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Abstract

A rigorous mathematical description of grinding processes used in pow-
der technologies is developed. A grinding equation, an operator equa-
tion, connecting the final particle size distribution function to the par-
ticle size distribution function before the grinding process is studied.
The mathematical model introduced here can be used to predict the re-
sults of grinding, to construct grinding systems with desired properties,
and to improve the particle size measurement.
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1. Introduction

Powder technologies have many industrial applications in powder coating [5] and phar-
maceutics [6], for example. The powder production is based on the use of special grinding
systems [3]. The aim of this work is to develop a rigorous mathematical description of
grinding processes.

Any grinding system contains grinders and classifiers. The grinder is responsible for
the particle size reduction and the classifier separates small particles and takes them out
from the grinder. These two principal elements of grinding systems can be described in
terms of operators defined in spaces of particle size distribution functions. This allows
to derive a grinding equation, an operator equation, connecting the grinding system
output’, the final particle size distribution, to the ‘input’, the particle size distribution
before the grinding process. This mathematical model can be used to predict the results
of grinding, to construct grinding systems with desired properties, and to improve the
particle size measurement.

The paper is organized as follows. In the second section an informal outline of the
approach is presented. The third section is devoted to geometric partition models and

*Centro de Matematica da Universidade do Porto, Departamento de Matemética Aplicada,
Faculdade de Ciéncias, Universidade do Porto, Rua do Campo Alegre 687, 4169-007 Porto,
Portugal. E-mail : gsmirnov@fc.up.pt



32 G.V Smirnov

moment analysis. The partition operator and the classifier are studied in the fourth
section. The fifth section deals with the grinding equation. Finally, the last section
contains concluding remarks.

2. Informal Outline of the Approach

Consider a set of particles. Let v(V)dV be the number of particles with the volumes
in the interval [V, V + dV]. The density function f for the random value V (the particle
volume) is given by

(1) fV) =t
I v

2.1. Partition operator. Suppose that a particle with the volume V' is divided into n

parts with the volumes &V, k = 1, n, where

E=(, &) EE={(,--,&) [& 20, & +... + & =1}
Let the probability of getting particles with the volumes belonging to the intervals
[E:V, (& + d€k)V] be ¢(€)dE, where ¢ : E — R is a symmetric density function. De-
note by P(f) the density function for the particle volume after the partition. Obviously
Pw)(V)dV
I Pw)(V)dv’
where P(v)(V)dV stands for the number of particles with the volumes in the interval

[V,V + dV] after the partition. Observe that the number P(v)(V)dV can be written as
a superficial integral

P)(V)dV = / zn: v <£Kk) d (?‘Z) $(€)dSe.

= k=1

(2) PHV)AV =

Dividing this equality by

/000 Pv)(V)dV = n/ooo v(V)dVv

and invoking (1) and (2), we get
PHV) = %/ zn: f (gk) d (g) $(€)dSe.

E k=1
Since the function ¢ is symmetric, we obtain

@ 200 - [ s (L) vt an

1
W(n) = 5/3 o0, 6or . £0)dS,

and

Er={€=(& &) |& >0, n+&+. .. +& =1}
Obviously

@ [ meman= [ o@as, =1

1

Thus equation (3) gives a general form of the partition operator. The function v satisfying
(4) can be found experimentally or derived theoretically from partition models.
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2.2. Two types of grinding. Classifier. The grinding process can be modelled as a
successive application of the partition operator given by (3):

fout = TN(fin),

where fout and fin stand for the the final particle size density function and the initial
particle size density function, respectively. During this process the particles do not leave
the grinder. If, for example, ¥(n) = 26(n — 1/2), then all particles are divided into two
equal parts independently on their shapes. Consider the input density function

(aVet/p*)e= @/ 1 >0,
fin(v) =
0, x <0,

known as the Rosin-Rammler density function [1]. Then we have
fout(V) = 2Nfin (QNV) 5

that is, the output is again a Rosin-Rammler density function with a new parameter b.
Obviously, this density function can be used to describe particle sizes only in this special
case ¥(n) = 20(n —1/2).

Another type of grinding includes a separation process. A special device, known as
classifier, separates small particles and takes them out from the grinder. To model this
separation introduce a classifier operator Co, a > 0, defined by

Ca(f)(V) = ca(V)F(V),

where

0, V<a,
ca(V) =
1, V>a

The physical meaning of the parameter « is very simple. If V < «, then the particle
leaves the grinder. The grinding process with classification can be represented in the
following form

[ee]

four =D (T = Ca)(P 0 Ca)*(fin),

k=0

where J is the identity operator.

2.3. Grinding equation. Equivalently the output can be written as

(5) fout - (j_ea)(g)a

where

]

6) 9= (PoCa)(fin)

k=0
Applying (formally) the operator (J — P o C,) to (6), we obtain the grinding equation
(7) g:?oea(g)+fin-
Using (3) the grinding equation (7) can be written in the integral form

® o= [ (D)o (D) vmant o= [ o (L) vwant v

n
From (5) we have

four(V)=g(V), V <a.
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Therefore (8) implies

9) four (V) = /OV/ag (%) wn)dn+ fin(V), V <a.

