
Examination: AESB3342 July 03, 2015 

Examination Extractive IVIetallurgy and 
Physical Processing AESB3342 

July 03, 2015 

Time: 9 :00 -12 :00 h 

Location: CITG-2.02 

• Ttiis examination contains 8 questions in total (3 for Extract. Metal., 

and 5 for Physical Processing) counting in total for 90 points: 

Physical processing 40, extractive metallurgy 50, and the rest of 10 

points is accounted for by the excursion to Nyrstor Budel. 

• Please write down your answers clearly to assist the reading and 

evaluation. 

N.B.: Illegible answers are considered wrong answers! 

• Please write the questions for Part I and II on separate sheets, ond 

follow the instructions to write other particular questions on again 

separate sheets. This is because the answers have to be marked by 

three different lecturers. 

Part I: Extractive IVIetallurgy 

EM-Q1: General questions {15 points) 
[3 points for each sub-question} 

(1) What are the pyrometallurgical, hydrometallurgial and electro-

metallurgical processes? What metals are mainly produced 

through the above 3 types of metallurgical processes or in the 

combination of different types of processes (with at least 1 

exampie for each type)? 

(2) What is Ellingham diagram? What are the two important 

parameters in the diagram? How is it used in carbothermic 

reduction of metal oxides and metal refining processes? 

(3) What is the Kellogg diagram? Where and how it is used In the 

evaluation of metallurgical processes, please give one example 
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with a sketch o f t he diagram, indicating the key parameters 

(along X- and Y-axes) at a fixed temperature. 

(4) What are the objectives and the main reactions of roasting zinc 

sulphide concentrates? What are sintering and pelletising? For 

Ironmaking, why do we need sinter and pellets in blast furnace 

process? 

(5) What are the principles of electrowinning and electro-refining? 

Please describe briefly electrochemical reactions on cathode, 

anode and overall reactions for: electrowinning of zinc; electro-

refining of copper; molten salt electrolysis of aluminium. 

El\/I-Q2: Metals production processes (20 points) 

(1) Ironmaking (5 points): 

Please describe the working principles of ironmaking blast furnaces. 

Please include at least the fol lowing aspects: 

• Raw materials and their preparation 

• Main chemical reactions 

• Products of the process and their major compositions 

• The roles of metallurgical coke 

(2) Steelmaking (5 points): 

Please describe how crude (carbon) steel is produced with BOF 

steelmaking process. Please include at least the fol lowing aspects: 

• The main objectives of steelmaking processes 

• Raw materials and their roles/function, and the main products 

• Removal chemistry of major impurities (carbon, silicon, sulphur 

and phosphorus) 

(3) Copper production (5 points): 

Copper occurs in majority as sulphide ores in the earth. Please 

describe the main extraction and refining steps and the main 
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chemical reactions from copper sulphide concentrates to refined 

copper as final metal product. What is the average Cu content in the 

concentrates and final purity of copper? 

(4) Aluminium production (5 points): 

How many steps are needed to produce Al metal f rom bauxite ore? 

Please explain the technologies used currently in industry (Bayer 

process and Hall-Héroult-process wi th key chemical reactions)? 

Please explain why we DO NOT use carbothermic reduction to 

produce Al metal from bauxite ore? 

EM-Q3: Metallurgical thermodynamics (15 points) 

(1) Thermodynamic evaluation of copper converting process 
(7.5 points) 

Copper converting is carried out at about 1200°C in two steps: slag-

making and copper-making. Oxidations of FeS and CU2S are two 

major competing reactions (see below). The standard Gibbs energy 

change for reactions (1) and (2) are given below. 

% Cu,S,^ + 0,=y^ Cu,0,„ +y^SO, (1) 

AG^",) =-256898 + 81.177 {JImole O^) 

y^FeS,,+0,=y^FeO,,^+y^SO, (2) 

A G ; ^ ) = - 3 0 3 3 4 0 + 52.68r {J I mole O^) 

a. Please write down the equilibrium constants for both reactions 

as the function of activity and/or partial pressure of chemical 

species in the system, and calculate the equilibrium constants 

for both reactions at 1200°C. (5 points) 

b. Please use the values from the calculated standard Gibbs 

energy change to explain the oxidation order of the 2 sulphide 

compounds (CU2S and FeS) in the matte: which oxide is 

oxidized first, and WHY? (2.5 points) 
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(2) Phase diagrams 

Please answer tliis question on (a) seoorote sheet(s). 

