENTATION EQUATION
The general aggregation-fragmentation equation describes the time evolution of the class distribution
of sediment particles. From the Reynolds transport theorem, the rate of change of the total k-class mass
M.(¢) in volume V(¢) of boundary S (¢) is
dM; (" 9o

k
—dV + -dA
: ot d ﬁka d 5 (5)

where the density of k-class particles is given by Eq. 2, v¢ = (v’l‘ VA, v’§) is the transport velocity of
k-class particles assumed constant across the class, and dA is the vector element of area of S. The total
derivative represents the mass change in class k due to creation/destruction in the volume V through colli-
sions, while the surface integral represents the net flux of k-class mass through the boundary S. Dividing
Eq. 5 by my, and switching to the differential formulation yields the equation for the rate of change of the
number of k-particles in the unit volume

dnk _ 6nk

dt ot
The rate of creation/destruction of k-particles can be expressed as the net flux across classes toward class &,
i.e., formally as

+V- (nkvk) . (6)

o =Tk (7

where F; is the creation flux for class k (negative is particles are destroyed), i.e., total number of k-particle
created through collisions in the unit of time and unit of volume. Combining Egs. 6 and 7 yields
Gnk k
§+V~(nkv)=ﬁ. (8)
If N and Ng;"’ are the total number of physical collision events and the total number of collisions events
of type Py — QO (Eq. 3) in the unit of volume per unit of time, then

N
NE# = NP = NWEY T [y, ©)

i=1
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where P}Q,A”j can be interpreted as the probability of a collision of type Py — Qp, and we assumed that the
number of physical collision events of this type is proportional to the number of particles n,, in each of
the input classes p;. The normalized interaction coefficients WQM inherit the invariance to permutations of
indices (i1, - ,iy) and (ji, - , jm)- Flnally, the number of partlcles created can be calculated by examining
the input and output of the collision. Let X Po 2 0 be the multiplicity of class k in the input/output sets P
and Q, satisfying ,u’,‘, + qu > 0 (at least one is non-zero). Then, each physical collision event destroys ,u’;,

and creates ,qu k-particles, therefore, the total flux of k-particles is

N
Fi= (- b)) NWE [ |y (10)
N i=1
Eq. 8 can be written as
N
%+V (nkv) NZ (u"Q—p’j,)Wgynnpi, (11)
N PQ i=1

where the summation on the right-hand side is taken over all possible P — Q collisions. Eq. 11 is a
general discrete form of the AFE. It includes multiple-particle collisions with arbitrary input and output, as
well as a basic advection mechanism for handling spatial inhomogeneities and transport (other mechanisms
such as diffusion can be included in a straightforward way). The only restriction so far is the assumption
of time-scale separation between particle life and collision scale. Without it, however, the concept of
“particle” becomes difficult to define. Eq. 11 is seldom seen in this form, because of the difficulty to
quantify the parameters that characterize arbitrary collisions. To become useful, the equation require further
simplifications.

Restriction to elementary, arbitrary-order collisions

We will use the term elementary collision to denote a is a collision whose input or outcome (but not
both) is a single particle, i.e., either Py — Q) or Py — Qy (compare with Eq. 3). The number N of classes
that either aggregate, or are the outcome fragments will be called the order of the collision. An elementary
collision of order N will be referred to as an N-collision.

A straightforward simplification of the general AFE (Eq. 11) is to assume that the probability of non-
elementary collisions is much smaller that that of elementary collisions. Restricting to elementary collisions
is equivalent assuming that aggregation and fragmentation can only occur separately. A direct consequence
of this is that the fragments of the collision (either input or output) are in lower classes (smaller mass) than
the whole. The total flux for class k can be written explicitly in terms of aggregation and fragmentation
events as

N
D o =) wRe] | =
N PO i=1
N N—pu
Z ZﬂFl?an + Z A’,‘,Nl—[ Ny, = Z FkQNnk - Z,uA%N(nk)” 1—[ np, |+ n.e.c., (12)
N \p.0 P i=1 0 Pg i=1
where n.e.c. stands for the neglected non-elementary collisions terms. In Eq. 12 we dropped the sub/superscripts
for the multiplicity u, and we replaced the generic notation W for the interaction coefficient with F (frag-
mentation) and A (aggregation). Summation symbols indicate sums over all allowable classes and all al-
lowable sets of input/output sets. For example, 3, o sums over all values of class p and all allowable sets
of fragment classes Q = {g;}. For single-e-class input/output, coeflicients are indexed by the class rather
than the set (e.g., p instead of P; = {p}). The meaning of the right-hand side terms is as follows. The first
two terms represent creation fluxes for class k, resulting from two types of collisions:

