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ABSTRACT, 

HIGH TEMPERATURE CORROSION BY COMBUSTION GASES PRODUCED BY BURNING 
LIQUID FUELS CONTAINTNG SULPHUR, SODIUM AND VANADIUM - By F.R. KHAN. 

High temperature c o r r o s i o n , at 730° C, by combustion gases produced by 
burning l i q u i d f u e l s i n a lab o r a t o r y combustor has been i n v e s t i g a t e d -
A s e l e c t e d range of s t e e l s and a l l o y s (mild s t e e l , s t a i n l e s s • s t e e l 
type 347, Nimonic N90, N105, and IN657) have been t e s t e d i n the combus
t i o n gases using f u e l s c o n t a i n i n g v a r y i n g amounts of i m p u r i t i e s i n the 
range of 0 - 6% sulphur, 0 - 6 0 ppm sodium, and 0 - 300 ppm vanadium. 
On the ba s i s of the comprehensive r e s u l t s a computer programme was 
w r i t t e n t o p r e d i c t c o r r o s i o n r a t e s of m i l d s t e e l by combustion gases 
produced by burning f u e l s c o n t a i n i n g i m p u r i t i e s such as sulphur, 
sodium and vanadium- The programme was t e s t e d , and the prédictions 
which included the change of f u e l were experimentally v e r i f i e d . O i l 
so l u b l e a d d i t i v e s have been used t o show the e f f e c t on c o r r o s i o n r a t e s 
of the mater i a l s tested* By using X-ray d i f f r a c t i o n a n a l y s i s of the 
oxide l a y e r s , and w i t h the help of e l e c t r o n microscopy, an attempt was 
made to i n v e s t i g a t e the mechanism of c o r r o s i o n i n the i n d i v i d u a i and 
c o l l e c t i v e présence of sulphur, sodium and vanadium-supplied by the 
t e s t f u e l s . I t i s shown, f o r e x a m p l e , that the présence of sulphur i n 
the f u e l helps i n the formation of FeO i n the surface oxide l a y e r s . 

The i g n i t i o n delay time or simply the i g n i t i o n delay, which i s the time 
lapse betweèn the i n t r o d u c t i o n of a f u e l d r o p l e t i n t o a heated atmos
phère and i t s eventual i g n i t i o n , was measured f o r a l i the t e s t f u e l s . 
I t i s shown that the a d d i t i o n of elemental i m p u r i t i e s such as sulphur 
sodium and vanadium have no s i g n i f i c a n t e f f e c t on the i g n i t i o n delay 
of the f u e l but the a d d i t i o n of o i l s o l u b l e a d d i t i v e makes the, i g n i t i o n 
delay - temperature, curve* steeper at the operating temperature and 
àlso reduces, c o r r o s i o n of m a t e r i a l s . L i g h t hydrocarbon f u e l s having 
lower i g n i t i o n delay than Kerosene at the operating temperature can be 
used as an a d d i t i v e t o reduce the formation of sulphur t r i o x i d e i n the 
combustion gases. 



CHAPTER 'ONE' 

GENERAL INTRODUCTION. 

Corrosion g e n e r a l l y i m p l i e s the détérioration or d e s t r u c t i o n of a 
m a t e r i a l , u s u a l l y a métal, by r e a c t i o n w i t h i t s environment (193)* 
Corrosion i n the normal sensé i n v o l v e s l o s s of électrons from the 
métal to the environment and the formation of c o r r o s i o n products 
such as oxides. 

Metal Gas 

M z+ 

O 2-

ze 

Oxidation 

Réduction 

Combined 

M + ze 

° 2 - « e + f ° 2 " 

M + 0, •MO z/2 

Anode Cathode 

where z i s the number of électrons i n the oxygen t r a n s f e r process. 

Corrosion of metals i s i n f l u e n c e d by t h e i r environment. The degree 
of t h i s i n f l u e n c e i s r e l a t i v e t o the p h y s i c a l s t a t e of the environ
ment, i t s temperature, concentration and working c o n d i t i o n (e.g. time 
of exposure, e f f e c t of c y c l i n g ) . F i g u r e 1(1) shows différent 
c o r r o s i v e environments. Corrosion of metals i s a l s o i n f l u e n c e d by 
t h e i r m e t a l l u r g i c a l composition and mi c r o s t r u c t u r e (193). 

