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A theory of stationary particle size distributions in coagulating systems with particle injection at
small sizes is constructed. The size distributions have the form of power laws. Under rather
general assumptions, the exponent in the power law is shown to depend only on the degree of
homogeneity of the coagulation kernel. The results obtained depend on detailed and quite sensitive
estimates of various integral quantities governing the overall kinetics. The theory provides a
unifying framework for a number of isolated results reported previously in the literature. In
particular, it provides a more rigorous foundation for the scaling arguments of Hunt, which were
based purely on dimensional anaysis.

1. INTRODUCTION

Aggregation phenomena are generally modeled using the kinetic equation first formulated by
Smoluchowski in 1916 [1-2]:

dcn, _
dt

N =

i m nn Cm-n _szKm,nCn- (1)
n=1 n=1

Equation (1) has been used to model aggregating colloidal particles, coagulating drops in clouds,
reacting polymers, growing gas bubbles in solids and liquids, fuel mixtures in engines, and star
formation. For our purposes it will generally be more convenient to work with the continuous
version of (1), dueto Mdiller [3]:

ac(t Vv

va u,u) ct,v —u) ct,u) du—c(tvf K(v,u) c(t,u) du (2

We shall refer to either (1) or (2) as the Smoluchowski equation (henceforth abbreviated SCE).

The equation isintended to describe an ensemble of particles, uniformly distributed in space,
that remain uncorrelated for al time. The quantity c,,(t) in (1) givesthe number density of particles
made up of m monomers. The quantity c(t,v) in (2) isthe density at timet of particles of ‘size’ v,
where ‘size’ may mean ‘mass or ‘volume’ or any other quantity conserved in the binary
interactions. Henceforth, we shall refer to v simply as mass, but the broader interpretation of this
quantity should be kept in mind since it isimportant for specific applications.

The key quantity identifying the type of coagulation process is the coagulation kernel or
collision frequency, K, in the discrete case, and K(u,v) in the continuous case, respectively.
This quantity models the physics of the coagulation process through its dependence on its
arguments. Particles are implicitly assumed to move in some deterministic or stochastic way.
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When two come into contact, they coalesce into a single particle with a mass equal to the sum of
the constituent masses. The density of particles is assumed to be sufficiently low that one may
restrict attention to binary collisions. The first term on the right hand side of (2) gives the rate of
change of particles of mass v due to particles of mass v — u and u coagulating. The second term
counts the depletion of particles of mass v by those particles coagulating with particles of any other
mass. The coagulation kernel is always assumed to be symmetric in its arguments (or indices).
Because of its physical interpretation as a probability, it is non-negative.

Thereis an extensive literature on the different mechanisms that govern collisions of particles
in various disperse systems, and on the derivation of the appropriate form of the coagulation kernel
for each one. Kernelsfor coagulation via Brownian motion, coagulation of spherical particlesin a
laminar shear or pure straining flow, coagulation due to advection by aturbulent flow, coagulation
in aturbulent flow taking account of particle inertia, coagulation due to differential sedimentation,
and kernels representing yet other physical mechanisms have been derived [4-5].

In the discrete case one explicitly recognizes the existence of a smallest particle mass (a
‘monomer’). In the continuous case we alow arbitrarily small particles, although we shall find it
useful to consider (2) with a smallest particle size cutoff. Itis clear from (2) that if at t = O the
particle distribution is such that c(0,v) = O for all v < v, then c(t,v) remains zero for v < v, for all
time.

By choosing a particular mechanism, i.e., a certain coagulation kernel, and giving an initial
distribution of particle sizes, various exact analytical solutions of SCE have been found [4], [6-7].
However, the study of an isolated case, by analysis or numerical simulation, cannot, of course,
address the key question of how typical such asolution isor of how it is related to the evolution of
real aggregating systems, where the kernel may not be precisely the one chosen for study. Our
approach is aimed at these more global issues and so aims to work only with rather generic
properties of the SCE, such as the degree of homogeneity of the coagulation kernel (discussed
next), and the convergence of various integral quantities associated with SCE.

Many of the coagulation kernels proposed for various processes have the property that they
are homogeneous functions of their arguments [4], i.e., that

K(Au, Av) = A%K(u, V), (3)

for any positive real number A with afixed exponent a. In particular, Smoluchowski studied the
case of Brownian motion for which the kernel has a = 0. For coagulation in alaminar flow a = 1.
For coagulation due to differential sedimentation a = 4/3. And so on. Homogeneity of the
coagulation kernel isthe formal statement that the coagulation process does not have a characteristic
scale, i.e., that aggregation of particles at different scales is assumed to happen similarly except for
apossible change in the rate of the process.

In turn, this suggests either that asymptotic solutions of (1) or (2) should display a similarity
form or that steady-state solutions — which would arise by, somehow, ‘feeding’ the coagulating
mix SO as to maintain the steady state — should be power-laws. That is, one is led either to the
suggestion that theinitial value problem has solutions of the form



c(t.v) = f(t)=2 W(V/f (1), (4)

where f(t) is to be determined. (The exponent in the pre-factor guarantees that the mean cluster

Size, <v>= Ivc(v,t) dv, isconstant.) Or oneisled to suggest that for a‘forced’ version of (2) the
steady state solutions are of the form

c(v) = congt. X v T, ©)

where T is another exponent, appeared to us to be more anayticaly tractable. At issue, then, isthe
problem of ascertaining when (5) is, indeed, the steady-state solution (given some physically
reasonable model of the ‘forcing’), and how the exponent T depends on the coagulation kernel, in
particular through its homogeneity exponent, a (but, possibly, in other ways as well).