It is easy to see that the integral in (9) depends only on the values g(V'), with V' € [« oo].
Hence to find the output from (9) it suffices to solve integral equation (8) in the interval
[ar, 00[, that is, to solve the equation

(10) g(V)I'/Olg(%)w(n)dnﬂm(‘/), V>

2.4. Connection with the integro-differential batch grinding equation. It turns
out that the grinding equation can be easily obtained from existing comminution models.
The fundamental equation of fragmentation, known as the batch grinding equation, has
the form
of(vit) _
ot
where f(V,t) is the size density function at the moment ¢, b(V, W) is the breakage func-
tion, giving the fraction of particles with volumes in the range [V, V 4 dV] obtained by
breakage of a particle of volume W, and s(V) is the breakage rate of particles of vol-
ume V (see [8], for example). This is a simple balance law similar to that of population
dynamics. Equation (11) is in a good agreement with the experimental data [7].

(11) CsV)F(Vt) + /V BV, W)s(W) £(W, )dW,

Integrating equation (11) and setting
=5( / F(V,t)d

lim f(V,t) + g(V /bVW W)dW + f(V,0).

we get

All known breakage functions have the form

V) V
b (=) 2.
v = (35 ) 772
(This structure of b was confirmed by numerous experiments [7].) After the change of

variables n = V/W in the integral we obtain

2 i v+ o) = [ o (V) vt dn+ 10,

Assume that s(V) = 0, whenever V < . Then we have

V/a
)i v = [ () viman+ svo), v <a

Since lim¢— f(V,t) = 0 whenever V' > «, equation (12) implies

(14) g(V)=/019(%>w(n)dnJrf(V,O), V>a

Equalities (13) and (14) coincide with (9) and (10), respectively. This is, probably,
the easiest way to derive the grinding equation, although the structure of the partition
operator must be postulated.

The batch grinding integro-differential equation describes distribution at any stage
of the grinding process and contains the breakage rate function s(V). Theoretical or
experimental determination of this function causes serious difficulties. Equations (13)
and (14) do not contain s(V') and are more suitable to predict the final distribution, for
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any given feed distribution. Since system (13) and (14) is a consequence of (11), it does
not contradict the experimental data.

2.5. Geometric partition models. The fragmentation of a particle in the grinder
obviously depends on the particle shape. For the sake of simplicity assume that there
exists only a finite number M of shapes and any particle of the shape m = 1, M is divided
into at most two particles of shapes m’ = 1, M and m” = 1, M. Such a partition model
can be obtained using some approximation rules. For example, if we have only spherical
particles (M=1), then any particle is divided into two particles (obviously non-spherical)
with volumes V7 and V2. To form a one-shape partition model we have to approximate
the new particles by spheres with volumes Vi and V,. The partition model can be
completely artificial or based on a physical hypothesis. The shape set should be chosen
to be rather simple, a finite number of ellipsoids or polyhedrons, for example. Consider
one possible partition model. The dust is formed by ellipsoids of shapes m = 1, M.
If the particle is sufficiently small, the geometry of the grinder is not important. Any
fragmentation can be seen as a result of collision of a particle with an infinite rigid plane
IIp. An ellipsoid-shaped particle E is divided into two particles by a plane IT containing
the normal vector to the plane Il at the point of collision ITp N E, and such that the
area of the ellipse £ NII is minimal. This hypothesis is quite natural: in this case the
energy needed to divide the particle is the minimal one. Each of the new particles is
approximated by ellipsoids E’ and E” of shapes m’ = 1, M and m” = 1, M, respectively.
If V is the volume of the ellipsoid E, then the ellipsoids E’ and E” have volumes V' and
V" satisfying V = V' + V". To model the grinding process it suffices to consider only a
finite number of possible orientations | = 1, L, of the particles with respect to the plane
IIp. For example, the normal vector to the plane Il at the point of collision IIp N E is
parallel to one of the ellipsoid axes.

A geometric partition model can be described by a finite number of rules
R(m7 l) = (m/(m7 l)vm”(mv l)a’Y)v m=1M, = ﬁ:

which establish a correspondence between a pair (m,!) (shape and orientation) and a
pair of new shapes m’ and m”, and the ratio of the volumes v = V'/V"” 0 < V' <V".
Obviously

(15) V= Vadv'=— v

1+~ 1+~
If a particle of the shape m with the orientation [ is not divided, we use the rule R(m, 1) =
(0,m,0). Three simple illustrative examples of geometric partition models are considered
in the next section. If the number of shapes M and of orientations L are big enough, one
can get a partition model close to reality.

Let v (V)dV be the number of particles of the shape m with the volumes in the
interval [V, V 4 dV]. Consider the functions f.,, m = 1, M, given by

vm (V)
SN v (V)dv

fm(v) =

Put
Pvm)(V
Pm)(V) = eV
Yon=1to Plm)(V)adV
where P(vp,)(V)dV stands for the number of particles with the shape m and the volumes
in the interval [V, V4dV], after the partition. Assume that all orientations of the particles
with respect to the plane Iy are equally likely. This is a natural assumption in the case
of non-isotropic materials. (If materials with a crystalline structure are considered, then
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it is necessary to introduce corresponding probabilities of the orientations.) Using (15)
we have

(16)  Pup)(V Z > v(OV)d(OV),

L (m,0)EN (k,1)
where
N(k,l) = {(m,0) | R(m,l) = (k,n,1/(0 — 1)) or R(m,l) = (n,k,0—1)}.
Set
D) = 1, m/(m,1) =0,
2, m/(m,l) #0.