L. Py ={p1,---pn} = Q1 = {k}, with py,--- py < k:
a set of N particles from classes p; < k lower than class k, aggregate into a k-particle. The summation
is carried over all possible collisions of this type, i.e., all number of fragments N, and all possible
input sets Py.
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2. Pr={p} > O~ =1q1, - qn}, with g;;,--- , gy, = k, and p, q;,,,,* -, qi, # k:
a p-particle (p # k) breaks into N particles, of which u particles are of class k ( g;,,- -+ , gy =k, ) and
the rest N — u are not in class k (g;,,,» " ,qi, # k). The summation is carried over all the possible

collisions of this type, i.e., all number of fragments N, all possible p-classes, and all possible output
sets Oy, The number p < N is the multiplicity of class k in the output set Qy.

The last two terms represent destruction fluxes, also of two collision types

3. Py ={k} = On = 1{q1, - - qn}, with , with g, -- gy < k:
a k-particle breaks into N particles of classes g; < k lower than k. The summation is carried over all
possible sets of output classes, i.e., all number of fragments N, and all possible output sets Q.

4. Py ={p1,---pn} = Q1 =g} with p;, -+, piy =k, and g, pj,,,, -+, piy # k:
a number u of k-particles together with N — u particles of classes p; aggregate into a g-particle. The
summation is carried over all the possible collisions of this type, i.e., all number of fragments N, all
possible input sets Py. The number u < N is the multiplicity of class k in the input set Py.

In the list above, cases 1 and 3 correspond to a k-particle being the “whole” that aggregates from, or
fragments into sub-particles of lower classes. The cases 2 and 4 correspond to a k-particle being a fragment
that either results from the fragmentation, or contributes to the aggregation into, some other particle of
higher class. If the conservation of mass (Eq. 4) is taken into account, the fluxes can be written as

L ;A;Nﬁ[nm-zzym ,,N[n ]a(kzp)

N>2 Py 1 i=1
N
2 = 35 Sk (p . Zq,.]
N22 p Oy i=1
3. Z F&me= " Ug, FP'nes [k - zN: q,-]
N>2 On =1
N N
) ﬂ - [ﬂn,,i)a[q_ Zp,-], 13
N> q Py i=1 i=1

where d(a,b) = 1 if a = b and 0 otherwise (Kronecker delta). In Eq. 13 the summation is broken down by
the order of collision (}y), and by the input/output set (e.g., Y, p). The multiplicity number y; represents the
number of times class k enters an input/output set. The number Up, denotes the number of equivalent forms
the input set Py appears in the sum }’p and it depends on the way collisions are counted. For example, if
the collisions are counted as in Eq. 13, by cycling through all the available classes, the number U is the
reciprocal of the number of permutations with repetitions (to allow for repeated indices) of a given input

set, i.e.,
N

ZUPN=Z-~-Z%]_[(W) (14)
Py P1 PN

i=1

where the number p, is the multiplicity of the value of index p;. Collecting all the terms and dropping the
formal distinction between input (p) and output (g) classes, Eq. 11 for elementary collisions becomes

(o Nz{ZUPN[ [ﬂ] From, a[k—im)

N>2 i=1 i=1
N
_ Zzﬂk £y [nnpi)—F;’qu 6(q—2pi]} (15)
q Py

i=1 i=1

Eq. 15 is a version of the general AFE equation that takes into account elementary collisions of arbitrary
order N > 2.
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EXAMPLE: AFE FOR ELEMENTARY COLLISIONS OF ORDER N =2
If the order of magnitude of the probability of N-collisions decreases as N increases, for example,
pt . plrlv — (eN ), where € < 1 a small parameter, then the lowest order collisions (N = 2) dominate

{pily k
the dynamics, and in the leading order Eq. 15 can be approximated by the 2-collision AFE equation

) (!
% +V- (nkvk) :N% M [A][(p,q]”p”q _ F}((p,qlnk] Sk=p—q)

- NZﬂk [Af’k’p]nknp - F,[Ik’p]nq] Stk+p—-q). (16)

Pq

Eq. 16 is the preferred form of the AFE in the flocculation literature (e.g., Maggi et al., 2007; Verney
etal., 2011).