The possibility (4) was pursued in the work of Friedlander [8]. To have aclear terminology
we shall refer to this approach as the self-preservation theory and to the approach summarized
by (5) as the self-similarity theory. The possibility of power-law solutions of the form (5) was
raised by Hunt [9] in an important paper that, however, seems to have been somewhat overlooked
in the literature on coagulation. Hunt patterned his reasoning on the Kolmogorov scaling theory
for turbulent flow [10]. Thus, he enunciated four assumptions, similar to those made for the
turbulent ‘ cascade’, that allowed him to apply dimensional analysis arguments to the problem, and
thus predict the exponent T for various kernels. Because of the analogy to turbulence theory, we
shall often refer to a power-law distribution for the mass density in coagulation as a ‘ mass
spectrum’. The similarity solutions (4) have aso been explored with the objective of identifying
when this form will lead to power-law solutions asymptotically. For the most far-reaching work in
this direction see the papers by van Dongen and Ernst [11-12].

There are important differences between the approaches summarized by Egs.(4) and (5). A
self-preserving distribution (4) presumes the existence of a single characteristic size in the system,
which can be chosen equal to the average cluster size. Accordingly, the self-preserving
distribution should have a shape with a single hump, similar to a log-normal distribution. The
theory aims at the case when <v> is finite and so excludes what in polymer science is called the
gelating case for which the average cluster size diverges after a finite time. The self-similarity
theory explored in this paper, on the other hand, predicts scale-free power-law distributions that
arise due to forcing. The average cluster size does not need to be finite. If it is not, the influx of
mass into the system equals the mass flux to the infinite size cluster. There is no restriction to
kernels that give finite average cluster size, i.e., both gelating and non-gelating cases are covered
by the theory (modulo the restrictions identified later in the analysis).

Unfortunately, Hunt’s assumptions [9] seem overly restrictive. For example, he assumed
that collisions between particles of very different size would not contribute significantly to the flux
of mass through the distribution and so could be ignored. Thisis similar to the assumption in
turbulence theory that eddies very different in size do not contribute substantially to the flow of
energy through the ‘cascade’, i.e., that the energy ‘cascade’ is‘local’. However, in the case of a
constant kernel in (1), where the collision frequency is independent of particle size, one can solve
for the steady-state mass spectrum analytically and one finds that it obeys Hunt’'s scaling
predictions even though the key assumption of ‘locality’ underlying his analysis appears to be
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violated (see Appendix). This observation led usto re-examine the conditions under which (2) had
steady-state solutions of the form (5). The main purpose of this paper isto report on the results of
this re-examination. The remainder of the paper is thus set out as follows:

First, in Sec.ll, we discuss what we mean by ‘forced” Smoluchowski kinetics, and how
such anotion of ‘forcing’ leads us to substitute for the initial-value problem for SCE a boundary-
value problem for the ‘forced’ kinetics. It is this boundary value problem that has steady-state,
power-law solutions of the form (5). In Sec.Il we aso introduce the mass flux through the
‘spectrum’ of coagulating particles.

Next, in Sec.lll, we study the equations to be satisfied by a steady-state solution to the
‘forced’ problem, and we establish a very useful representation of these solutions which is the
basis for our further analysis. A relationship, Eq.(20), between the power-law exponent, T, in (5)
and the homogeneity exponent, a, in (3) isfound, but at this stage this relation contains an as yet
undetermined, additive, ‘anomalous exponent 6.

In Sec.IV we introduce the additional assumption that K(u,v) becomes just a product of two
powers when u >> v or, because of the symmetry, when u << v. The exponents of these powers,
which we call p and v, respectively, must, of course, add to a. One can view this extension of the
homogeneity condition (3), an extension that is satisfied by many of the best known examplesin
applications, as our counterpart of Hunt’s locality assumption. With it we can show that various
inequalities must be obeyed by the various scaling exponents we have introduced. Establishing
these relations by asymptotic analysisis the main subject of Sec.IV. The main results can be found
in Egs.(23) and (27).

In Sec.V we return to the equation for the mass flux from Sec.Il. It turns out that the full
integral expression can be substantially reduced in the case of a steady-state, power-law solution,
and this reduction isimportant for further analytical progress.

Much of the work in Secs.IV-V is preparatory to Sec.V1 where, having stripped down the
expression for the mass flux, we are able to show, finally, that the anomal ous scaling exponent, 6,
must vanish. This leads to our main result stated in Eq.(37). Our concluding Sec.VII contains
discussion of the results obtained.

The main results of this work were first reported at the annual meeting of the American
Physical Society, Division of Fluid Dynamicsin New Orleans, November 1999 [13]. While this
paper was being prepared, we became aware of the work of Davies, King and Wattis [14-15] in

which analytical results are obtained for coagulation kemels K, = 2(mHnv + mvnk), with p+v =

o. Their exact results agree with key aspects of our more general arguments and thus provide
important points of validation for the theoretical ideas advanced in this paper.