(7.5 points) 
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Above is shown the phase diagram of the binary system Cu - Ni. A certain 

liquid composition (given by the red dot), starts cooling, and the liquid 

composition reaches the liquidus. The liquid starts crystallising. 

Answer the fol lowing questions: 

a) Draw on a separate sheet (provided) the crystallization path o f t h e liquid. 
(5 points) 

b) What is the composition o f t he final liquid that will crystallise? 
(1.5 points) 
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c) What is the exact name of this kind of phase relationship between Cu 

PP-Q1: Physical Processing - Plastic Deformation 

(5 points). 

Consider the curved dislocation of mixed type drawn below. Indicate in 

point X the position of the Burgers vector, and explain your answer. 

(Redraw the image on your answer-sheet). 

and Ni? (1 point) 

Part II: Physical Processing 
Please answer tliis port of tlie exam on separate stieets 

Edge 

Burgers 

Vector 

Screw 
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PP-Q2: Physical Processing - Plastic Deformation 
(Total 5 points). 

Below you see a schematic picture of an Edge Dislocation. De dislocation 
line is situated perpendicular to the plain ofthe drawing. 

Suppose the dislocation would climb out of its slip plane. 

a) What process has to take place for this to happen? (1.5 points) 

b) What physical quantity (Dutch: fysische grootheid) is of fundamental 
importance for this process to take place, and is controlling the rate of this 
process? Explain your answer. (3.5 points) 
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PP-03: Physical Processing - Comminution (2.5 points) 

When heterogeneous material is ground, one may expect with respect to the 

grain sizes that each of the different minerals in the mixed and conmiinuted 

material wi l l have its own grain size distribution. Explain this using the Hall-

Petch Law. 

You may assume that none of the minerals has cleavage. 

Hall-Petch Law: 

Here: GQ and Ky = constant, d = (average) grain diameter. 

PP-04: Physical Processing - Sintering (7.5 points) 

Consider the sintered compact depicted below. The upper picture shows the 

compact after 2 minutes of sintering, the lower picture (same 

magnification!!) after 5 hours. 

The number of pores (black areas) has significantly decreased after 5 hours, 

but the size of individual pores is considerably larger. This is called pore 

coarsening. 

Explain the mechanism for pore coarsening. Use sketch drawings to 

illustrate the process. 
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Compact after 2 minutes of 
sintering. 

Compact after 5 hours of 
sintering. 
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PP-Q5: Physical Processing - Separation and Screeninq 
(Total 20 Points) 

Please answer this question nn fq) seoaratP ,hr^^t(.\ 

Ore has a density of 2200 kg/ml It requires sieving at 3 mm at a throughput 
rate of 600 t/hr. 20% of the material is within the difficult to sieve class 
(between 1.5 mm and 4.5 mm). 

a. How large is the screen surface area, using the screening equation in 
Appendix A. (4 points) 

b. Design, using your above answer and the copies of Weiss (Appendix 
A, page 3E-10) the right width, length and number of screens 
(3 points) 

c. On page 3E-11, Weiss gives in chart A an alternative method to 
determine screen capacity of various materials. Argue why 

1. There is a difference between the 4 materials, (2 points) 
2. Why the lines are linear at large screen sizes and go curved 

towards zero at increasingly smaller screen sizes (so why has 
the curve the shape it has). (2 points) 

d. 

e. 

