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This article presents the results of applying amedia selectionmethodology based on a population balance model
to a ceramic ball mill; the experimental data were obtained through the marked ball test in a white-cement
grinding pilot plant. Three types of balls from different suppliers (I, II and III) were used in order to study the
wear occurring in each type of ball. Tests were carried out for 576 h and the law of wear for all three types of
balls was found to be zero order. These results were introduced into the model to obtain the ball charge of the
mill at steady state and the alumina consumption by wear.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The kinetics of grinding media wear is estimated based on theories
put forward shortly before the second half of the Twentieth Century,
as is evidenced in the work of Sepúlveda [1], which uses the theory of
linear wear to calculate specific rate constant wear. Other research
approaches were found such as that of Albertin and Sinatora [2], in
which ball wear showing linear behaviour in a laboratorymill was com-
paredwith an industrial mill to calculate the rate of ball wear caused by
various minerals. Albertin and Lucia de Moraes [3] also conducted fur-
ther research on coal grinding for four different ball types and all four
presented a linear behaviour in their wear. However, all tests were
limited to steel balls.

Plant results have shown that ball diameter is an operating variable
in the grinding process that directly affects mill efficiency. In fact,
according to Austin et al. [4] and Gupta et al. [5], it is known that there
is a ball size that maximizes the breaking rate of a given feed particle
size; in this respect, the ball size ratio and particle size were initially
modelled by Bond [6], who, using a criterion based on the characteriza-
tion of the mill feed size distribution, developed equations to select the
ball sizes at the start-up operation, but provide uswith little information
about ball recharge into the mill.

From this perspective it is important to study ball recharge and
grinding media wear. From the point of view of kinetic equations

governing steel ball wear and their applications in population balance
models, the contributions of Menacho and Concha [7,8] constitute a
good advance; this is proven by the goodness of fit between theoretical
and experimental results. An introduction to population balancemodels
and their applications, with a wide variety of references can be found in
Jakobsen [9]; in this paper some of the equations proposed byMenacho
and Concha are applied to ceramic ball wear behaviour prediction.

2. Experimental equipment and materials

Experiments were conducted using a laboratory mill (0.19 m in
diameter) filled with alumina balls with a filling factor J = 45%, and
operated at 75% critical speed. Single-sized feed of quartz was used with
100% fractional filling (U = 1), with a bulk density of 2.601 g/cm3 and a
sample net weight of 2.2 kg.

The diameter, weight and density of the three ball types, as well as
the volume calculated from these variables, can be seen in Table 1.

3. Mathematical model of ball wear in grinding mills

3.1. Kinetic ball wear

Themathematical model corresponds to a population balance equa-
tion. Particularly if g (d) = α, we get

∂N d; tð Þ
∂t þ α

∂N d; tð Þ
∂d ¼ φI

XK

R¼1

mI
0 dð Þδ d−dRð Þ: ð1Þ
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Whose solution by the method of characteristics (Salsa [10]) is

N d; tð Þ ¼ N0 d−αtð Þ þ φI

α

XK

R¼1

mI
0 dRð Þ U d−dRð Þ−U d−αt−dRð Þf g: ð2Þ

At steady state

NSS dð Þ ¼ φI

α

XK1

R¼1

d−βmI
0 dRð Þ U d−dRð Þ−1½ � ð3Þ

where

N (d, t) is the number of balls with diameter d and time t in the ball
charge

ϕ1 is the total number of balls at the mill inlet
m0

I (dR) is the relative number frequency for the balls of size d at the
inlet flow

δ is the Dirac delta function
d1 is the size of the largest ball entering the mill
d0 is the size of the balls leaving the mill
K1 is the number of ball size classes in the charge.

In this work, we used a ‘zero-order’wear rate as the kinetic equation
for g (d) [g (d) = constant], as will be shown in Fig. 1.

3.2. Ball addition

In industrial practice, ball-filling level is set at steady state. Then,
considering the law of wear, input and output ball size, daily ball addi-
tion can be calculated using the following formula:

φ ¼ 6α 4−βð ÞwB

πρ
Xk

R¼1

mI
0 dRð Þ d4−β

0 −d4−β
R

n o

1
CCCCA

ð4Þ

where:

φ daily ball addition (number of balls/day)
α specific wear rate (cm/day)
β wear rate order
wB mass hold-up of balls in mill (kg)
ρ ball density (kg/cm3)
dR mill input ball diameter (cm)
d0 mill output ball diameter (cm).

In this case, the following considerations are assumed:

β ¼ 0 wear kinetics is zero orderð Þ

Xk

R¼1

mI
0 dRð Þ ¼ 1 recharge is made with only one ball sizeð Þ:

Then, Eq. (4) can be expressed as follows:

φ ¼ 24αwB

πρ d40−d4R
� � : ð5Þ

3.3. Consumption by wear

This is defined by:

CD ¼ 4wBα

Xk

R¼1

mI
0 dRð Þ d3R−d30

n o

Xk

R¼1

mI
0 dRð Þ d4o−d4R

n o ð6Þ

Table 1
Ceramic ball diameter calculation.

Ball type Weight (g) Density (g/cm3) Volume (cm3) Diameter (cm)

I 130.70 3.73 35.04 4.06
II 116.40 3.72 31.30 3.91
III 113.70 3.54 32.02 3.94
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Fig. 1. Kinetic ball wear.

Table 2
Kinetic equations.

Equation R2

Type I y = −0.0064x + 41.027 0.84867
Type II y = −0.0051x + 39.428 0.61691
Type III y = −0.0079x + 39.118 0.89461
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