2. FORCED SMOLUCHOWSKI KINETICS

Asindicated in Sec.| it is convenient to study (2) subject to the following modifications: (i)
we assume there is a smallest particle mass v in the system for al times, and (ii) we posit a
‘forcing mechanism’ that constantly replenishes particles. We may take this ‘forcing’ to be quite
generdl, i.e., define a quantity j(t,v) that gives the influx of particles of massv into the system at
time t, and stipulate this function more or less freely. We shall focus on the case when j(t,v) is
concentrated at the small particle end of the spectrum and acts to maintain the density of the
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smallest particles constant. In the discrete case we would simply stipulate that c,(t) be constant,
but this is awkward in the continuous case, so we allow j(t,v) to be spread over a range of
particles, say particles with mass vy < v < 2v, such that c(t,v) is maintained constant in this
interval. The precise nature of the forcing isimmaterial.

While these assumptions are most helpful to the analysis, we argue that they are aso quite
realistic physically in a variety of situations. Thus, the smallest particles in a chemical or
combustion process, e.g., in a stirred tank reactor or in smoke, may be assumed to exist in a
largely time-independent density. The counterpart to the notion that the initial-value problem has a
similarity solution is then that the boundary-value problem has a steady-state solution that ‘forgets
the smallest particle size, v, for v>>v,,.

We shall refer to (2) with the stipulations that c(t,v) = O for v < vy and a particle injection
term j(t,v) on the right hand side as the forced Smoluchowski equation, henceforth abbreviated
FSCE. Madificationsto SCE wherein a mechanism for particle addition to the system isincluded
have been considered previously by severa authors, see[14] and references therein.

A genera form of the FSCE is, then,

Y] = j(tw) - stw) (63

where j(t,v) is to be specified, and s(t,v) is the right hand side in (2) suitably modified to take
account of the small-size cutoff. In particular, for vo < v < 2vy:

s(t,v) = dt,v) ’ K(v,u) c(t,u) du, (6b)

Vo

and for 2vy < v:

(V) = 2 f T duvK(v — uu) ity —u) dtu) + ot [ K(v,u) dtu)du.  (60)

Vo Vo

Just as the energy flux plays a key role in Kolmogorov’s theory of turbulent flow, so does
the flux of mass, E, play a key role in the self-similar solutions of coagulation kinetics. Indeed,
these solutions are characterized by having a constant flux of mass through the spectrum of particle
sizes. Therate of change of the total massin the systemis

‘ﬂ\t" . f acgt"’) dv = f v (jitv) —stv) dv = It — S(), (7a)

Vo Vo

where J(t) isthe total influx of mass,



xt) = f “viltv)dv, (7b)
Vo
and S(t) isthetotal efflux of mass*at infinity’,
S(t) = f vty dv. (70)
Vo

We should think of these integralsinitially as limits of integrals over afinite range of masses,

Vgsv<V,andthenletV — o. Sincej(t,v) isassumed to be concentrated at small v, the integral
J(t) poses no convergence issues — its range could be truncated to vo < v < 2v,. Theintegral S(t),
however, merits closer examination. We have

. \% ) \% 00
S(t) = Vll_r,noo y vygtyv)dv = VI|£n°o[fV dv y du vK(v,u) ct,v) ct,u)
(8
_;Lvodvf ” du vK (v —u,u) ot —u) dt,u) |

In the second double-integral we writev asv —u + u. The integrand is then symmetric in the
variablesu and v —u. Theintegration domain is easily seen also to be symmetric in terms of these
variables. Hence, theintegral may be written as

V —vq V—-v
—f dv du v K(uyv) dt,u) dt,v).

Vo Vo

Taken together with the first integral we obtain

0 = Jim [$Y(t) + SO, (%)
where
sQt) = f Y fvm_ du v K(u,v) dt,u) ot,v), (9b)
Vv 0
s@t) = fv- dv | duvK(uyv)dtu)dtyv). (9¢)



We shall seein Sec.V that for the solutions (5) of interest here, S@(t) will, not surprisingly, tend

tozeroasV - oo, but SU(t) will have afinitelimit. Of course, for the steady-state solutions both

integrals are time-independent.
We note that if the integral

foo dv ? du v K(u,v) dt,u) ct,v) (10)

Vo Vo

converged, then SE(t) and S@(t), and thus S(t), would vanish in the limit V - . However, to

describe a stationary distribution sustained by a constant influx of mass, E, we have J(t) = E, and
since the total mass of the system isto remain constant, we must have S(t) = J(t) = E according to
(78). Thus, assuming convergence of (10), which is sometimes done in analytical investigations
of SCE, is an additional assumption that rules out the solutions we are after! In the literature on
coagulation applied to polymersit is realized that (10) should diverge in certain cases, and this
divergence is associated with the phenomenon of gelation [11].