Corrosion of o i l - f i r e d b o i l e r s can conveniently be d i v i d e d i n t o two 
temperature régions as shown i n f i g u r e 1(2). Corrosion of surfaces 
operating above températures where ash components tend to become 
l i q u i d Cat approximately 600° C and above) are r e f e r r e d to as High 
Temperature Corrosion; and c o r r o s i o n of surfaces operating at or below 
températures where, aqueous condensate are produced i . e . below the 
a c i d dew point of the gases (approximately 150° C) i s c a l l e d Low 
Temperature Corrosion (3,52). For p r a c t i c a l purposes c o r r o s i o n i s not 
a serious threat to surfaces operating between the two l i m i t i n g 

* The numbers i n brackets r e f e r t o s e l e c t e d e n t r i e s from the références 
of l i t e r a t u r e survey* 
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températures given above (52). 

In b o i l e r s and gas t u r b i n e s , the c o r r o s i v e atmosphère often may be 
q u i t e complex depending on the f u e l burned, the i m p u r i t i e s présent 
and the combustion c o n d i t i o n s . A l k a l i e s , C h l o r i d e s , sulphur oxides 
and vanadium Compounds, r e s u l t i n g from combustion of the f u e l w i l l 
cause severely c o r r o s i v e c o n d i t i o n s , p a r t i c u l a r l y at températures 
above about 650° C. The i n t e r g r a n u l a r pénétration of metals by 
fer r o u s oxide - fe r r o u s sulphide complexes, and the accelerated 
attack by vanadium-containing Compounds such as NaVO^ and Na^O.V^O^. 
SV^O^ are examples of c o r r o s i o n by molten s a l t s , but SO^ and nascent 
oxygen a l s o are suggested as being p o t e n t i a l l y severe corrodents 
(88, 164). 

Research workers u s i n g various t e s t procédures i n c l u d i n g c r u c i b l e 
t e s t s , r i g t e s t s , oxygen consumption t e s t s , have found that most of 
the ordinary a l l o y s are corroded at a r a p i d r a t e , p a r t i c u l a r l y at 
températures above 700° C. S p e c i f i c e f f e c t s have been reported f o r 
V^O^ and Na^SO^ H i g h - n i c k e l . a l l o y s . s u f f e r severe attack i f the o i l -
ash contains sulphur (164). Iron and n i c k e l a l l o y s c o n t a i n i n g over 
50 per cent chromium have shown b e t t e r résistance to ash attack. 
A l s o , aluminium or béryllium a l l o y i n g a d d i t i o n s seem to give improved 
performance, perhaps because of the formation of more résistant oxide 
f i l m s (88). 

A great deal of e f f o r t has been d i r e c t e d to the study of o i l a d d i t i v e s 
which w i l l combine with the c o r r o s i v e components to form high m e l t i n g 
p o i n t Compounds. Magnesium oxides, dolomite, calcium, aluminium and 
S i l i c o n Compounds seem to have the d e s i r e d e f f e c t , but" the sélection 
of -one or another of thèse appears to dépend on the temperature of 
opération, the composition of the o i l and the r e s u l t i n g formation of 
deposits (186). 

The présent trend towards the c o n s t r u c t i o n of very l a r g e generating 
u n i t s i n new power s t a t i o n s places i n c r e a s i n g l y s t r i n g e n t demands on 
t h e i r a v a i l a b i l i t y . This i n t u r n r e q u i r e s a continuous improvement 
i n the r e l i a b i l i t y of the various b o i l e r components, and thus i n the 
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performance of t h e i r c o n s t r u c t i o n a l m a t e r i a l s under o p e r a t i o n a l con
d i t i o n s . The a b i l i t y of these m a t e r i a l s t o withstand c o r r o s i o n i s of 
p a r t i c u l a r importance i n t h i s context. The r a t e at which c o r r o s i o n 
occurs i n a p l a n t i n f l u e n c e s . t h e maximum superheater metal temperature, 
and hence the maximum steam temperature and thermal e f f i c i e n c y (99), 

The importance of understanding the mechanisms whereby c o r r o s i o n takes 
place, so that i t may be combated and p l a n t performance improved, has__ 
long been recognised. The associated problems have been the subject 
of i n t e n s i v e research f o r many years. I n d u s t r i a l research engineers 
l i k e Rosborough (90, 92, 172); Baker (24), Hart (105), C u t l e r (41), 
Jackson (127), and Mortimer (224) have c a r r i e d out p l a n t t r i a l s and 
research to improve the performances of b o i l e r tubes and t u r b i n e blade 
m a t e r i a l s i n presence of i m p u r i t i e s generated by the f u e l . Such work 
i s n e c e s s a r i l y r e s t r i c t e d by every day demands of the pla n t . 

