
 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

nnot or a 



Univ
ers

ity
 of

 C
ap

e T
ow

n
are to 

to 

to 

ii 



Univ
ers

ity
 of

 C
ap

e T
ow

n
pClte.nt:lal use 

was it to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

7 8 

DDI"Oximatelv 2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

2 

3 

2.1 

on 

to liOlnrrUntltlO>ll 

v 

a 

i 

ii 

1 

5 

5 

8 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4 

5 

6 

F 

1 

1 

processnne: . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. 1 

. 1 

........ 1 



Univ
ers

ity
 of

 C
ap

e T
ow

n
1 

2.1 

2.2 

2. 
2. 

a 

y= 

a COlemCl€:ll 

on 

on 

of on 

2 

9 



Univ
ers

ity
 of

 C
ap

e T
ow

n

an 

1 

f 

to 

11 

f= f 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4. .LUU\...JlUU,V"," contact for 

4. contact 

4. 

4. 

5.1 

ent 

1 

contact 

J. ),..l.U\j,i.lU I." v contact 

contact 

1 

contact 

contact 

contact 

F.6 

F 0.1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

OF 

contact 

contact Liner 

x 

154 



Univ
ers

ity
 of

 C
ap

e T
ow

n

-

(j on 

(j -
.. 
(j 

m 

p -

t 

P, 

P 
Cl -

g 

a -

"I at 

S 

Xi -

Ci - i 

i 

i 

I 

Si - to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

-
f -
u -

-

u 

-

Wmax 

~ -

a 

8 -
-



Univ
ers

ity
 of

 C
ap

e T
ow

n
comes 

is 

is 



Univ
ers

ity
 of

 C
ap

e T
ow

n

reserves. 

1 

a 

l was 

an 

nu-



Univ
ers

ity
 of

 C
ap

e T
ow

n

1. 

M MHlsneU 
S ShoiJtde.r of 
T at" 

1.1: 

not 

to 

A 
B 
A. 

a 

bar 

2 

rotates 



Univ
ers

ity
 of

 C
ap

e T
ow

n

are 

1. 

at 

2 pn~se:n.ts a IJO"'-'''''J::'L 

to "VL.uJ,LUU 

3 
4 nr,,,,,,,,,,,,., 

5 

6 

is IF", ,,",TIl"" as 

3 

no 

at 

ou.u.U"L""'U'V'~' can 

was not 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1. 4 

pCltent:tal use 

was con­

to 

a 



Univ
ers

ity
 of

 C
ap

e T
ow

n
V,U'''''''",.V 11.1'-1101'-'11 is 

.1 

a 

It 

was a 

5 



Univ
ers

ity
 of

 C
ap

e T
ow

n

on 

to wear. 

sensors were U.L<:tL'VU. 

to measure 

toe 

6 

an 



Univ
ers

ity
 of

 C
ap

e T
ow

n

angl()SCop'e was 

to 

is 

IS 

7 

same as 

is an 

a 

re-

con-



Univ
ers

ity
 of

 C
ap

e T
ow

n

8 

was 

use 

t 

) 

as 

it IS ex'ceE~aea 



Univ
ers

ity
 of

 C
ap

e T
ow

n

9 

=m p 

= m B p cosB 

on 

B a on 

m= 

p 

are 2.1 are 

IS 

set. starts to it to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

acc:eleratl0n "' ..... "'LHl". on 

IS to 

no 

() 

t= 

{3 = I..,V.l.J.i:>vGU . .llJ 

2.1 

{3) 

IS 

to is a non-

.. .2 

()p () p () cos ()) = 0 

use a HUl.H'OJ. 

to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

to 

to 

a 

4. 

are two 

[17] was 

Ixr::,er:lmen1~s were 



Univ
ers

ity
 of

 C
ap

e T
ow

n

90 

-180 o 

-45 

-90 

masses were 

were 



Univ
ers

ity
 of

 C
ap

e T
ow

n

if it 

»,---------------------~--------------------, 
60 

50 

40 

30 

20 

10 

O+-------------~r&~~~--------------~ 

-60 

-60 

-~1_~--_r--r__r--T_~--,_~~_r--r_~--T_~--,_~~_1 

20_ 

Mill Speed (% Critical. 100% • 66.7!pl1l) 
+ StulData x Cloth Data 

Theoretical Limits fot Stul - Theoteticlll Limits for Cloth 

move 

IS 



Univ
ers

ity
 of

 C
ap

e T
ow

n

) 

IS as 

f3= 
p = mean 

Cl = 

>LId'}! "" is 

is 



Univ
ers

ity
 of

 C
ap

e T
ow

n

B 

A 

a 

Lifter Dlustrated 
Below 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ui'-'U.<:;.!J.vu. one seg;mlent 

one se.E;m~mt or IS as 

1: <8< -I _ 

IS 

is also 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Lifter Dlustratcd 
Below 

Section 1: Q°-:!:.{3'5:.S.5° 
Section 2: 5.5° '5:. {3 -:!:. 9° 
Section 3: gQ -:!:. {3 '5:.13.5° 
Section 4: 13.5° {3-:!:.21.5° 
SectionS: 21.5" {3'5:.22.S o 

an a I..1<JL.1I::..''<O 



Univ
ers

ity
 of

 C
ap

e T
ow

n

on a 

() 

-

-

-

()= 

/3= 
a 

r,O'".,T".,n one were 

was 

() 
.2 
() 

was 

=0 

a 

} 

+ 

was 

at 



Univ
ers

ity
 of

 C
ap

e T
ow

n

vs a on 



Univ
ers

ity
 of

 C
ap

e T
ow

n

C'1l ill Iti s 

VB on 



Univ
ers

ity
 of

 C
ap

e T
ow

n

) 

t;xperiIlnel1ts were '-'VJe"UILJ.'-'l,vU 

y 

y 



Univ
ers

ity
 of

 C
ap

e T
ow

n

9 

a 

s -

t 

r -
p 

some 

if 

sum zero. state 

cosry 

9 COSCl:t cos 

COSCl:o = 0 

s 
p 

IS 

or if 



Univ
ers

ity
 of

 C
ap

e T
ow

n

is zero. IS 

2. 

