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ABSTRACT 

In our previous studies we first determined 

relation-ships between glass composition and physical 

properties and between dimensional stability and 

viscosity in the forming range. 

In this paper we introduce for the first time an 

optimization model which minimize the glass cost and 

fulfill the required requirements both the physical 

properties stated be the specification of end product 

and also for the forming process requirements of 

dimensional stability and forming viscosity. 

The technique applied is linear programming. 

Key Words : Linear programming - Physical constrations 
Forming constrains - Cost obj.ective. 

INTRODUCTION 

The reason of this research is to investigate the 

feasibility of applying optimization techniques in an 

integrated model that include glass mix cost and the 

physical constraints and the forming constrain. 

We used the results of our previous researches of 

physical properties relation-ships and the stability 

of dimensions and viscosity in the forming range 

together which data available for compostions of raw 

materials and their cost to develop a linear programm- 

ing model. 
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The r e s u l t s  a r e  very promising and i n d i c a t e  t h e  f e a s i -  

b i l i t y  of t h i s  new technique .  

The problem of glass-making technology i s  t h e  

v a r i o u s  f a c t o r s  a f f e c t i n g  t h e  p roces s .  The composit ion 

of  g l a s s  a f f e c t s  t h e  va r ious  p r o p e r t i e s  of g l a s s  and 

t h e  forming p roces s  a l s o  r e q u i r e s  c e r t a i n  p r o p e r t i e s  

and t h e  c o s t  of product  i s  very impor tan t .  

To develop a  c r i t e r i o n  of cho ice  and r e l a t i o n  of 

t h e s e  d i f f e r e n t  parameters  has  always been a  c h a l l a n g e  

t o  t h e  produc t ion  eng inee r .  

The proposed technique  i s  l ead ing  t h e  way f o r  

f u r t h e r  ex tens ion  and a p p l i c a t i o n s  of op t imixa t ion  

techniques ,  and process  c o n t r o l  based on c o s t  minimi- 

z a t i o n .  This  i s  a l s o  a key i s s u e  i n  automated p roces s  

c o n t r o l .  
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DESIGN OF GLASS M I X  

I- THE MODEL : 

The, proposed approach i s  t o  develop an i n t e g r a t e d  

model fo ' r  t h e  p roces s  engineer  t h a t  involve  a l l  t h e  

c o n t r o l  parameter  a f f e c t i n g  t h e  manufacturing p roces s  

i n  t h e  g l a s s  making i n d u s t r y .  

1 -  Furnace 

2- Product  

3-  Machine Y 

I 1 

Fig .  ( I )  Decis ion v a r i a b l e s  i n  g l a s s  p roces s  

To b u i l t  up t h i s  model we have t o  c o n s i d e r  t h e  f o l l o -  

wing f a c t s  :- 

I. I .  P H Y S I C A L  CONSTRAINTS : 

The produc t  must conform t o  phys i ca l  p r e - s p e c i f i e d  

p r o p e r t i e s  which a r e  determined accord ing  t o  t h e  app- 
l i c a t i o n  of t h e  produc t .  . 

The most widely used p r o p e r t i e s  a r e  :- 

a- Densi ty  : Which r e f l e c t s  it s e l f  on t h e  weight of 

f i n a l  p roduc t  and a l s o  on t h e  s t r e n g t h  of g l a s s .  

I n  many a p p l i c a t i o n s  c o n t r o l  of t h i s  parameter  i s  

' of prime importance s p e c i a l l y  i n  dense  g l a s s e s  

such a s  Lead-glasses ( C r y s t a l s ) .  

This  p r o p e r t y ,  a s  shown i n  our  p rev ious  paper  ( 4 )  

can be expreseed a s  a  l i n e a r  f u n c t i o n  of t h e  g l a s s  

forming ox ides ,  f o r  i f  ( X . )  i s  t h e  % ge of forming 
3 



o x i d e  ( j )  and ( a  ) i s  pa ramete r  r e p r e s e n t i n g  t h e  
1 j 

e f f e c t  of  t h e  % g e  of o x i d e  ( j )  on d e n s i t y ,  t h e n  - - 

' b l  
( 1 )  

where 

b l  = r e s u l t i n g  d e n s i t y  

a c c o r d i n g  t o  t h e  a p p l i c a t i o n  of  g l a s s  t h i s  c o n s t r a i n  

may m a n i f e s t  i t  s e l f  on d i f f e r e n t  way : 

i) Upper Bound C o n s t r a i n t s  : Where t h e  d e n s i t y  must 
u n o t  exceed upper  l i m i t  ibl  ) 

ii) 

iii) 