Assume that their exists a number 7 satisfying

(17) T:%Zr(m,l), m=1,M.
=1

For example, if all particles are divided into two parts, then this condition is satisfied
and 7 = 2. Since

ﬁ_ljl | reamav - Til | iy

dividing (16) by

> /0 - P(vn)(W)dW AV,

we get

L

18 PV =D S fm(eV).

1=1 (m,0)EN (k,l)

The density function f can be represented in the form

M
V)= fm(V)

m=1
The partition operator now takes the form

M
(19) P =D P(fm),

m=1
where P(fm), m =1, M, are given by (18).
2.6. Moments. The partition operator given by (19) cannot be reduced to form (3).

The study of moments helps to understand the relation between (19) and (3) and to
develop a rigorous mathematical theory of grinding. Set

pi™ = / V* fm(V)dV, and

Pl = / VOP(fm(V))AV, m =T, 0, s =0,1,....
0
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From (18) we have
L

ky _ 1 —s, (m) T M. s—

200 Py = EZ Soooocul™, k=1,M, s=0,1,....
=1 (m,0)EN (k,1)

Introducing column-vectors fis and P(fis) with the components pi™ and fP(,ugm)L m =

1, M, respectively, equalities (20) can be written as

(21)  P(fs) = Pujis, s=0,1,....

where P, is a M x M matrix with the elements
1 &
— —S
o=y > o
1=1 {0|(m,0)€N (k,1)}
Note that (17) implies

M L L

Z(Po)km =7 ZT(m,l) =1, m=1,M,
T

k=1 1=1

that is the matrix Py is stochastic.
Consider the moments of the density functions f and P(f):

oo M

ILLS:/ st(v)dvzzugm)ﬂ 820717"'7

0 m=1

and

Pps) = / VEP(f)(V)dV, s=0,1,....

0

If P(f) is given by (3), then we have
(22) :P(:LLS) = VS+1,U’S> 5:0717"'3
where

Vs:/ n*Y(n)dn, s=0,1,....
0

On the other hand, if P(f) is given by (19), then we obtain
M
(23)  P(u) =3 Pul™), s=0,1,...,
m=1

where P(u{™), m =T, M, are defined by (20) or, equivalently, by (21). Moment trans-
formation (22) is a special case of (23). Indeed, if Psfis = vst1fis, s = 0,1,..., then (22)
and (23) coincide.

2.7. Main objectives. The first issue we address in this paper is the construction of
geometric partition models and the study of the moment sequences generated by the
dominant eigenvalues As of the corresponding matrices Ps, s =0,1,....

We show that under some natural conditions the sequences A\; ¥ PN i, tend to eigen-
vectors ﬁs of the matrices Ps as N goes to infinity. This implies that

M

m=1
whenever N is big enough, that is, after many partitions the transformation of the mo-
ments is described (approximately) by (22) and vs+1 = As. This observation allows us to
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obtain the partition operator representation (3) from geometrical partition models, but
formula (3) should be understood in some generalized sense.

A rigorous theory of the grinding equation is the second main objective of this work.
We show that the equation has a unique solution in an appropriate space.

3. Geometric Partition Models

We shall consider geometric partition models satisfying the following conditions:
(C1): The matrices Ps, s =0,1,..., have the form

P, =pl +n°(D+ P,),

where p € [0,1[, n €]0,1], I is the identity matrix, D is a diagonal matrix
with the elements d,, > 0 such that max,, 777 dm = dm > dm, m # m,
P, = P(nf, coesMi), e €]0,1], k=1, K, and 15(21, ..., 2K ) is a matrix with the

elements
K

(P)ijzzaijkzk7 aiij(L i7j:17M7 k:17K
k=1

(C2): There exists n such that the matrices (D + P(z1,...,2Kk))" are positive,
whenever z >0, k=1, K.

3.1. Examples. Here we present three simple examples of geometric partition models.
All these models satisfy conditions (C1) and (C2).

Example 1 Consider a two-dimensional dust composed of ellipses

2 2
x—2+b—<1}
a

E:{(x,y)eRQ 75 <

of two types: a = b and a = 2b. Assume that there are three possible orientations of the
ellipses with respect to the plane (in this case the line) IIp: the normal vector to Ilj is
parallel to the axis Oz, to a line between the axes Oz and Oy, and to the axis Oy. The
corresponding geometric partition model is described by the following rules:

R(L,1) = (2,2,1), [ =1,3,

(17 17 1)7 l= 17
‘(R(Q’l) = (27277)7 l = 27
(27 25 1)5 l= 37

where v €]0, 1[. Transformation (18) of the functions fi and f> is given by
1
PV) =
P)V) =

(4£2(2V)),

(12f12V) +4f22V) + (1 + 1/9) fo((1 + 1/7)V)+
+ (1 +7) 200 +7)V)).

[N

Formula (21) takes the form

; W\ 1 0 /257" pt!
p®) 6327 /2T 4 (3/ (1)) +1/(1+9)°)
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Condition (C1) is satisfied with p =0, n =1/(1 4+ ), and
0 0
D =
0 1/6
Obviously condition (C2) is satisfied with n = 2.