3. STEADY-STATE SOLUTIONS OF FSCE
Consider a steady-state solution of (6a) for v = 2v, and assume the forcing is confined to
smaller particles so that the balance of interest is

;fv—vO duK(v—-uu)cv—ujdu) = c(v)fvc: K(v,u) o(u) du. (12)

Vo

We have omitted the time dependence since we are seeking a steady-state solution. We introduce
the quantities k(u,v;vp) by

k2(u,v;vp) = E-1 K(u,v) c(u) c(v) ud2v3/2, (12)

where E is the mass flux through the system. The 3/2 powers of u and v have been factored out
for two reasons. First, this makes k dimensionless. Second, for u = v we have the representation

12
v =32 k(v;vy), (13)

c(v) =

K(v,v)

where the repeated argument in k has been dropped, and the spectrum ¢(v) = const. x v—=32 turns
out to be the solution for a constant kernel (see Appendix). Indeed, for this case (13) follows
essentially by dimensional analysis. In general, Eq.(13) provides a representation of c(v) that
consists of two factors, one involving the mass flux E, the other involving the small scale cut-off
Vo.

So far we have accomplished nothing but to write one unknown quantity, c(v), in terms of
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another, k(v;vp). However, due to the scale invariance of the coagulation kernel, it turns out that
k(v;vp) in (13) must, in fact, have the form k(v/vy).

To see this we substitute (13) into both sides of (11). We scale the variables u and v by vy,
introducing new variables x = v/vg, and y = ulvy. Then we use the homogeneity of the kernel,

Eq.(3), to factor out v, as follows: K(v —u, u) = K((X —y)vg, YVq) = V§K(X — Y, Yy), and so on.
In thisway we obtain:

(x—y) =32y =32K(x —y) k(y) =

I K(x=Y.y)
2 L W VKX—yx-y)K(yy)

(14)

” K(x.,y) e
d 32 y - 32 k(x) k
L Y TR Kiyy) < YT KO KO)

where k(x) = k(xvg;Vp). Both E and, more remarkably, v, drop out of equation (14)! Setting

___ Kixy)
= T Ky =

we have the following integral equation for determining the function k:

x-1
3], dy Qx-y.y) (x=y) 32y -32K(x-y) k(y) =

(16
|, oy Q) x=32y=32K09 k(.

Assuming (16) has a solution, k(x), we have k(v; vg) = k(Xvg; Vo) = k(v/vg). We now have
the more substantial version of (13) that

1/2

c(v) = v =32 k(vivp), (17)

K(v,v)

where k(x) is asolution of (16).

We see that (16) will only determine k up to a multiplicative factor. Thisis consistent with
(17) which must be augmented by the condition that E is, indeed, the mass flux. Recalling (9),
and the definition (15), we have



(18)

[ e oy o [T Bk

asthe ‘normalization condition’ on the function k. Solutions of the pair of equations (16) and (18)
produce steady-state solutions of the FSCE with kernel K(u,v) via (17). These solutions have a
constant mass flux, E, which enters as a coefficient.

If c(v) in (17) is to behave as a power law when v>>v,, as envisioned in Eq.(5), i.e., if we
demand that c(Av) = A~ c(v), then we must have

E 12 E (V2
= -32 =\ -302
c(Av) KWV (AVv) K(AV/vg) = AT [K(v,v) % k(vivy)
or, since K(Av,Av) = A% K(v,v),
K(AX) = A=T +312+ a2 (x), (19)

i.e, k must itself be a power, k(x) = ko x=® (for x >> 1), where T and 6 are related by

_3+a
2

+0. (20)

If k goes to a constant for large arguments, i.e., if 8 = 0O, then the system does, indeed,
‘forget’ the small size v, and scale invariance is fully restored at large particle masses. Thisis
referred to as similarity of the first kind [16]. If, on the other hand, 6 # O, we have similarity
of the second kind [16], or in the language of critical phenomena, an anomalous exponent.
The next section explores these issues further.

4. INEQUALITIES FOR SCALING EXPONENTS
We now augment the homogeneity condition (3) dightly by requiring, in addition, that

K(uv)=ukvVv for v>>u, (21a)

where, of course, 4 + Vv =d. Dueto symmetry, (21a) also implies that K(u,v) = K(v,u) = uM vV
forv >>u, i.e, that

K(uv)= uvvHk for u>>v. (21b)

This conditions (21) are satisfied by many of the kernels used in common applications of the
SCE. Thus, for coagulation due to Brownian motion the kernel is



Kg(u,v) O (UY3 + v13)2 /(uv) /3, (229)
i.e, a =0, u=-v =-1/3. For coagulation due to laminar shear

Kg, (uv) O (U3 + v1/3)3, (22b)
soa=v =1 u=0, Andfor coagulation due to differentia sedimentation

K gs (UV) O (UY3 + vU3)2 U213 — 23], (22c)
which givesa = =4/3,v =0.