Lower Bound C o n s t r a i n t s  : Where t h e  d e n s i t y  
L shou ld  n o t  be  less t h a n  lower  l i m i t  ( b , )  

T o l e r a n c e  L i m i t s  : Where t h e  d e n s i t y  must f a l l  

w i t h i n  t o l e r a n c e  r a n g e  : 

b - Thermal Expansion : T h i s  i s  an  i m p o r t a n t  p h y s i c a l  

p r o p e r t y  which depends c o m p l e t e l y  on t h e  a p p l i c a t i o n  

of g l a s s  and a f f e c t  t h e  r a t e  of  c o o l i n g  and t h e  

r e s i d u a l  stresses ( g l a ' s s  s t r a i n )  and h a s  a  d i r e c t  

i n f l u e n c e  on t h e  d imens ions  of  p r o d u c t .  I t  i s  a l s o  

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

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

of expans ion  i s  v e r y  i m p o r t a n t ,  i f  ( a 2 j )  i s  t h e  

e f f e c t  of  t h e  p e r c e n t a g e  (X . ) of  o x i d e  ( j )  on t h e  
7 

t h e r m a l  expans ion  ( b 2 )  t h e n  w e  may have  a g a i n  t h e  

f o l l o w i n g  c o n d i t i o n s  



c - V i s c o s i t y  : v i s c o s i t y  i s  v e r y  i m p o r t a n t  p r o p e r t y  

f o r  t h e  forming p r o c e s s .  The d e t e r m i n a t i o n  of  

v i s c o s i t y  r a n g e  i s  governed by t h e  n a t u r e  of  

p r o d u c t  and t h e  forming p r o c e s s .  L e t  ( a j j )  b e  t h e  

e f f e c t  on v i s c o s i t y  ( b 3 )  of t h e  forming o x i d e  (j) 

of  p e r c e n t a g e  ( X  . )  t h e n  : 
3 

i s  t h e  normal c o n s t r a i n t  i n  t h i s  case. 

G e n e r a l l y  speak ing  i f  ( a  i j  ) i s  t h e  e f f e c t  of o x i d e  

( j )  on p r o p e r t y  ( i) of t h e  p e r c e n t a g e  ( X  3 . ) t h e n  : 

The forming p r o c e s s  i n  g l a s s  a s  d i s c u s s e d  i n  

forming p r o p e r t i e s  ( 8 )  depends on t h e  v i s c o s i t y  of  g l a s s  

i n  t h e  forming r a n g e ,  t h u s  it depends mainly on t h e  

v i s c o s i t y  - t e m p e r a t u r e  r e l a t i o n  s h i p  and t h i s  i n f a c t  

depend on t h e  p r o c e s s  t y p e  and s e t - u p .  

L e t  : b3  = l o g  7 b e  t h e  v i s c o s i t y  of g l a s s  t h e n  

f o r  a  g i v e n  forming t e m p e r a t u r e  ( t f )  t h e  v i s c o s i t y  

t e m p e r a t u r e  r e l a t i o n  i s  g i v e n  by : 

b 3 ( t f )  = l o g  ( t  ) and i s  i l l u s t r a t e d  i n  F i g .  (11)- 
f  



The dotted lines are a linearization of the curve and 

are given by the expression : 

However, the shape of the viscosity-temperature relat- 

ion ship suggest the relation : 

thus : 

if (bg) is the cold viscosity of glass then (b3 = A) 

In our case as we have proved that the dimensional 

stability of the forming process depend on the viscos- 

ity by the relation : 

For optimality 

Thus : 
-B 

log 'I = 1 
B2 

will be our aimed at viscosity. 

Thus the following type of constraint may be applicable 

L 'i - btf I A -  L btf . . . ( 1 4 )  
-B 

ii- b3 - 
- - 1  

* B 1  
= B . . . ( 1 5 )  



I .  3 .  RAW MATERIALS : 

The forming oxides of glass are formed from raw 

material added together with certain weight. if, 1, 

2 . r R represent the set of available raw 

materials, and if (y ) is the percentage of oxide (j) 
rj 

in raw material (r) and if (d,) is amount used of raw 

material (r) then: in raw material (r) then the weight 

of oxide (j) is : 

it is apparent that, the % ge (X.) is calculated as : 
I 

X = ( L  =yrj-dr)/( E L . yrj-dr) . . . (18) 
j r= 1 j ' r  

is equivalent to 
R 

Iraij ( L .yrj.dr) I/(E . L .yrj.dr)6 b i . . . (19) 
r= 1 j r 
R 

( L .y .d ) 6 bi( L . I  .yrj.dr) 
r=l rj r j r 

as (a ijl bit Yr j ) are known constant, the problem is 

to determine the weights of mix ingredients (dr I 

r = 1 , 2 ,  ..., R). 