Example 2 Consider a three-dimensional dust composed of ellipsoids

2 2 2
x b z
—2+—+C—2§1}

E= R®
{euaer | Hag

of three types: a = b =c¢, a =b = 2¢, and a = 2b = 2¢. Assume that there are seven
possible orientations of the ellipsoids with respect to the plane Ily: the normal vector
to the plane is parallel to the lines generated by the vectors (0,0, 1), (0,1,0), (1,0,0),

&, ¢,n), (£¢,m), (§,-¢,n), and (—&,—¢,n). The corresponding geometric partition
model is described by the following rules:

R(L1) =(2,2,1),

R(2,0) =(3,3,1),
(17 17 1)’ l: 1’2

R(3,0) =4 (3,3,1), =3,
(27377)7 l:ﬁv

L7,
L7,

1=
1=

where ~ €]0, 1[. Transformation (18) of the functions f1, f2, and fs is given by
V) = 15 (85:2V)),
P(f2)(V) = 11 (8HEV) +4(1+ 1) fo((1+1/1)V),
P(fa)(V) = 15 (2822V) + 4f32V) + 41+ ) fs((1 +7)V)).

Formula (21) takes the form

ps 0 0 1/2°72 !

1 . .
Plu | =g |0 4(v/(1+7) us?
@ 0 727t 2 4 a/(149)°) W@

In this case condition (C1) is satisfied with p =0, n =1/(1 4+ ~), and

00 0
D=|0o 0o o
0 0 2/7

It is easy to verify that condition (C2) is satisfied and n = 4.
Example 3 Consider a two-dimensional dust composed of triangles with the angles
(w/3,7/3,7/3), (w/2,7/3,7/6), and (7 /6,7/6,27/3).

The first and the second vertices of the triangles belong to the axis 0z. The third vertex
is in the upper half-plane. Assume that there are twelve possible orientations of the
triangles with respect to the plane (line) ITp: the angle between the axes 0z and the
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normal vector to Ilg is equal to (I — 1)7/6, | = 1,12. The corresponding geometric
partition model is described by the following rules:

0,1,0), 1#4,8,12
R(1,1) =
22,1, 1=48,12,

(0,2,0), 1#8,9,12
%(Q,Z) — (2727 1/3)’ l :87

(17 37 1)7 l - 97

(2,3,1/2), =12,

(07 37 0)7 l# 37475
R(3,0) =4 (3,2,1/2), =35,

(2,2,1), =4

The equality m’(m,l) = 0 in these rules implies that the particle with the shape m
and the orientation ! is not divided. In this model the parameter 7 is equal to 5/4.
Transformation (18) of the functions f1, f2, and f3 is given by

PV) = 105 (V) +2(2V)),

P(f)(V) = —

15 (121(2V) + 9£2(V) + 4£2(4V) + (4/3) £2((4/3)V) + 3£2(8V)+

+4/3(2V) +3/3((3/2)V)),
P(f)(V) = 1*15(21’2(2‘/) + (3/2)12((3/2)V) + 9/3(V) 4 6£3(3V)).

Formula (21) takes the form

ps 9 1/2° 0 p
Plu?| = %5 6/2° 9+1/4° 4+ (3/4)° +1/3° 2/2°+2(2/3)° | | ul?
ut® 0 1/2° +(2/3)° 9+42/3° ut®
Condition (C1) is satisfied with p = 3/5, n = 3/4, and
0 0 0
D=]0 1/15 0
0 0 0

Obviously condition (C2) is satisfied with n = 2.
3.2. Auxiliary results. Recall the following corollary of the Frobenius theorem [2].

3.1. Theorem. Let A be a non-negative M X M matriz. Assume that there exists n such
that the matriz A™ is positive. Then there exists a simple eigenvalue X > 0 of A (called
the dominant eigenvalue of A) corresponding to an eigenvector with positive coordinates
and such that X\ > |X'| for any eigenvalue X' # X of A.

Let = (uV,...,u®™) e c™ and v = (vP,..., ™)) € CM be complex vectors.
The inner product is denoted by (fi, 7). The norm is defined as || = 2%21 [p(™]. If A
is a matrix, then the transposed matrix is denoted by A”.

Set z = (z1,...,2x) € C¥. From condition (C2) and Theorem 3.1 we see that
the matrices (D 4 P(z)) and (D + PT (%)) have a dominant eigenvalue (%), whenever
2z > 0, k = 1, K. Denote by ji(Z) and ji(2) the corresponding eigenvectors satisfying
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|ii(2)| = |@(2)| = 1. If Z =0, then we have 1i(0) = ji(0) = /i, where the vector ji has the
components ji"™ = 0, m # 1, and " =1 (see condition (C1)).

Suppose that z; > 0, k = 1, K. Then the subspace E(z) = {e | (i(z), €) = 0}
satisfies (D + P(2))E(Z) C E(z), and its dimension is equal to M — 1. Consider a vector
o= wW,...,0®)) e CM. Then the linear system

(24)

3.2. Proposition. The functions u(z), ji(z), and a(m)(i), m =1, M, are analytic in a
neighborhood of zero.

Proof. 1. Consider the characteristic equation
A(p,z) = det(D + P(2) — pl) = 0.