Alongside these i n d u s t r i a l e f f o r t s , academic research has been c a r r i e d 
out, e.g. by Coates (32), E l l i o t (60), H i l l s (11) and Penfold (179), on 
the attack on s t e e l specimens by s p e c i f i c corrodents such as fused 
vanadates and sulphates. 

My main c o n s i d e r a t i o n was t o set.up a s i m u l a t i o n of the combustion 
c o n d i t i o n s • o f the i n d u s t r i a l p l a n t i n the la b o r a t o r y , and t o examine 
the i n d i v i d u a l and c o l l e c t i v e c o r r o s s i v e e f f e c t s of the i m p u r i t i e s 
present i n the f u e l upon a s e l e c t e d range of s t e e l s and a l l o y s i n 
ac t u a l use i n the i n d u s t r y . 

I t has long been known that the presence of sulphur, sodium and 
vanadium i n r e s i d u a l f u e l o i l i s mainly r e s p o n s i b l e f o r the c o r r o s i o n 
of heat exchange surfaces i n b o i l e r s , and f o r the r a p i d d e t e r i o r a t i o n 
o f gas tu r b i n e blades (60). A review of the work done i n t h i s f i e l d 
(99) gives a general o u t l i n e of the present understanding of the 
c o r r o s i o n process, but the i n d i v i d u a l and c o l l e c t i v e e f f e c t s of c o r r o 
s i o n due to the presence of the three major i m p u r i t i e s has not been 
studied i n d e t a i l . The range of impurity contents studied was d i c t a t e d 
by the type of f u e l s and t h e i r impurity l e v e l s that an i n d u s t r i a l 
combustion engineer might expect t o meet (185). 
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A " f u l l y d e t a i l e d e x p o s i t i o n of the present s t a t e of work i n t h i s area 
and the r e l a t i o n s h i p of my work to i t i s given i n the comprehensive 
l i t e r a t u r e survey which f o l l o w s . 
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P i g . l ( l ) Environment s i n Corrosion. ( 1 9 3 ) -
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1 I n t r o d u c t i o n 

Corrosion, such as deposits on the f i r e s i d e surfaces of b o i l e r s 
or gas t u r b i n e s , présents enormous problems i n i n d u s t r y , as 
evidenced by the va s t amount of t e c h n i c a l l i t e r a t u r e on t h i s 
•Important subject. 

I n t e r e s t i n the c o r r o s i o n of high température a l l o y s by petroleum 
f u e l o i l ash deposits reâlly dates from Amgwerd's c l a s s i c i n v e s 
t i g a t i o n i n the l a t e 1940's, o r i g i n a l l y published as a U n i v e r s i t y 

( l ) 
t h e s i s , and l a t e r i n the open l i t e r a t u r e - T h i s type of c o r 
r o s i o n i s e s s e n t i a l l y a r e a c t i o n i n v o l v i n g molten f u e l ash. 
B o i l e r tube surface températures were at that time too low f o r 
the b o i l e r to be s e r i o u s l y troûbled w i t h the problem. The r e 
search a c t i v i t y which occured i n the p e r i o d 1950-1975 i n a number 
of c o u n t r i e s , i n Government research establishments, o i l compan-
i e s ' l a b o r a t o r i e s , research a s s o c i a t i o n s and i n i n d u s t r i e s has 
been e x t e n s i v e l y reviewed (3,7,25,40,50,62,65,66,88,92,101,126, 
142,156,164,172,210,212). Thèse works have r e s u l t e d i n a f a i r 
understanding of the problem of c o r r o s i o n by f u e l ash i n the 
présence of a l a r g e excess of oxygen, and have attempted t o giv e 
an e m p i r i c a l d e s c r i p t i o n of the nature of the problem, means of 
combating i t , and a l s o a reasonable working hypothesis to des-
c r i b e the unde r l y i n g mechanism. In s p i t e of t h i s , the f u e l - b u r n -
i n g gas tu r b i n e has found only a token a p p l i c a t i o n , using 
s e l e c t e d f u e l s of r e s t r i c t e d ash content and composition. B o i l e r 
users s t i l l f ace the same problems with b o i l e r tube•surfaces, i n 
t r y i n g t o r a i s e the maximum steam température (156). 