Draw a graph with screen capacity (y-axis) as a ftinction of moisture 
content (x-axis) and argue the shape of the sketched curve. (3 points) 

Can I also use hydrocyclones as a separation technology for this ore 
and size? Base your arguments on the three major differences between 
the two separation technologies. (3 points) 

f. The screening is used in combination with a ball mill . You have two 
different flow sheet options (see below). Which one would have your 
preference and why? (3 points) 
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Mil l 

B 
r 

Classifier 

V 

Classifier 
under-

size 
over­
size 

M i l l 

IP 

R 

Appendix (for PP-Q5) 

r 

C = Screen capacity in t/m^-hr; 
D = mesh size in mm; 
1 foot = 12 inch = 0.3048 m 

Page 3E-10 and 3E-11 are from: 
SME Mineral Processing Handbook, (Weiss et al.) 

See next pages for Paqe3E-10 and page 3E 11 
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3E-10 SCREENINQ 

c o n t a i n s s u c h s m a l l a m o u n t s o f s u r f a c e m o i s t u r e as n o t t o i m p e d e 

s c r e e n i n g . 

10) C o m b i n a t i o n — I n m a n y cases, t h e o p e r a t i o n m a y i n v o l v e t w o 

o r m o r e o f t h e p r e c e d i n g . I f so , a t t e n t i o n s h o u l d b e g i v e n t o e a c h 

t o d e t e r m i n e I h e c o n t r o l l i n g f a c t o r s . 

T h e sc reen m a n u f a c t u r e r a n d h i s t e c h n i c a l r e p r e s e n t a t i v e s h o u l d 

be p r e p a r e d t o p r o v i d e s p e c i f i c d a t a o n I h e t y p e s o f s c r e e n i n g o p e r a ­

t i o n s f o r w h i c h t h e i r u n i t s a r e bes t s u i t e d . T h e y m u s t a l s o p r o v i d e 

s o m e i n d i c a t i o n o f t h e r a n g e o f p r o d u c t s izes a n d c a p a c i t i e s f o r w h i c h 

a n y g i v e n u n i t m a y be c o n s i d e r e d . W i t h t h i s p r e l i m i n a r y d a t a a t 

h a n d , t h e field o f a v a i l a b l e c h o i c e s is n a r r o w e d d o w n c o n s i d e r a b l y . 

T h e n e x l s tep , t h e n , is t o m a k e a s c r e e n s i z i n g c a l c u l a t i o n ba.sed 

o n a r a t i o n a l m e t h o d . S u c h a c a l c u l a t i o n , h o w e v e r , s h o u l d n o t be 

r e g a r d e d as p r o v i d i n g a n exac t s o l u t i o n , s i n c e t h e m a n y c o n s t a n t s 

h a v e been d e t e r m i n e d e m p i r i c a l l y a n d h a v e s o m e w h a t l i m i t e d r a n g e s 

o f a p p l i c a b i l i t y . 

I t s h o u l d be n o t e d I h a t t h e r e a r e , i n c u r r e n t use , t h r e e bas i c m e t h ­

o d s f o r c a p a c i t y c a l c u l a t i o n : ( 1 ) o v e r f l o w m e t h o d , ( 2 ) t h r o u g h - f l o w 

m e t h o d , ( 3 ) t o t a l f eed m e t h o d . A s t h e i r n a m e s i m p l y , t h e s e m e t h o d s 

d i f f e r i n t h e flow o f m a t e r i a l t h a t is u s e d as a bas is o f c a l c u l a t i o n ; 

I o n s p e r h o u r p a s s i n g o v e r , t h r o u g h , o r i n t o I h e f e e d b o x o f I h c 

s c r e e n . 

E a c h m e t h o d has i t s p r o p o n e n t s , a n d e a c h p r o p o n e n t h a s h i s f a v o r ­

i t e set o f e m p i r i c a l f a c t o r s a n d v a r i a t i o n s i n p r o c e d u r e . T h e p r o c e d u r e 

p r e s e n t e d he re is a t h r o u g h - f l o w m e t h o d . 