Obviously
9A(p,0)

Ou

=— ][] (dm—dn) #0.

w=dp m#M

By the Implicit Function theorem [4] the function p(Z) is analytic in a neighborhood of
zero.

2. Denote by I., D., and P, the (M — 1) x M matrices obtained after the elimination
of the m-th row from the matrices I, D, and P, respectively. Consider the equation

~ ((De+ Pu(2) — (D) L)p 0
(i, 2) = ( S ) = <0)

99(f, 0)
op

Since

det

==+ ] (@ —da) #0,

m#m

=

by the Implicit Function theorem the function ji(2) is analytic in a neighborhood of zero.
Analogously one can prove that the function i(z) is analytic in a neighborhood of zero.

3. Consider the equation

= (_1)M+1 7é 07

(a,€,2,9)=(a0,€0,0,7)

and the functions ji(2) and [i(Z) are analytic in a neighborhood of zero, by the Implicit
Function theorem the functions o™ () are analytic in a neighborhood of zero. O
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3.3. The Condition (S). In the sequel we shall consider numerical sequences {gs}s>0
satisfying the following condition:

(S): There exist an integer § > 0 and numbers 1 > &; > & > ... > 0 such that
0= e, 5>
=0
and the series converges absolutely.
Obviously the sum and the product of two sequences satisfying condition (S) satisfy

condition (S).

3.3. Proposition. Assume that conditions (C1) and (C2) are satisfied. Then sequences
of the dominant eigenvalues s of the matrices Ps and of the components of the corre-
sponding eigenvectors [is, |jis| = 1, s = 0,1,..., satisfy condition (S). Moreover, if the
components of vectors Us, s = 0,1,..., form sequences satisfying condition (S), then the
sequence as of solutions to systems (24) with v = vs, s = 0,1, ..., satisfies condition (S).

Proof. Since by Proposition 3.2 the functions u(z), 4™ (%), and o™ (z), m = 1, M, are
analytic in a neighborhood of zero and

AS :p+"7$u(ni§7"'7n?{)7 ﬁs :ﬁ(ni?"'7n;()7

and
M
as = Z AT 8 T
m=1
(see (25)), we obtain the result. O

Note that in the case of Examples 1-3, using the formulae for the roots of the cor-
responding characteristic polynomials of the matrices Ps, we can found explicitly the
representation

As=p+n° Z Ay eeimpe (M7 M), 8 >

>

4. The Main Operators

In this section we give a correct definition of the partition operator and the classifier.
To this end we have to introduce appropriate spaces, which are a generalization of the
space of functions of bounded variation. Since the sizes of the particles forming a dust
are limited, it suffices to consider particles with the volumes V' € [0, 1].

4.1. The Spaces. The sequence {\s};2o of the dominant eigenvalues of the matrices
Ps may not be a moment sequence of a function of bounded variation. But it can be
associated with an element of a larger space, which we construct as a dual space to a
subspace of the space of continuous functions. Denote by C(0, 1) the space of continuous
functions on the interval [0, 1] and by BV (0, 1) the space of functions of bounded variation
on the interval [0, 1]. Consider the space

X(n) ={h(z) =ao+ a1z + ...+ an12" " +z"h(z) | h e C(0,1)}
with the norm
‘h|n = |a0| +...+ |an_1\ + |}NL|C(O,1)~
It is easy to see that X (n) =2 R™ x C(0,1) is a Banach space. Its conjugate space is

X*(n) 2R x BV(0,1) = {U" = (o, ..., ptn1,9") | ux € R, ¥* € BV(0,1)},
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and the elements U™ € X*(n) and h € X (n) satisfy the identity
(", h) = aoppo + - - - + An—1ftn—1 + /01 h(z)d¥* (x).
For example, we have
(U*, 2%y = g, k=0,n—1, and (¥*,2") = /lxkfn dU*(z), k> n.
0

The norm of a functional ¥* € X™*(n) is given by

1
‘\I/*| — max { |/,L0|7 ey |Mn71|7 \/(\I{*)} ,
0
where \/{ (F*) is the total variation of the function ¥*. Obviously X (n+1) C X (n) and
X*(n+1) D X*(n).

4.1. Proposition. Assume that the sequence {qs}s>o0 satisfies condition (S). Let k > 0
be an integer. Then there exists U* € X*(5 + k) such that s = (¥, z°T%), s =0,1,....

Proof. The function ¥* given by

Yzl <oy 46T @ €01,
ZjZO q(j)’ T = 17

belongs to the space BV (0, 1) (the series converges absolutely). Setting

(26)  V'(x) =

U = (Q—ky ---54-1,490,- - - 7Q§—17\P*)»

where g_s, s = 1, k, are arbitrary numbers, we get the result. d

4.2. The Partition Operator. Suppose that functions ¥*, F'* € BV (0, 1) are contin-
uously differentiable, (¥*)" = ¢* and (F*)' = f*. Then for any h € C(0,1) from (3) we
have

(P(f)h) = /0/0 f (%) W (1) dnh(V') dV.

Since suppf* C [0, 1], this can be rewritten as

[ () vmanwiar = [ "5 () asave oan

After the change of variables V' = nW we obtain

(P(f).h) = / / POV bW ) AW ™ () dip = (0", e ),

where ¢+ n(n) = n(F*, hy) and hy(w) = h(nW). This observation allows to give a cor-
rect definition of the partition operator Py~ : X*(n) — X™*(n), associated to a functional
U* e X (n+1).