The study of the causes of d e p o s i t s , of t h e i r composition, and 
of t h e i r c o r r o s i v e e f f e c t i s not simple. The i m p u r i t i e s i n the 
f u e l , the températures.reached owing t o the combustion system 
employed, and the aerodynamic behaviours of the gases f i x e d by 
b o i l e r or t u r b i n e design are the imposed v a r i a b l e s subject t o 
varying degrees of c o n t r o l . A d d i t i o n a l knowledge should be 
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u s e f u l regarding the i n t e r a c t i o n s between these v a r i a b l e s which 
cause deposits, (164). 

2.2 Mechanism and K i n e t i c s of O x i d a t i o n at High Temperatures. 

The mechanism of o x i d a t i o n of v arious metals and a l l o y s has been 
studied e x t e n s i v e l y , and e x c e l l e n t reviews by Kubashewski and 
Hopkins (136), Hauffe (117) and Evans (64) are a v a i l a b l e . Wagner 
(219) has pointed out that the r e a c t i o n between a s o l i d metal and 
an o x i d i s i n g gas seems to be one of the simplest chemical r e a c 
t i o n s , but that a c t u a l l y the mechanism i s h i g h l y complex. Gener
a l l y , the f i r s t r e s u l t of a metal-gas r e a c t i o n i s the formation 
of a s o l i d r e a c t i o n product, or f i l m , on the metal surface. At 
elevated temperatures, t h i s f i l m does not prevent the continued 
o x i d a t i o n of metal because both the metal and gas can d i f f u s e 
through the l a y e r of r e a c t i o n product. However, the r a t e of 
r e a c t i o n w i l l decrease i n most cases. Lewis (150) has demonstra
ted t h a t "the r a t e of o x i d a t i o n of m a t e r i a l s which are o x i d a t i o n 
r e s i s t a n t i s g e n e r a l l y governed by the r a t e of d i f f u s i o n o f ions 

through the p a r t i a l l y p r o t e c t i v e oxide f i l m formed. As the t h i c k 
ness of the f i l m i n c r e a s e s , the r a t e of d i f f u s i o n becomes slower, 
and the f a m i l i a r p a r a b o l i c law i s f o l l o w e d ( P i g . 2 ( 1 ) ) . The phase 
e q u i l i b r i u m diagram of the b i n a r y system Fe-O^ i s shown i n 
f i g u r e 2(2). 

The mechanism by which metal d i f f u s e s through oxides has been 
studied by many i n v e s t i g a t o r s . A simple, b r i e f summary of some 
of these s t u d i e s was given by Corey (33). Metal ions can d i f f u s e 
through oxide i n two ways: ( i ) they can go i n t o s o l u t i o n at the 
metal-oxide i n t e r f a c e moving i n t e r s t i t a l l y between the atoms com
p r i s i n g the oxides, or ( i i ) they can move i n t o vacant p o s i t i o n s 
i n the oxide l a t t i c e . The second mechanism can occur because 
some oxides and sulphides c o n t a i n l e s s metal than corresponds to 
the s t o i c h i o m e t r i c formula. T h i s r e s u l t s i n vacancies i n the 
l a t t i c e and the metal ions at the metal s c a l e i n t e r f a c e can move 
i n t o them (87). 
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Kubashewski and Hopkins (136) have reviewed the progress of 
various i n v e s t i g a t o r s i n developing a theory t h a t w i l l e x p l a i n 
the o x i d a t i o n of a l l o y s . The broad p i c t u r e appears t o be t h a t 
a l l o y s based on the high melting p o i n t metals such as niobium, 
tantalum, tungsten and molybdennum, have s a t i s f a c t o r y strength 
at high températures. They are, however,. u n s u i t a b l e f o r h i g h 
s e r v i c e i n o x i d i s i n g atmosphères due t o excessive o x i d a t i o n , and 
appear f e a s i b l e only w i t h p r o t e c t i v e c o a t i n g s . On the other 
hand, s a t i s f a c t o r y a l l o y s based on n i c k e l and i r o n have been 
developed f o r s t r e s s c a r r y i n g a p p l i c a t i o n s under o x i d i s i n g con
d i t i o n s . Generally these a l l o y s r e l y on a d d i t i o n s of chromium 
and sometimes' aluminium, f o r t h e i r o x i d a t i o n résistance. L e s l i e 
and Fontana (151) found 'c a t a s t r o p h i c o x i d a t i o n ' i n a molybdenum-
con t a i n i h g s t a i n l e s s s t e e l because of the formation of v o l a t i l e 
molybdic oxide (M^O^) which d i s r u p t e d the p r o t e c t i v e s c a l e . 
Bradbury, Hancock and Lewis (28) found-that vanadium a d i t i o n s t o 
a carbide hardened a l l o y s based on the nickel-chrome—cobalt system 
a l s o caused serious a t t a c k . The r e s u l t s of the vanadium a d d i t i o n s 
are shown i n Table 2(1), where i t can be seen t h a t the e f f e c t of 
. the vanadium a d d i t i o n s i s to cause h i g h l y l o c a l i s e d attack,. prob-
ably associated w i t h pockets of l i q u i d phase. • Th i s means th a t the 
a c t u a l l o s s i n some areas i s much greater than the o v e r a l l weight 
gain measurements would i n d i c a t e , thus i l l u s t r a t i n g the danger of 
usi n g g r a v i m e t r i e r e s u l t s without m i c r o s c o p i c a l examination or 
other supporting techniques (88). 