Screen Selection Calculations 

T h e bas i c r e l a t i o n s h i p o n w h i c h s c r e e n s i z i n g c a l c u l a t i o n s a r e 

b a s e d m a y be e x p r e s s e d as f o l l o w s : T h e a r e a o f s c r e e n s u r f a c e r e q u i r e d 

is e q u a l t o I h e t h r o u g h - f l o w t o n n a g e o r c a p a c i t y d i v i d e d b y t h e c o r ­

r e c t e d u n i t c a p a c i t y f o r I h e m a t e r i a l b e i n g h a n d l e d . I n m a t h e m a t i c a l 

t e r m s , I h i s m a y be e x p r e s s e d as f o l l o w s : 

A = c,/Cu X r 
w h e r e A i s a rea o f serpen s u r f a c e i n s q u a r e f e e t : ^ u s j h r o u g h - l l o w 

c a p S c t t y T o r t o n n a g e ^ f u n d e r s i z c i n I h e f e e d t o I h e s c r e e n ; Ct, i s 

u m T c a p a c i t y o r bas i c t o n s p e r h o u r p e r s q u a r e f o o t t h r o u g h I h e 

s c r e e n , f o r I h e s ize s e p a r a t i o n a n d m a t e r i a l b e i n g h a n d l e d ; F is t h e 

p r o d u c t o f I h e v a n m i s c o r r e c t i v e f a c t o r s . 

T a b l e 5 p resen ts a s u n i n i a r y : i n d d e s c i i p t i o i i o f t h e s e v : i r i i n i s fac ­

t o r s , a n d p r o v i d e s a n i n d e x l o t h e t a b l e s i n w h i c h t h e i r n u m e r i c a l 

v a l u e s m a y be f o u n d . 

T h e l y p i c a i p r o b l e m r e q u i r e s e n t e r i n g c h a r t A w i t h I h e s ize o f 

s e p a r a t i o n d e s i r e d a n d t y p e o f m a t e r i a l h a n d l e d . M o v i n g h o r i z o n t a l l y 

a c r o s s t h e g r a p h , r e a d o u t I h e u n i t c a p a c i t y . 

F o r e x a m p l e , a s s u m i n g s a n d a n d g r a v e l a t a 2 - i n . s e p a r a t i o n , a 

u n i t c a p a c i t y o f 4 . 8 5 t p h pe r sq f t is o b t a i n e d . T h i s v a l u e o f C „ 

m u s l n o w be c o r r e c t e d f o r I h e v a r i o u s c o n d i t i o n s r e p r e s e n t e d b y I h e 

f a c t o r s . 

P r e v i o u s l y , t h e m a n y v a r i a b l e s t h a t af i 'ect s c r e e n i n g p e r f o r m a n c e 

w e r e d i scussed b r i e f l y a n d t h e i r i i i t e r r e l a l e d n e s s n o t e d . 

N o w , h a v i n g d e s c r i b e d t h e use o f a r a t i o n a l s c r e e n s i z i n g p r o c e d u r e 

b y w h i c h t h e r e q u i r e d s c r e e n a r e a m a y be a p p r o x i m a t e d , i t seems 

a p p r o p r i a t e l o r e t u r n l o Ihese m a n y v a r i a b l e s a n d i l l u s t r a t e t h e i r 

i n f l u e n c e o n I h e final s e l e c t i o n o f a s c r e e n . 

I I s h o u l d be n o t e d I h a t f o r a m u l t i - p r o d u c t s c r e e n , i t is n e c e s s a r y 

t o c a l c u l a t e t h e a r e a o f e a c h d e c k s e p a r a t e l y f o r t h e s i ze o f s e p a r a t i o n 

d e s i r e d . 

H a v i n g d e t e r m i n e d t h e a p p r o x i m a t e a r e a t h a t m u s t be p r o v i d e d , 

I h e d e l e m i i n a l i o n o f t h e p r o p e r l e n g l h t o w i d t h r a l i o m u s t b e r e s o l v e d . 

A s a g e n e r a l r u l e , I h e l a r g e s t r a t i o t h a t s h o u l d be c o n s i d e r e d is a b o u t 

2-1. H o w e v e r , 1.5: i p r o v i d e s a s o m e w h a t b e t t e r r a t i o . 

W i t h i n l i m i t s , t h e w i d e r s c r e e n d e l i v e r s a g r e a t e r c a p a c i t y a t a 

h i g h e r e f i i c i e n c y . I t f o l l o w s t h e n , t h a t I h e w i d e s t u n i t s p r a c t i c a l s h o u l d 

be used f o r g rea tes t e f f i c i e n c y . 