4.1 Theinequalitya —2v+20+1>0

The conditions (21) give a nuance to the homogeneity condition (3) that allows us to obtain
useful asymptotic estimates of various integrals and thus to write inequalities for the exponents we
have introduced. As an easy example, from the discussion in Sec.l, particularly Egs.(9), we see
that

’ du v K(u,v) dt,u) ct,v)

Vo

must exist. Substituting (5) and (21b) we see that the integrand for large u variesas w — 1. Thus,
for convergence we must havev —t <-1or

T-v-1>0. (2339)
or, using (20),

a—-2v+20+1>0. (23b)

4.2 Theinequalitya —2u+20+1>0

We turn next to Eq.(11) itself. We may reason asfollows: Let v, be such that with sufficient
accuracy c(v) = Av T, with A aconstant, for v > v.. Split theintegral on the left hand side of (11)
into a sum of three integrals, the first from v, to v, the second from v to v — v, the third from v —
V. tov —vy. Thefirst and third integral are identical asis seen by the substitution u' = v —u.
Consider Eq.(11) for alarge value of v, say v >> 2v, + v,. Inanintegral where vy < u<v,, we
seethat v —u>>v.. Hence, c(v—u) =A(v—u)~T with sufficient accuracy. In anintegral where
VeSusv-v,wehavec(u) = Au-Thutalsov—-uz=v,sothat c(v—u) =A(v—u)~-T. Thus, we
get the asymptotic estimate
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1fv_vo duK(v—-u,u)dv—u)du) =

2 Jy,

Ve V—Ve
Al duK(v-uu)c(u) (v—u)-T+ ;Azj du K(v—uuu-T(v—u)-T

VO VC

Now from (21') use the estimate K(v — u,u) = B (v —u) vV uk, where B is another constant, in the
first of theseintegrals. Asv — o wethen have for thisintegral

[ VC
ABfV du (v—u)V-Tuk c(u) = [ABJ duuH c(u)] vV-T,
Vo Vo

Thisis the mass influx due to that part of of the mass spectrum that has not achieved power-law
form. If welook on the right hand side of (11), we see immediately that the integral from vO to vc
there, which describes the mass efflux due to the non-power law portion of the mass spectrum,
will asymptotically exactly balance the influx!

We areleft to consider the balance

%AZ fv_vc du K(v—-uuu-T(v—u)-T= c(v)fvi0 K(v,u) ¢(u) du (24)

Ve

or, substituting in the asymptotic forms for the distributions

V-V, 0o
;J du K(v—u,u)u—T(v—u)—T:v—Tf du K(v,u) u—Tt
VC

C

We substitute u = ¢ v in the integrals and, using the homogeneity of the kernel, obtain

1-¢& o
), TEKa-gHETa-n = [T ka e

where € . = v./v. Because of the symmetry of the integrand on the left hand side, this balance
equation may aso be written

fl/
3

C

e KL-EDETA-8 = [ &KL HE (25)

Asv - oo, wehavethat § . — 0. Thus, closeto the lower limit both integrands vary asB {1 T,
which divergesfor T = 4 + 1 and convergesfor T < + 1. Since the divergences are similar, and
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with the same coefficient, we obtain a balance in these cases to leading order. In the convergent
case, however, we only obtain abalance if

1/2 .
f dg K(1-&,8) & T (1—5)‘T=J dg K(1,8) &~ (26)
0 0

In general, this relation for K is not satisfied. Therefore, in the convergent case the necessary
condition for a power-law spectrum is not satisfied (except possibly for exceptional cases).

We conclude from these considerations that in order to have a power-law steady-state
distribution, we should insist that

T—-u—-1=0. (279)

This relation looks deceptively similar to (23a), but the arguments given can leave no doubt that it
isadeeper result. Note that equality isalowed in (27a), whereas (23a) isastrict inequality. Asin
(23) we may write (27a) in terms of the exponents a and ©:

a—-2u+20+1>0. (27b)
Adding (23b) and (27b) we have the easy result that 6 > — 1/2.

5. NORMALIZATION REVISITED
In this subsection we pursue estimates similar to those of Sec.IV for the normalization
condition, EQ.(18). Asalead-in we show the result mentioned in Sec.Il that for the steady-state,

power-law solutions S@, Eq.(9c), will tend to zero asV - oo, while S, Eq.(9b), will have a
finite limit.
In the outer integral of

S@ = fvv_vo dv Vj du v K(uv) du) ov) (90)

we substitute v = &V to obtain

1
90

G ECEY) fv U K(u, &) o) =
(28)

V v o(V) f " du KU, V) o(u) = AvgV 1T f " du K(u, V) c(u).

The remaining integral is split into two, the first from v to v, the second from v, to c. In the
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first we can set K(u,V) = BuM V'V according to (21a). It then varies asymptotically asVV. Inthe
second we can set c(u) = Au~T, and then

" du K(u, V) AurT= AVita- vajv & K(E, 1) & T

Ve

At the large-€ limit the integral converges because K(&,1) varies as BEY by (21a) and we have
inequality (23a). At the small- limit K(&,1) varies as BE* by (21b) and the leading order term is

of order V1+a-t (v /V)* ~T*1orvv (v H ~T*1 ie, of the same order asthefirst integral, Vv, as
V - . Multiplying both these asymptotic results by V 1-1, asin (28), we see that

s@ OVv-t+1 .0 a V - o (29)

because of (23a).

As anticipated, we are therefore left with SQ) in (18). But this statement may be refined
further. Indeed, we will now show that only the integral over the mass range where both c(u) and
c(Vv) can be adequately approximated by power-law forms contributesto SQ) inthelarge-V limit.