The e f f e c t of st r e s s e s i n the oxide s c a l e during growth i s 
•important i n determining the s e r v i c e l i f e of components operating 
i n o x i d i s i n g atmosphères because these s t r e s s e s i n f l u e n c e s c a l e 
adhérence and résistance to cra c k i n g (115). Hancock and F l e t c h e r 
(118) have shown t h a t , when n i c k e l i s o x i d i s e d , the mechanism of 
o x i d a t i o n i s by c a t i o n i c d i f f u s i o n through the oxide s c a l e , and 
the e f f e c t of t h i s mechanism i s t o supersaturate the unde r l y i n g 
metal w i t h vacancies which s e r i o u s l y modify the subséquent creep 
behaviour. The e f f e c t i s demonstrated by Fig u r e 2(3) which shows 
the différence between creep t e s t i n g spécimens which have been 
p r e v i o u s l y : (a) o x i d i s e d at 1,000° C and (b) vacuum annealed f o r 
the same time at the'same temperature. The amount of surface 
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o x i d a t i o n i s n e g l i g i b l e Cbelow 0.001,r) on a quarter inch diameter 
specimen,but the o x i d i s e d specimen has a high vacancy supersatur
a t i o n and t h i s i s r e f l e c t e d i n the creep behaviour. The e f f e c t 
becomes more pronounced i f t h i n spécimens are used and i n d i c a t e s 
that when us i n g sheet m a t e r i a l at high températures, o x i d a t i o n 
i s important even i f i t appears t o be s u p e r f i c i a l and of 
" n e g l i g i b l e " thidcness (88). 

The complexifey of high-temperature c o r r o s i o n mechanism, whether 
by gases or s a l t s , i s c l e a r l y evident front the r e s u l t s of these 
few fundamental s t u d i e s . For p r a c t i c a l reasons, the o b j e c t i v e 
of many other i n v e s t i g a t i o n s has been t o observe the behaviour 
of m a t e r i a l s i n a c t u a l or synthetic.products of combustion, t o 
guide i n the s o l u t i o n of p r e s s i n g c o r r o s i o n problems. 

2.2.1. Corrosion i n o i l - f i r e d b o i l e r s and t u r b i n e s . 

Corrosion by f u e l - o i l ash was not considered a pr e s s i n g 
problem i n steam power p l a n t s u n t i l the advent of the 
mercury b o i l e r . F u l l e r (73) r e f e r s t o the c o r r o s i o n of s t e e l 
i n an o i l f i r e d mercury b o i l e r having been observed some 
.35 years ago. However, i t i s only w i t h i n the l a s t 20 years 
that- the problem has r e c e i v e d much a t t e n t i o n . C o l l i n s (47) 
discussed the problems connected w i t h o i l - f i r e d b o i l e r 
opération, p o i n t i n g out the marked e f f e c t of temperature on 
co r r o s i o n . Metal l o s s i s increased t e n f o l d by i n c r e a s i n g • 
the metal temperature from 500° C to 600° C. At the higher 
temperature, measurable c o r r o s i o n occurred q u i c k l y , even a t 
low vanadium concentrations. 