4.2. Lemma. Consider F* € X*(n) and h € X (n). Then ¢p+p € X(n+1).

Proof. Let F* = (uo, .. .7un,17ﬁ’*) and h(z) = a0 + a1z + ... + An_1z" ' + m"iz(m)
Then we have

1
27)  bren(n) = n(F" hy) = naopo + ... + 0" an—1ppn—1 + 1" / h(nz) dF™ (z).
0
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It suffice to prove that the function fol h(nz) dF*(z) is continuous. Since the function

h:[0,1] — R is continuous, for any ¢ > 0 there exists § > 0 such that |h(z) — h(y)| < ¢,
whenever |z —y| < 6. Hence if [n —§| < §, we get

‘/0 (h(nz) — h(€x)) dF* (x)| < Zt[})plllfl(nx)—ﬁ(ﬁr)l\/(ﬁ*)<6V(F*)-

Let U* € X*(n+1), F* € X*(n), and h € X(n). Set
(Pu(F7), h) = (¥, ¢ n),
where ¢p+ n(n) = n(F*, hy) and hy,(w) = h(nW). From Lemma 4.2 we see that this
equality defines a functional Py~ (F*) € X*(n).

4.3. Proposition. The operator Py« : X*(n) — X*(n) is linear and continuous. Its
norm does not exceed |U*|x«(nq1).

Proof. The linearity of this operator is obvious. Let U* = ()\LAO, o A1, UY), P =
(10, - - > thn—1, F*), and h(z) = ap + a1z + . .. + an—12" "' 4+ 2™h(z). Then using (27) we
have

[(Pu=(F7), )| = K7, g )|

1 1
= CL())\()/JO 4+ ...+ an_l/\n_1,un—1 +/ / h(T]ZC) dF~™ (CE) du* (7])
0

0
ST X i) [ = () [Pl x () -
This implies [Py | < |[U*|xx(nt1)- O

Let U* = (X, Ao, .-+ A1, \TJ*) and F* = (o, ..., n—1, F*). Since
S+ oo (1) = 0(F", (ny)") =™ (Fy") = 0" e, s =0,1,..,
we have
(Pae (F7),2%) = (U, b a) = (U0 Yt = Aopis = vasapier 5 =0,1,...,
where ps = (F*,z°) and vs = (¥*,2°), s = 0,1,..., that is, the operator Py~ satisfies
(22).

4.3. Asymptotic behavior of the grinding process. Consider functions fp, : [0,1] —
R, m =1, M, describing the initial volume distributions of the particles with the shape
m (see Section 2). Set f(V) = (f1(V),..., fa(V)). Then we have f(V)=|f(V)| and

ﬁs:/() Vef(V)av.
Obviously
1 1
sl = [ V[F(V)dV V)dV = 1.
@)l = [ Vi < [ ey =

Below we obtain an asymptotic representation for the vectors PN, when N goes to
infinity. We obtain an especially interesting result if the components of the moment
vectors fis, s = 0,1,..., satisfy condition (S). This take place if, for example, initially
we have only particles of one shape, say shape 1, with the same volume Vj. In this case
fV)y=((V —-W),0,...,0) and s = (V5,0,...,0).
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4.4. Theorem. Assume that conditions (C1) and (C2) are satisfied. Let p in condition
(C1) be zero. Then there ezxists a bounded sequence as > 0 such that

(29) P s = (sn®) N (esfis +7{7),

where |r£N)| <cem™, 1 >0, and fis = p(nf,...,n%). Moreover, if the components

of the moment vectors fis, s = 0,1,..., satisfy condition (S), then there exist n > 0,
F* € X*(n), and U* € X*(n + 1) such that (F*,z%) = as and (T*, 251 = fisn® = X,
s=0,1,....

Remark This theorem implies that PV (f) ~ PY¥.(F*) when N is large enough. This
justifies formula (3) for the partition operator, but this formula should be understood
in the general form introduced above. A knowledge of the dominant eigenvalues of the
matrices Ps allows us to compute the functional ¥*, and therefore to find the partition
operator Pyx.

Proof of Theorem 4.4. Setting v = [is in (24) we see that there exist as and €5 such that
(30) ﬂs = aslis + 657

(31) (i1s,€s) = 0.

To show that the sequence ag is bounded, suppose that there exists a subsequence s;
such that lim; oo as; = 0co. Then multiplying (30) by fis, dividing by as, and using (31),
we obtain (fis, jis)/as = {fis, fis). Since lims_, oo jis = lims_.co jis = [i, using (28), setting
s = s;, and passing to the limit as i goes to infinity, we get 0 = (/i, i), a contradiction.

Thus the sequence «; is bounded. Combining (28) and (30), we see that the sequence €
is also bounded.