I .  4 .  COMPOSITION V A R I A T I O N S  I N  RAW MATERIALS : 

. An important feature of the problem is the effect 

of variation of the composition of raw materials, this 

problem must be treated carefully. 

If the standard deviation of composition of oxide (j) 

in raw material (r) is (a ) ,  then it is expected that 
r j 



the stated deviation of property (i) is given by : 

However, it also possible to define (S ) as the range 
r j 

so that :b 
- si - raij . zyrj . s 

r j 
. . . (22) 

and the deviation allowed for property (i) is : 

Thus it is possible to add constraint (22) to express 

the expected variation of properties due to variation 

in chemical composition. 

I I .  E F F E C T I V E N E S S  MEASURE : 

We are now in a position to study the objective 

of our model. 

I I .  I .  C O S T  E F F E C T I V E N E S S  : 

One of the direct objective would be the cost of 

the Mix. 

for if (c ) is the unit cost of raw material (r) , r 
then the total cost would be : 

R 
Z = C  c d  

r=l r r  

The production engineer may seek the minimization of 

(Z) given by (23) subject to constraints (15), (20) 

and (22). 

. I I .  2 .  PRODUCTION GOAL : 

In many occasions it is required to adjust the 

viscosity and/or other properties to a very specified 

l i m i t .  



Any d e v i a t i o n  from t h i s  must have a  weighted 

p e n a l t y  i n  t h i s  sense  : 

w i l l  be cons idered  a s  an e r r o r s  t h a t  have a  p e n a l t y  

(pi )  I n  t h i s  s ense  

- Z e  - Z pi Ei  . . . ( 2 4 )  

i s  cons idered  t h e  o b j e c t i v e  o r  g o a l s  and t h i s  t o  be 

minimized s u b j e c t e d  t o  c o n s t r a i n t s  ( 1  5 )  , ( 2 0 )  and ( 2 2 )  . 

11. 3 .  MULTI -OBJECTIVE : 

I t  seems l o g i c  f o r  ou r  r e sea rch  t o  combine mix 

c o s t ,  and r e j e c t  c o s t  caused by dimensional  v a r i a t i o n  

of p roduc t .  For i f  t h e  des ign  l i m i t s  a r e  m ,  which i s  

caused by v i s c o s i t y  v a r i a t i o n  E 3  

'm = r e j e c t  c o s t  = c  x E 3 x G  m . . . (25)  

E ~ = c ~  3 j  'i . b3 

where : G = Product ion r a t e  

Z R  = M a t e r i a l  c o s t  = L c r  dr 

To ta l  c o s t  = Z = Z m + z~ 
and then ( Z )  i s  t o  be minimized s u b j e c t  t o  c o n s t r a i n t s  

( 1 5 1 ,  ( 2 0 )  and ( 2 2 ) .  

I I I .  SOLUTION : 

TO s o l v e  t h e  above formula t ion  we sugges t  t h e  

fo l lowing  procedure .  

1 1 1 . 1 .  L I N E A R  PROGRAMMING ( L .  2 .  ) : 

For t h e  l i n e a r  programming formula t ion  t h e  problem 

can be e a s i l y  so lved  by us ing  t h e  s t anda rd  simplex 

Method programme. We recommend t h e  SYSTEM 1360 FORTRAN 

Programme (Code-360 D-15.2.006) . 



I n  o u r  c a s e  s tudy  we a p p l i e d  t h i s  programme 

s u c e s s f u l l y .  Various ex t ens ion  can be adopted.  One 

important  ex t ens ion  i s  t o  check t h e  s e n s t i v i t y  of 

s o l u t i o n  t o  v i s c o s i t y  change (due t o  composit ion o r  

t empera ture  change) . 
Thi s  is  very important  t o  automated p roces s  t o  

determine c o n t r o l  l i m i t s .  

111.2. GOAL PROGRAMMING : 

For t h e  G . P .  w e  recommend REVSIM ALGORITHM of IBM 

SYSTEM 1360 MODEL CODE 360 D-15.2.007 

111.3. MULTI-OBJECTIVE D. PROGRAMMING (M. 0 .  D. P. ) : 

For Mul t i -ob jec t ive  Formulation we r e f e r  t o  Lee (5) 

and ~ ~ n i z i o ' ~ ) .  The new i n t e r a c t i v e  techniques  of 

~ e o f f r i n ' ~ )  proved t o  be very  e f f i c i e n t .  