We start from

sQ = f Y fvw_ duv K(uv) c(u) c(v) (9b)

and split the outer integral into three, the first from v, to v, the second from v, to V —v_, and the
third fromV — v, toV —v,. Inthefirst integral, then, c(u) = Au—T to sufficient accuracy, and
K(u,v) = BuvVvH by (21b). In the third c(v) = Av—T. In the second, which describes the
contribution of the self-similar part of the distribution, both c(u) = Au-T and c(v) = Av-T. to
sufficient accuracy. Now we have an easy order of magnitude estimates for the first integral:

Ve 00 Ve (o]
f dvf du v K(uV) c(U) cv) =AB | “dv vitic) [ duuv-t
Vo V—-v

Vo V—-v

(30)

AB Ve
dv vH+1(V —v)v-T+lcgy) O Vv-1+l
vV-1+1Jy,

so that it vanishesintheV — oo limit.
For the third integral we reason as follows:
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V—VO 00 V—VO o9
f dv f du v K(u,v) c(u) c(v) = A dv vl—Tf du K(u,v) c(u)
%

V-V, V-v V —v, -V

A aw (v —w) 1—rf°° du K(u,V —w) c(u)

Vo

Ve Ve 00
= Af dw (V —w)1-T [f du +f du] KUV —w) c(u)
Vo w Ve
In the first u-integral we can set K(u, V —w) =BuH (V —w)V by (214) and it then becomes

Ve Ve
AB [ dw (v—w)v—Hlf duub c(u) O VW-T+1 31
w

Vo

The second u-integral requires further work:

Ve o)
Al dw (v—w)l—Tf du KWV —w) cu) =
Ve

Vo

A ®
A2\vo-t+1| “gw (V—W)l—TfCNdZ K(z,1-w/V) z-T
v

Vo

Theinner integral converges at the upper limit because of (21b) and (23a). From the lower limit
using (21a) we obtain the leading order term in'V as

Ve (oY)
AZBVH-T+1( (v—w)v—r+1fclvdz Z1-T, (323)
V,

Vo

For 1> p + 1thisvariesas (vo—V) V¥ ~T+1VV-1+1land, thus, aso vanishesin the limit

V - oo, Itisinteresting to note that even if v, decreases, i.e., the distribution becomes self-similar
at a small value of the mass, the integral increases! Thus, a short range of masses before the
distribution becomes self-similar does not imply that this range makes a negligible contribution to
the mass flux E.

For1=p + 1weget
VC
—AZBVV—HIog(vC/V)f dw (1—wiV) V-1 (32b)
Vo
Sinceby (23a) v <1 —1 =, thisexpression will also tend to zerointheV - oo limit.

In summary, assuming we have a power-law distribution (and the coagulation kernel satisfies
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(21)), the mass flux must satisfy

V —v, o0
A2 |im dv du K(uv) u-tvli-1 =E (33)

V - o Jy, V-v

where we have omitted terms that can be shown to vanish independently in the large-V limit.

6. ABSENCE OF ANOMALOUS SCALING
We now want to consider the limit in (33) more closely. Werescale u and v by setting u =
yV, v =xV and obtain

V, 00
A2 |im [V3+G —2Tf C/def dy K(y,x)y-T xl—T] =E (34)
V 5 o JV 1-x

\Y

Recalling (20), we seethat if 8 # 0, then the prefactor V3 +a -2t will either diverge (if 6 <0) or go
to zero (if © > 0). Let us pursue the latter case — the former case can be handled similarly. For
(34) to hold, the double integral must then diverge, so that the product of the prefactor and the
integral will have afinite limit. Writing V as (1/V) -1 the limit

. f(uv)
ﬂUTO[W] (353)
where
1-vJV 5
f(JJV):fch dxfl_xdy K(y.x) y-Tx1-T, (35h)

yields an indeterminacy of the type that can be resolved by L'Hbéspital’s rule [19], i.e., we need
theratio of the derivatives with respect to 1/V of theintegral (35b) and the denominator.

The derivative of the denominator istrivial. It scalesas (1/V)2+a-2t, The derivative of the
integra is

ramy==vol [ dy Kot -vov)y = v+

J;_V W KWV YT (vaV)i-1].

The two integrals on the right hand side converge at their upper limits because of (21b) and (234).
From the lower limits (and from the upper limit of the second integral) we get, using (21a), that the
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integralsscaleas (v/V)H-T+1,
L’ Hospital’ s rule, and our insistence on afinite limit, now shows that the assumption 6 >0
implies the exponent relation

H—T+1=2+0-21,
or,sincead = +Vv,
T=v+1

But this contradicts (23a) according to which T >v + 1. A similar contradiction arises if we
assume 0 < 0.

Thus, we conclude that the anomal ous exponent 8 must, in fact, vanish, and that the simple
relation,

(36)

must hold for the steady-state, power-law solutions. The scaling function k(x) (see Sec.lll) isa
constant, and the final form of (17) is

El/2

= v-@+a)/2 (37a)

c(v) = .

where a is the homogeneity index of the coagulation kernel, E is the mass flux (an independent
parameter) and the constant k arises from the normalization condition

1 00
K :f dxf dy K(x,y) x1-T y-T, (37b)
0 1-x

Equations (37a-b) summarize our main result.