S. A . S t o n e , v i c e p r e s i d e n t - e n g i n e e r i n g , D e i s t e r C o n c e n t r a t o r C o . , 

s p e a k i n g f o r I h e c l a y p r o d u c t s i n d u s t r y , r e c o m m e n d s a m a x i m u m 

l e n g t h o f 7 t o 8 f l f o r I h e fine m e s h s c r e e n i n g e n c o u n t e r e d t h e r e . A 

c o r r e s p o n d i n g m a x i m u m o f 5 f t is r e c o m m e n d e d f o r I h e w i d t h o f 

s u c h u n i t s . I I is s u g g e s t e d t h a t a b a t t e r y o f s m a l l e r sc reens be c o n s i d ­

e r e d as a m o r e en"ect ive a l t e r n a t i v e t h a n I h e l a r g e r s c r e e n . T h e r e 

a r e , o f c o u r s e , o t h e r a d v a n t a g e s l o t h e use o f a b a t t e r y o f screens 

i n p a r a l l e l , a n d these w i l l be d i s c u s s e d i n d e t a i l l a t e r . 

O n e d o w n - t o - e a r t h g u i d e f o r p r o p e r sc reen w i d t h says t h a t i t 

s h o u l d be poss ib le l o see t h e s c r e e n d e c k t h r o u g h t h e b e d w i t h i n 1 

t o 2 f t o f t h e d i s c h a r g e e n d . 

A s s u m e t h a t I h e a r e a r e q u i r e d w a s a p p r o x i m a t e l y 3 2 s q f t . A p p l y ­

i n g a r a l i o o f 2 = 1 , a 4 x 8 - f t sc reen w o u l d b e i n d i c a t e d ; w h e r e a s , 

f o r a r a t i o o f 1.5 = I , a 5 x 8 - f t s c r e e n is I h e b e l t e r c h o i c e . 

O n e m e t h o d o f a r r i v i n g a l a r a t i o n a l s e l e c t i o n o f w i d t h i n v o l v e s 

d e t e r m i n i n g t h e t h e o r e t i c a l d e p t h o f b e d . T h e i m p o r t a n c e o f b e d d e p t h 

a n d i t s e f l c c i o n s t r a t i f i c a t i o n h a s b e e n d i s c u s s e d p r e v i o u s l y . T h e fo r ­

m u l a C = 3 rf H ' / 2 0 , i n w h i c h C = I o n s p e r h o u r p e r i n c h o f 

d e p t h , p r o v i d e s a s i m p l e m e a n s f o r c a l c u l a t i n g b e d d e p t h o r t onnage 

Table 5. Screening Sizing Caleulalion»—Through-Flow Method 

Fac to r 

R e f e r t o 

D a t a r e q u i r e d c h a r t 

C„ screen capac i ty N a m e , descr ip -

p c r sq . f t . 

F/, fines f a c t o r 

t i on and 
w e i g h t o f 
m a t o r l a l 

% ha l t -s ize 

Fc, overs ize f a c t o r % overs ize 

Ft, e f f ic iency % ef i ic iency de- B 

s i red 

N u m b e r o f sep- C 

a r a t i o n s 
Frf, decks 

ft, w e t sc reen ing Size o t o p e n i n g D 

Foa, open area 

F„ s l o t ted open ing 

40% r u l e : area 
equa ls 

T p h (feed) x 0.40 

c. X fv X n. X F, 

% open a rea o t 

m e d i u m to be 

used 

Shaire o f open­
i n g and 
l e n g t h / w i d t h 
r a t i o 

% o f teed less 
t h a n o p e n i n g 
size 

(Comments 

P rov ides compari­
son o f the diffi­
c u l t y o f 
s e p a r a t i o n 

A l l o w s f o r strati­
fication. May 
use 0.80-i i i . 
r a n g e 70 to %f> 

i f sc reen is wide 
e n o u g h 

S c a l p i n g e f f i . 
e iency usual ly 
t a k e n as 85!!. 
Separa t ion 
r a n g e 80 to 95? 