V. CASE STUDY : 

W e  w i l l  apply  t h e  proposed approach of t h e  

i n t e g r a t e d  model on a  c a s e  s tudy  f o r  t h e  optimum des ign  

of  mix and p roces s  c o n t r o l  f o r  g l a s s e s  i n  t h e  Elec- 

t r o n i c  Indus t ry .  

For o u r  s tudy  w e  w i l l  t a k e  t h e  L . P .  approach.  

The Model w i l l  have t h e  fo l lowing  form : 

( 1 )  Ob jec t ive  func t ion  based on t o t a l  c o s t s  of g l a s s  

mix and r e j e c t s ,  ( desc r ibed  i n  s e c t i o n  1 1 . 2 )  . 
( 2 )  P r o p e r t i e s  c o n s t r a i n t s ,  ( desc r ibed  i n  s e c t i o n  I .  1 ) . 
( 3 )  Technical  c o n s t r a i n t s  based :- 

a-  Ninimum requirement  of raw m a t e r i a l s  f o r  g l a s s  

r e f i n i n g  . 
b- Maximum a l lowab le  % ge of some oxide .  

c- Minimum % ge  r a t i o  of some m a t e r i a l  t o  avoid 

g l a s s  d e v e t r i f i c a t i o n .  



Raw M a t e r i a l  

d2 Sod. Carbe 

d3 Sod. N i t r a t e  

botase. Carbonate 

Dolomite 
- 

B a r i u m  Carbonate 

Potaas. Feldspar 
- 

Antimony Oxide 
- 

Sod. Sulphate 

Symbols used in the models 

i 

1 

2 

P r o p e r t i e 8  

Density = bl 

Thermal Expansion = b2 

3 V i s c o s i t y  = b  
3 



+ 
m 
a 
0 
0 
m 
+ 

a?' 



V I .  RESULTS : 

By applying (L.P) Algorithm we reached the 

following results 

With Total cost 

Z min = 20.55 

Pound/? 00 Kg 

and Total 

rejects of 

= 2.3 % 



C O N C L U S I O N  

By us ing  l i n e a r  programming f o r  optimum product ion 

pa rame te r i s  it was p o s s i b l e  t o  ach ieve  a  product ion 

c o s t  of 1 2 %  lower and t o  ensu re  t h e  un i formi ty  of t h e  

produc ts  and t h e  end s p e c i f i c a t i o n  such a s  d e n s i t y  and 

thermal  expansion.  

W e  s t r o n g l y  recommend t h e  a p p l i c a t i o n  of opt imi-  

z a t i o n  techniques  i n  t h e  produc t ion  and p roces s  se t -up  

as most of p roces ses  t h e  number of v a r i a b l e s  and 

c o n s t a n t  i s  l a r g e  enough s o  t h a t  t r i a l  and e r r o r  

t echnique  and even s t a t i s t i c a l  exper iments  f a i l  t o  

prove t o  be va luab le .  

A P P E N D I X  

Table  ( 1 )  : C8 o n t a i n s  t h e  d i f f e r e n t  ra  .w m a t e r i a l s  used 

i n  g l a s s  i n d u s t r y .  

Table  ( 2 )  : The e f f e c t  of d i f f e r e n t  g l a s s  ox ides  on t h e  

p r o p e r t i e s .  

Table  ( 3 )  : Contain composi t ions  of d i f f e r e n t  g l a s s e s ,  

Table  ( 4 )  : Raw m a t e r i a l  p r i c e s .  







MgO 

C 

Na 0 
2 

K2° 

s03 

SiO 
3 

BaO 

b203 
3' 

PbO 
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I 

Bntimony Oxide 500 

Table ( 4 )  : Prices of raw material ( 1 9 8 2 )  : 

VALUES OF (Cr) 

I 

Arsen ic  Oxide QE; 

100 Kg 

Sand 
u 

Quartz F l o o r  

Fus ing  Q u a r t z  

Sodium-Carbonate 

Sodium-Nitrate 

P o ta~ium-Carbonate  

C a l c i t e  

Do1 omi t e  

Barium Carbonate 

Red Lead 
)I 

Potasium Feldspa-r; 

I T/  

S o d i m  Sulphate  I 22 

Pounds 

1.4 

7.0 

450.0 

28 

33 

90 - 
1 4  

- 
7 

Cobal t  Oxide 

Zino White 

Bor i c  Acid 

P e t a l i t c  

I 

P o r t e f  e r  I 30 

> 

/ J  

2200 

220 

85 

~ r ;  

70 

280 

18 

Mangane ze Oxide 

Ceruse Oxide 

C o l o ~  Powder 

320 

600 

430 
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