Let us also revisit (23) and (27) in light of the conclusion 8 = 0. These inequalities now
provide necessary conditions for a power-law solution (37) to arise. Combining (36) with (23) we
have

3+a
T= >v+ 1,

or
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a—-2v+1>0. (38a)
Similarly from (27) and (36)
a-2u+1=0. (38b)

Sincel +v = a, we may aso state these inequalitiesin the form

a-1 a+1

V<SS (393)
a-1 a+1
> <p< 5 (39b)

Any one of (38)-(39) is anecessary condition for the theory developed here to apply.

7. DISCUSSION
It will come as no surprise that at the level of Egs.(36) and (37) our results reproduce those

of Hunt [9]. Thus, for coagulation due to Brownian motion Hunt found t = 3/2 in accordance
with (22a) which showsthat a = O for that process. Inequalities (39) are satisfied, sincep =—v =
—1/3 asnoted aready in Sec.IV. Notethat T = 3/2 arises both for a constant kernel (see Appendix)
and for the kernel (22a). Both kernels have a = 0 but, of course, different values of p and v.

For coagulation in alaminar shear flow wefind 1 = 2 sincea = 1. However, inequalities
(39) areviolated, albeit barely, since p = 0and v = 1, so our theory does not apply. Coagulation
due to differential sedimentation is‘even worse’. Therelation (36) givest = 13/6 since a = 4/3,
and this spectrum was also obtained by Hunt who states that it is corroborated by observations[9].
However, inequalities (39) are now violated since 4 = 4/3and v = 0. These results suggest that
the present theory needs to be extended further to cover cases where an infinite flux of mass
through the system is required. In reality, of course, the mass influx is always finite, but the
system may be trying to approach solutions that arise analytically when E isinfinite and another
relation takes the place of our normalization condition (18). Thus, similarity solutions satisfying
(36) where (39) are violated have been observed experimentally.

Having justified Hunt’ s results, at least in part, our theory also shows that his assumptions
are largely superfluous. Collisions between particles of very different sizes are, ordinarily, not to
be considered improbable and they do contribute to the coagulation process. Indeed, for
coagulation kernels with the properties assumed here, K(u,v), with u and v very different in size,
varies as a product of powers of u and v, and both powers may be positive. ‘Locality’ of the flux
isnot a necessary condition for achieving self-similar coagulation spectra.

Hunt’ s theory is very similar to theories of cluster-cluster aggregation as opposed to particle-
particle aggregation. In other words, the assumptions of Hunt presume cluster-cluster aggregation
to prevail over particle-particle aggregation. Such theories are known to provide a satisfactory
description of aggregation kinetics in many cases. The present paper reveals strong reasons for

this behavior.
17



ACKNOWLEDGEMENTS

This work was performed under the auspices of the Center for Simulation of Advanced
Rockets (CSAR) at the University of Illinois, Urbana-Champaign. CSAR is supported by DoE as
part of the ASCI program. We are indebted to S. Balachandar and to members of the *particle
group’ in CSAR for discussions and constructive criticism.

18



REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

M. v. Smoluchowski, “Drei Vortrage tber Diffusion, Brownische Bewegung und
Koagulation von Kolloidteilchen,” Physik Z. 17, 557, 585 (1916).

M. v. Smoluchowski, “Versuch einer mathematischen Theorie der Koagulationskinetik
kolloider Losungen,” Ann. Physik. Chem. 92, 129 (1917).

H. Muller, “Zur algemeinen Theorie der raschen Koagulation,” Kolloidchemische Beihefte
27, 223 (1928).

R. L. Drake, “A general mathematical survey of the coagulation equation,” in Topics in
Current Aerosol Research, G. M. Hidy and J. R. Brock, eds., vol. 3, p.2 (Pergamon
Press, NY, 1972) and references therein.

H. J. Pearson, I. A. Valioulis & E. J. List, “Monte Carlo simulation of coagulation in
discrete particle-size distributions, |. Brownian motion and fluid shearing,” J. Fluid Mech.
143, 367 (1984).

R. M. Ziff, “Kinetics of polymerization,” J. Sat. Phys. 23, 241 (1980).

F. Calogero & F. Leyvraz, “A new solvable model of aggregation kinetics,” J. Phys. A 32,
7697 (1999).

S. K. Friedlander, Smoke, Dust and Haze: Fundamentals of Aerosol Behavior (Wiley,
NY, 1977).

J. R. Hunt, “Self-similar particle-size distributions during coagulation: theory and
experimental verification,” J. Fluid Mech. 122, 169 (1982).

A. N. Kolmogorov, “The local structure of turbulence in incompressible, viscous fluid for
very large Reynolds numbers,” C. R. Acad. Sci. USSR 30, 301 (1941).

P. G. J. van Dongen & M. H. Erngt, “Dynamic scaling in the kinetics of clustering.” Phys.
Rev. Lett. 54, 1396 (1985).

P. G. J. van Dongen & M. H. Ernst, “Scaling solutions of Smoluchowski’s coagulation
equation.” J. Sat. Phys. 50, 295 (1988).