A l l o w s f o r area 
los t on lower 
decks 

W h e n water / feed 
r a t i o is 3 to 5 
g p m l ïer cycle 
pe r h r , use f „ 
I t n o l certain of 
w a t e r use ad­
j u s t e d factor. 

A s s u m e capacity 
va r ies directly 
w i t h the 
change in open 
a rea 

A s s u m e s long di­
mens ion o t 
o p e n i n g is j a r 
a l l e l l o materii l 
flow and in line 
w i t h screen mo­
t i o n 

U s e w h e n 40% or 
less o f teed is 
s m a l l e r than 
open ings , or for 
rescreening 
w h e r e l i t t le or 
n o t h i n g is 
screened out 

A d a p t e d f r o m H e w i t t - R o b i n s , I nc . 
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GENERAL CLASSES OF SCREENS 3E-11 

Chart A—Screen capacity per square foot 

Copocity for Slog, Sinter.Etc. 

Ib . /cu. f t . 

100 
XStone Capacity 

. T - n — n r 
g 0 .05 .1 .15 .20.25 

^Square Openingsdn.) — 
I I I I 

3032 38 4 0 
^ % 0 p e n Area 

- % 0 p e n Area 

tJiJrtB 

Factor 

Fines, Oversize, Efficiency, 

F, F. F, 

0 0.44 
10 0.66 1.05 
20 0.70 1.01 
30 0.80 0.98 
40 1.00 0.95 
(0 1.20 0.90 
(0 1.40 0.86 

TO 1.80 0.80 
80 2.20 0.70 1.75 
89 2.60 0.04 1.60 
90 3.00 0.65 1.25 
9S 3.76 0.40 1.00 

Chart C 

Decks Deck factor, Fa 

Top 1.00 
2nd 0.90 
3nl 0.76 

Chart D 

Opening 
size 

(square), in. 

Wet screening factors 

Limiting 
moisture* F„i 

•42 or less 
'4, 
'4 
?i. 

'4 
1 to 2 
i-'-i 
+2 

0% 
1% 
1% 
2% 
47-
i% 
6% 
69!. 
6% 

No limit 
No limit 

1.25 
3,00 
3.50 
3,60 
3.00 
2,50 
1.75 
1,35 
1.25 
1.26 
1,0 

1,10 
2,00 
2,50 
2,60 
2.00 
1.50 
1.30 
1,20 
1,10 
1,10 
1,0 

• When screening dry: If moisture exceeds this limit, must con-sider special 
aperture constructions 

+ Use when uncertain about maximum spray water being available, 
or l>eing used efficiently 

Chart E 

Open area factor - % Open area = P 
For the more common apertures 

Formula for % 
Type of aperture open area, P 

Rectangular opening: p ~ % Open area 

d = diam of wire, or horizontal 
width of bar (tor plate) 

a = clear opening dimension 

l> = Open area X 100 100 ( a , ) ( a , ) 

Total area ( O i + di)(a, + di) 

Square openings 

Siiecified by opening size. (a + ri)' 
= 100 I 

V + d / 

Square openings 
Specified in mesh (m). 

P = 1 0 O a ' m " m = l 

a + d 

Parallel rod decks 

lOOa 
(a + d) 

special weaves Assuming 0 3 = O i 

O i ( a i + 2a,) 

p = 100 
L(o, + 2o,+3dj)(a, + d.)] 

Ty-Rod, nonhlind, etc. 

Chart F—Slotted opening factor 

Typical screen media 
Length/width ratio 
[(a,/a,), Chart E] 

Slotted 
opening 
factor. 

F. 

Square and slightly 
rectangular openings 

Rectangular oi>enings, 
Ton-Cap 

Slotted openings, 
Ty-Rod, nonblind 

Parallel rod decks 

less than 2 
Equal to or greater than 2, 

but less than 4 
Equal to or greater than 4, 

but less than 26 
Equal to or greater 

than 26 

1.0 

1.1 

1.2 

1.4 
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