Equilibrium distributions

The AFE (Eq. 11) is a kinetic equation similar to equations encountered in statistical physics (e.g.,
the celebrated Boltzmann equation Lifshitz and Pitaevskii, 1981), plasma physics (Kadomtsev, 1965), sur-
face waves (Hasselmann, 1962), nonlinear optics and other fields of physics (Zakharov et al., 1992). Similar
equations have been extensively studied (e.g., Nazarenko, 2011) and are integrated as a matter of routine, for
example, in ocean wave forecasting (e.g., Cavaleri et al., 2007). The distributions described by these equa-
tions can achieve several types of stationarity (equilibrium) shapes. Two better known types are equilibrium
states achieved through local balance (at class k, the creation flux exactly balances the destruction flux, i.e.,
Fr = 01in Eq. 8), or through a constant flux across a range of classes (similar to the Kolmogorov inertial
range in turbulence). The existence of global equilibrium is associated to power-law, self-similar class dis-
tributions similar to Kolmogorov-Zakharov spectra (Zakharov et al., 1992; Frisch, 1995; Nazarenko, 2011)
but investigating them requires a more complicated analysis of the system of equations.

In contrast, the existence of local-balance-equilibrium distributions is simpler, as the condition required
is to cancel the right-hand side of Eq. 11. We illustrate the principle for a simple possible AFE form, Eq.
16 with 3 classes, under the assumption of spatial homogeneity and isotropy, and constant environment
conditions (i.e., constant interaction coefficients). Let the classes be my; = km, with k = 1,2,3. Eq. 16
becomes

1 dn, 2 2 TR 3 11.2)

—— = 2A7, ny +2F  'ny — A7 o onng + Fy %'

N dt (.1yh 2 2 {1,2)7°17%2 3 3

1 dny 11 2,1

— = =A% - FMp A3 non +F{’}n,

N dt (L™ 2 M {2,137°2"1 3 3

ldl’l3 12

—— = = A} nn —F[’}n, 17
N dt (1,2)"*1712 3 3 ( )

In the way collisions are counted here, the right-hand side of the equation for class 3 appears twice in the
equations, but with a factor

Hilwp! 1
Ui = =

20 2
so it is counted only once. The conservation of the mass M = (n; + 2n, + 3n3)m of the system Eq. 17 is
readily verified, since the all the right-hand side terms cancel in pairs

my d 1,1 12
Wd_t (ny +2ny + 3n3) = —ZAfl’l]n% + ZF; }nz - A?m]nlnz + F; ]I’l3

2 2 1,1 3 2,1 3 1,2
+2(Afynd = FY Uy = AL mamy + F9ng) + 3 (A, yymimy = FY'ns) = 0. (18)

The local-balance equilibrium solution can also be found with ease. Setting all the class-creation/destruction
fluxes to zero yields
1,1 1,2
0= =247 1t + 2F5"Iny = AP yminy + F¥ns
2 2 11 12
0= A% ynt = Fi"'ny — A7 yynany + F{¥ns, (19)
3 1,2
0= A[Lz}n]}’tz — F; ’I’l3
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From the last equation one obtains

3
Ay
3 [132}711712,
3
and substituting into the first 2 equations yields
(1,1} 3 {1,112
_. .5 _ AL (P2
ng=ny = Az—, hence n3 = i | .
(. Fy .

SUMMARY

In this paper we review briefly key assumptions in the derivation of the general AFE, and illustrated
the points using a simple form of the equation that describes the dynamics of a 3-class distribution subject
to elementary collisions of order 2, with arbitrary interaction coefficients.

While the AFE has been used before as a model for flocculation, the significance of the form of the
equation used, as well as the assumptions on which it is based are often if not misstated, at least overlooked,
and often misunderstood. The AFE form for elementary collisions of order 2 (Eq. 16) is typically presented
as the AFE (with no qualifications). As shown here, Eq. 16 is the fact a strongly simplified version of the
general AFE (Eq. 11). While higher order versions of the AFE are no doubt more difficult to implement
and use for practical applications, even in the case of Eq. 16, however, a good deal of ambiguity and
misunderstanding is associated with the discussion of its scope and fundamental assumptions. The kinetic
character (Eq. 1) of the AFE, whatever level of simplification, is often ignored. For example, Maggi et
al. (2007) define a k-class as the type of particles that contain k primary particles. The separation of time
scales of physical interaction of particles and particle life-time imply that primary particles should not be
considered as a class in themselves. McAnally and Mehta (2002) discuss at length the details of the physical
interaction process and the circumstances that may lead to collisions of the type Py — Qp with M > 1 and
M + N > 1. While the mechanism itself is likely important for defining the probability of such collisions,
the AFE itself cannot include the description of the details of the interaction.

Although the family of kinetic equations to which the AFE belongs have been studied for a long time
in other fields, very little is known about the properties of the AFE as a mathematical representation of
flocculation processes. Equilibrium solutions have not been investigated even for its simplest form. We
stress that this is not an indictment of previous research, which has mainly focused on the derivation of
particular forms of the interaction coefficients corresponding to different aggregation and fragmentation
mechanisms. Quite the contrary, we believe that previous work has laid a solid foundation for pursuing a
better understanding of the complicated AFE dynamics.
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