D. O. Pushkin & H. Aref, “Coagulation in particle-laden flows,” Bull. Amer. Phys. Soc.
44, 164 (1999).

S. C. Davies, J. R. King & J. A. D. Wattis, “The Smoluchowski coagulation equations with
continuous injection,” J. Phys. A 32, 7745 (1999).

S. C. Davies, J. R. King & J. A. D. Wattis, “Self-similar behavior in the coagulation
equations,” J. Eng. Math. 36, 57 (1999).

G. |. Barenblatt, Scaling, Self-similarity, and Intermediate Asymptotics (Cambridge
University Press, 1996).

19



APPENDIX

In the body of the paper we have used the continuous formulation of SCE, Eq.(2). In this
Appendix we collect various detailed results concerning the discrete SCE for the particular case of a
coagulation kernel K ,,, independent of its indices.

(i) Smoluchowski’s solution

We set the common value of al the K, equal to 2, which simply amounts to a rescaling of
time, and are thus considering the equations

= i Y. G (A1
n= n=1

in the unforced (initial value problem) case. Designating the total mass at timet = 0 by

00

> cy(0) = c,, (A2)

and introducing the generating function
Gzt = D cyt) 2 (A3)
n=1

we have the following obvious formulae:

(LY = D> c); (A4d)
n=1
G(1,0) = cy; (A4b)
% " (A4c)
n=1
0 -1
G2(zt) = Z Z Cry—p Cry- (A4d)
m=2 n=1

Thus, multiplying (A1) by z™ and summing over m produces the following PDE for G(z,t):
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0G(z,t)
ot

= G2(z,t) — 2G(z,H)G(L,1).

To solve (A5) wefirst note that for z =1 it reducesto

dG(1,1)
dt

= —G2(1,1),

which, in view of (A4b) has the solution

Co
1+cgt’

G(L) =

When thisis substituted into (A5), we find

0G(z,t)
ot

= G¥(zt)

2¢Cq
1+cqt Gz,

or

6(1):_ , 2 1

ale Ttcg G

alinear differential equation that can, in turn, be solved to give

G(z,0)
(L+cot)L+(co—G(z,0)t]

G(zt) =

(A5)

(A6)

(A7)

(A8)

(A9)

By expanding the right hand side in powers of z, individual c,(t) may be read off as coefficients of

Z". Theinitia distribution is embodied in G(z,0). Otherwise the solution depends only on c;.

Smoluchowski considered the particular case c¢,(0) = ¢y, ¢,(0) = 0 for n = 2, for which

G(z,0) = cyz. Theexpansion in powers of z is straightforward and the result is that

)n—l

ch(t) =¢cg (Cot )n+1 .

(L+cqt

For larget we have c,(t) = Lcyt? for al n.
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(i) Forced Smoluchowski kinetics
We now consider the discrete version of Egs.(6), viz

dc

=0, (Allq)

dc,, _ "' - .

T 2 CmonCh—2Cn D Gy m22. (A11b)
n=1 n=1

We assume that (A1la) is maintained by continuous injection of monomers. Thus, we set cq(t) =
C, aconstant, and we assume c,(t) =0forn= 2.
Introducing the generating function G(z,t) again, defined asin (A3), we now have

G(1,0) = C; (Al129)
in place of (A4b) and
0G(z,t — dc
a(t ) - nZZ %n 2, (A120)

in place of (A4c). In place of (A5) we now obtain

0G(z,t)
ot

= G¥(z,t) — 2[G(z,t) — CZ|G(L,}). (A13)

Setting z = 1 we again obtain an ODE for G(1,t), the counterpart of (A6):

dGétl’t) - _ GX(L1t) + 2CG(L1). (A14)
The solutionis

G(L1) = 1+2€c_zct (A15)
Thisleadsto

aGa(tZ’t) = G(z,t) - 2[G(z,t) — CZ] 1+26C_2Ct (A16)
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in place of (A13).

Solving (A16) is somewhat tedious. We substitute G = — W,/W, where the subscript
indicates partial differentiation with respect to time. We aso introduce a new independent variable
& = —exp(2Ct). These substitutions produce a version of Gauss hypergeometric equation to be
solved for W:

E(€ — )Wy — (€ + YW +2W = 0. (AL17)
The solution
Wizt)=F-1+vl-z,-1-v1-2z,1, —exp(2Ct)) (A18)

then needs to be differentiated to produce G = —W,/W, and the result expanded in powers of z to
produce theindividual c(t)!

All this, however, is unnecessary since we can go directly to the steady-state equation, which
at the level of the generating function simply means finding G(z,). In turn, this function satisfies
asimple algebraic equation, obtaining by setting the time derivative in (A16) to zero and replacing
the decaying exponential by O:

G2(z,») — 4C[G(z,0) —Cz] =0 (A19)
with the (physical) solution
G(z,0) =2C(1-V1-2). (A20)

From the binomial formulawe find the steady-state values of c,, as

1
a nf2|_ 2C (2n)
c,=—2C(-1) (n) = on_1 2 (A21)
Applying Stirling’ s formula to the factorials in this expression we find
- C e
Ch= = n—'e, (A22)

Thisisthe —3/2 steady-state power law solution that is mentioned several timesin the body of the
paper.
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