+ 

1 

y= were 

• 

• 



Univ
ers

ity
 of

 C
ap

e T
ow

n

• 

8S~=::;:::::~~ 80+ 
75 

70 

65 

60 

55 

50 

45 

40+---------~~------+_--------~------~~------~ 
o 0.01 0.02 0.03 0.04 0.05 

vs 

were att<ect;ed. 

• It was as 

nr,':""".,...~ more 

a 

to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

wear 

can 

to 

~~------------------------------------n 
66 
65 
64 
63 
62 
8\ 
60 
59 
58 

~~~~~~--~----~--~--~ 
o 0.05 0.1 0.15 0.2 0.3 

vs 

as a means 

...... "'"uv' ..... to COlnnlln1 

to a are as 



Univ
ers

ity
 of

 C
ap

e T
ow

n

x i = 1,2 

10 + 

Xi i 

m = mass i 

2 

i 

i 

I 

Si -

't is 

are 1 TllC<>C'T'" a 



Univ
ers

ity
 of

 C
ap

e T
ow

noormal 

1: 

are appr()xlml~ted 

x 
X= --'----!.--.;.....;;.. 

x 
X= --'---""-----

2 

as 



Univ
ers

ity
 of

 C
ap

e T
ow

n
a 

run at a 

were 

to 

a 

IS 

was COlffij:mfled 

was to 

on 

are 

case. 

was 

an 

was 

"::"'f'r,r1<'" corre-



Univ
ers

ity
 of

 C
ap

e T
ow

n

I ... 

110 

100 

90 

80 

Aim ter'" 
70 Mill III .30cm 

Mill Filling 111.38. S % 

0.6 0.1 O.S 

of i I 

was more 

0.9 1.0 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2. a 

on a co,em.Cl€!n on a 

[6] 

was .!.,-,'cu..!.,-,- to 

IS are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

a 

mm were 

was 

account 

2. 

accurate. 

even more 

more 

was 

as 

over 

to measure 

two 

l.H'J"'VH as 

to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2. 

It was 

nu-

merous 

a 

a It was was 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.1 

were 



Univ
ers

ity
 of

 C
ap

e T
ow

n

a as 

a as 

as new 'u.l'u""!<O.LJeUL5 

arose. use IS 

no Inl:orm!'l.tlon 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 3. NUMERICAL ANALYSIS 35 

3.3 ELFEN 

ELFEN version 2.S.3b is a finite element numerical modelling package that was 

developed by Rockfield Software Limited in Swansea, United Kingdom. The package 

includes the option of simulating discrete problems. These problems are solved using 

a central difference integration scheme. 

Any analysis problem is essentially divided into four steps[37]. The user executes 

the first which is to examine and define the problem. The second is to input the 

geometry and process information into a model. This step is associated with the 

Modelling section in ELFEN. The third step is to perform an analysis of the problem. 

The fourth and final step is to analyse the results of the analysis. The last two 

steps are captured as the Analysis and Results sections. The window showing these 

sections on the computer is shown in figure 3.1. 

Figure 3.1: ELFEN display showing different sections 

3.3.1 Modelling 

This section is user interactive where the user enters the information needed for the 

analysis of a problem. It is divided into geometry, loading conditions, constraints 

and boundary conditions, material properties, meshing and process control. The 

window showing the different sections to Modelling is shown in figure 3.2. The 

loading conditions, constraint and boundary conditions are crucial in determining 

the geometry definition of the structure. These, together with mesh generation, will 

be discussed in greater detail in sections 3.3.1a, 3.3.1b and 3.3.1c. 

Any problem to be analysed has to be divided into various stages of motion. 

The ball mill problem was modelled as a single stage problem. The mill is rotated 

while the particle is dropped into it. The rationale behind this is that as the particle 

touches the liner there is velocity acting on it. This is to fulfil the assumption made 

by Nates [1] and Von Bentheim [2] that the velocity of the particle is equal to the 
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Figure 3.2: The Modelling section of ELFEN 

velocity of the drum when the two come into contact for the first time. 

a) Loading Conditions 

ELF EN allows for mechanical, thermal and fluid loads. The package allows for 

a problem to be defined under several load cases with different loading functions 

applied to each case. A loading function is a curve that defines how a load will act 

on an object over a certain period of time. 

In the ball mill problem, mechanical loads are used. Two load cases were iden­

tified. These include a load case to apply gravity to the particle and a load to allow 

the mill to rotate. Under the 'gravity load' case a drop load is implemented. This is 

constant loading function and is applied to the rectangular particle as a body force. 

The graph for the drop load is shown in figure 3.3. 
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:!" ' • 

Figure 3.8: The Analysis section in ELFEN 
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