Applying PN to (30), we obtain (29) with
ri) = g7N(D + Po)Ve..
Since the eigenvalue fis is dominant, the modules of the eigenvalues of the linear operator

a; Y (D + ]53) , where E, = E(n{,...,n%), are less than 1. Hence there exist norms
E

|- 1ls in RM such that [[r$"))|ls < vN|élls, vs € [0,1], s, N = 0,1,.... Since there are
constants ¢, satisfying |- | < ¢ - ||s, s =0,1,..., we see that |1“§N)|7 s=0,1,..., tend to
zero as N goes to infinity. Dividing (29) by (iisn°)" and passing to the limit as N goes
to infinity, we obtain
lim ji; V(D + P)jis = asji
N —o0
Since the components of the vectors fis are non-negative, this implies that all the numbers
as, s =0,1,..., are non-negative.
Set £ = {e | (j,&) = 0}. Obviously if & € F, then we have
(32)  |dg Del < +lel,
where v = maxmzm dm /dm < 1.
We show that there exists s such that for all € € Es, s > so the inequality
o AN
(D + Poel < =l
holds. Suppose that there exist a subsequence s;, i = 1,2,..., and a sequence &, € Ej,,
|€s,| = 1, such that

1+7

(33) 1A (D Po)es| > —
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Without loss of generality the sequence &, converges to a vector € € E, |e| = 1. Passing
to the limit in (33) as ¢ goes to infinity, we obtain

a5 Del > 117

This contradicts (32). Thus we have |r{"| < ce™™, where

1
T:Inmax{#,vo,...,'yso}

and
¢ = max { sup |és|, coll€ol], - - -, cso||éso||} .
s>sq
Assume that the components of the moment vectors fis, s = 0,1,..., satisfy condition

(S). Then by Proposition 3.3 the sequences {as}s>0 and {As}s>0 satisfy condition S.
Hence Proposition 4.1 implies the existence of n > 0, F* € X*(n), and ¥* € X*(n+ 1)
such that (F*,z%) = a5 and (T*, z°T!) = fign® = X5, s = 0,1,. ... O

4.4. The Classifier. Suppose that a function F* € BV(0, 1) is continuously differen-
tiable and (F*)" = f*. Let « €]0,1[. Then for any h € C(0,1) we have

(Ca(F*), ) = / FOVRV) AV = (F* hxja).
where

1, z€la1],
X[a,l](x) =
0, z¢ a1l

We use this identity to introduce a definition of the classifier operator Co : X*(n) —
X*(n).

Denote by B(0,1) the space of bounded functions on the interval [0, 1] with the sup-
norm. Consider the space

Y(n) = {h(z) = a0 + a1z + -+ an—12""" +a"h(z) | h € B(0,1)}
with the norm
|hly (ny = laol + -+ + |an—1] + |RlB0,1)-

Clearly X(n) C Y(n). For example Y (n) contains all functions of the form hA(x)x[qa,1)(2).
Let F* € X*(n). By the Hahn-Banach theorem, F'* can be considered as an element of
the dual space Y*(n) and |F*|y+n) = |F*|x*(n). Consider a € ]0,1[, F* € X*(n), and
h € X (n). Introduce a linear operator H, : X(n) — Y (n) defined by

Ha(h)(x) = 2" h(@)X(a, ().
Define the classifier by
(Ca(F™), h) = (F", Ha(h)).

Obviously we have
1

(F*,.‘J-Ca(h)):/ h(x)dF™* ().

@

4.5. Proposition. The operator Co : X*(n) — X™*(n) is linear and continuous. Its
norm is less than or equal to one.
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Proof. The linearity of this operator is obvious. Let F* = (po, ..., in—1, F*) and h(z) =
ao+air+ ... +an_1x” "+ 2™ h(z). Then we have

CatEn ] = | [ hra @

< sup h(2)] \/ (F)
€|, o

<Rl x ) [ F™ | x () -
This implies |Cqo| < 1. O

5. The Grinding Equation
Let ¥* € X(n+1). We can write (5) and (7) as equalities in the space X *(n):

Foue = (I = €a)(G7)

and

(34) G* =Py~ 0 Ca(G") + Fiy.

Applying C to (34) and setting H* = C.(G™), we obtain

(35)  H" = Cqo0Py«(H) + Col(FLr).

Applying J — C, to (34) we have
Flyy = Pu+(H") — Cq 0Py (H™) + (I — Cu)(Fin),

that is, to find the output F, it suffices to solve equation (35).

5.1. Theorem. Let ¥* = (A Ao, ..., An—1,¥") € X" (n+1). Assume that

1
(36) 11%1/ |d¥*| = 0.

Then there exists m > 0 such that equation (35) has one and only one solution H* €
X*(n+m).

Proof. We show that the norm of the operator Co 0 Py : X*(n +m) — X*(n+m) is
less than one, whenever m is big enough. The functional ¥* can be considered as an
element of the space X*(n 4+ m + 1):

T = (A,Ao,...,An+m_1,/ y’”d@*(y)),
0

where A\s = (0", 2°*1), s =n,n+m — L. Let F* = (uo,..., fintm—1, F*) € X*(n +m)
and h(z) = ao+ -+ anym12" T 2" h(x) € X (n+m). The functional Py~ (F*) €
X*(n+m) is given by
Pu (F*) = (Nopto, - -, Antm—1fintm—1, ®%).
Therefore we have
n+m—1

(B7)  (Pue(FLR) = > Amas+ / R(y)dd* (y).
=0 o

The functional Cq o Py« (F*) € X*(n + m) has the form
0, "

Co 0 Pux(F*) = (0,...,0, 2" (2)X[a1](®)),
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and the equality
1

(38) <eao:1>w(F*),h>:/ ™ h(z) dD* (x)

@

holds. Since
n+m—1

Z:j Njhga; + / / 0 h(n) dF* (2)d (n)

n+m—1

1 n _ ~ -
> Ajusa, +/ Um/ h(y) dF <g> d¥™(n),
=0 0 0 n

from (37) and (38) we obtain

[ emi@ar@ = [ [N ae (L) av o)

(nx) dF* (z) dT* ().

(Pu=(F7), h)

Il
T~
2
3
3
ST
N
3
>

Thus we have

<(‘3ao'.]>q,*(F*),h):/ nm // h(nxz) dF*(z) d¥* (n)

1
< lhlowo.y V() [ 071 d¥ )
0 (e

1

(39) < Ih\X(n+m)|F*|x*<n+m)/ 0™ AT (n)].

o

We have that lim,— co f; n™|d¥*(n)| = 0. Indeed, if o €]a, 1], then we have
1 _ o - 1 ~
[orar @l <o [Cjav )+ [ lad )

(40) <o /(B + [ | )

Consider a number € > 0. From (36) we see that there exists o €]a, 1] such that the second
integral in (40) is less than €/2. Hence sum (40) is less than €, whenever m is big enough.
From (39) we see that the norm of the operator Co 0 Py+ : X*(n 4+ m) — X*(n+m) is
less than one, if m is big enough. Therefore there exists m > 0 such that equation (35)
has one and only one solution H* € X*(n + m). O

Consider a geometric partition model satisfying conditions (C1) and (C2). Assume
that p in condition (C1) is equal to zero. Then from Proposition 4.1 we see that there
exist a functional U* € X*(n+1) such that Ay = (I*, 2°T!), where A5, s = 0,1,.. ., is the
sequence of the dominant eigenvalues \s of the matrices Ps. The condition p = 0 implies
that ¢© = 0 in (26). Therefore condition (36) is satisfied, and we get the following
result.

5.2. Theorem. Assume that conditions (C1) and (C2) are satisfied. Let p in condition
(C1) be zero. Then there exist a functional ¥* € X*(n + 1) such that Ay = (T* 2°T1),
where A\s, s = 0,1,..., is the sequence of the dominant eigenvalues of the matrices Ps,
and a number m such that equation (85) has one and only one solution H* € X*(n+m).
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The condition p = 0 essential in Theorems 4.4 and 5.2 is not restrictive. Indeed,
if p > 0, then we have ¥* = U§ + p¥7, where U5 = (X Ao, ..., A1, ¥5) and U] =
(1,...,1,¥7). The function ¥j satisfies condition (36) and

~ 1
B = 0, ze€l0,1],
1, z=1.

Equation (35) takes the form

H* =Co oPys(H") +pCa o Pyy; (H") + Co(Fin)-
From this, after simple calculations we have

(1-p)H" = Cq 0 Py; (H") + Ca(Fry).

Dividing by (1 — p), we obtain an equation with a partition operator satisfying the
conditions of Theorems 4.4 and 5.2:

H" =CaoPu_p-19:(H") + (1 —p) " Ca(F).

6. Conclusion

We have shown that the grinding process can be described in term of partition op-
erators Pg+ and classifier operators C, defined in the spaces X*(n). The dynamics of
the grinding process is approximately described as PV (f) ~ PJ. (F*) whenever N is big
enough. Here F* € X*(n) is a generalized distribution function. This implies that the
input and the output of a grinding system are related (approximately) by the grinding
equation. The equation has a unique solution in an appropriate space X *(n). The study
of geometric partition models, especially the study of the dominant eigenvalues of the
matrices Ps, allows one to compute the functional ¥*, and therefore to determine the
partition operator Py=.

Let us mention possible applications of the theory developed above. A grinding system
can be composed of various grinders and classifiers. The grinding equation is an adequate
mathematical model, which allows us to predict the results of grinding and construct
grinding systems with desired properties.

An experimental verification of mathematical models describing grinding processes
is rather difficult because different instruments used in particle size measurement give
different results [1]. Usually sizers interpret all particles as spheres independently of the
particle shapes. For example, if a sizer uses laser light scattering, then the results of the
scattered radiation measurements are interpreted as the far-field diffraction pattern of
an assembly of spheres. The moment analysis can help to recover the ‘true’ particle size
distributions from the results of the measurements.

Consider a particle of volume V and the shape m having an orientation w € ), where
Q is a set of possible orientations of particles in the sizer. Assume that the sizer interprets
the particle as a ball of volume T'(m,w)V. Then the density function measured by the
device is given by

vy = mzﬂi | 5 (T(me)) o () dov,
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where h,, are the density functions of the random value w, the orientation of a particle
of the shape m. It is easy to calculate

W= Ve way

0
5 / wvéfm( v )thm(w)dw
m=17970 T(m7 )
M
= omud™,
m=1

where
6™ :/Ts(m,w)hm(w) dw.
Q

As we know from Theorem 4.4, the vector fis (see (21)) approximately has the form
fis & sfis, Where [is is an eigenvector of the matrix P, with the coordinates a{™,
m =1, M, satisfying > ™ = 1. Therefore
M
ME = Us Z egj}iﬂgm)
m=1

From this we can find the moments ps and estimate the density function f.
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