Most of the published l i t e r a t u r e on o i l - a s h c o r r o s i o n 
i s concerned w i t h the problem as r e l a t e d t o gas t u r b i n e s . 
The obvious reasons are th a t operating températures are i n 
the high range where c o r r o s i o n by molten ash becomes severe. 
Several good general reviews have been w r i t t e n d e a l i n g w i t h 
the problem as a whole, i n c l u d i n g a d i s c u s s i o n of c o r r o s i o n 
e f f e c t s , behaviour of commercial and expérimental m a t e r i a l S j 
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and the use of a d d i t i v e s to overcome c o r r o s i o n d i f f i c u l -
t i e s (88, 164). Most.of the research has been concemed 
w i t h a comparison of the résistance to c o r r o s i o n of the 
various known a l l o y s which might be used as m a t e r i a l s of 
co n s t r u c t i o n s . Some i n v e s t i g a t o r s , having concluded t h a t 
the prospects f o r a" m e t a l l u r g i c a l s o l u t i o n t o . c o r r o s i o n 
problems are not good, have t h e r e f o r e i n v e s t i g a t e d methods 
of a l l e v i a t i n g the harmful e f f e c t s . 

A séries of c o r r o s i o n - r i g t e s t s using an o i l - f i r e d burner 
and p l a n t t r i a l s u s i n g opération b o i l e r s , have demonstrated 
the a c c e p t a b i l i t y of the décision to apply the l i m i t t o 
steam o u t l e t temperature t o 540° C. T y p i c a l c h a r a c t e r i s -
t i c s of o i l - f i r e d b o i l e r s are shown i n Table 2(2). The 
pl a n t t r i a l s were c a r r i e d out at Marchwood and Bankside 
Power S t a t i o n s , and r i g t e s t s were c a r r i e d out at Marchwood 
Engineering Laboratories and at the Ce n t r a l E l e c t r i c i t y 
Research Laboratories. The' primary o b j e c t i v e 6f the t e s t s 
was t o e s t a b l i s h the c o r r o s i o n -rates of f e r r i t i c and 
a u s t i n i t i c s t e e l s over'the t y p i c a l operating temperature 
range.of superheater and reheater tubes, f o r différent f l u e 
gas températures. 

Concerning the corosion problems i n superheaters. and r e -
heaters, Mortimer (224) discussed t h a t the courses open 
are: 
1. Reduced metal températures 
2. Reduced gas températures 
3. S h i e l d tubes from aggressive atmosphère 
4. Use t h i c k e r tubes 
5. B e t t e r sélection or blending of f u e l 
6. Use improved a l l o y s f o r example as co-extruded tubes. 

Por a given steam temperature of 570° C the metal surface 
temperature i s 650° C (224). 
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s team 
570o c 

nominal 
max. 

outer Fe/Cr/Ni 
w a l l s p i n e l - c o n t a i n i n g 
of lamellae of 

tube sulphide 650°C. 680°C 

molten 
sulphate 
Na/K 

780°C 

Ash 

> 1000°C 

The formation of the oxides i s i n f l u e n c e d by d i s s o l u t i o n 
i n the sulphate and précipitation at the hot end of the 
gradient. The molten sulphate has a s i g n i f i c a n t p a r t i a l 
pressure of SO^ which d i s s o l v e s the oxide t o form complex 
sulphates which décompose at the higher températures 
( 780° C). This produces a c o r r o s i o n r a t e dépendant upon 
the température gradient. Above a température of about 680° C 
the sulphate i s no longer'capable of d i s s o l v i n g the oxide and 
the c o r r o s i o n r a t e - r e t u r n s t o the l e v e l of normal o x i d a t i o n 
r e a c t i o n (224). 

2.2.2.- Reaction of Metals and A l l o y s w i t h products of combustion. 

Much.of the e a r l y expérimental work was designed t o obtain 
an i n d i c a t i o n ' o f the e f f e c t of i n d i v i d u a l components of 
combustion atmosphères on v a r i o u s a l l o y s used i n steam 
power p l a n t s . I t i s obvious that the présence of f r e e 
oxygen i n a gas mixture w i l l r e s u i t in- o x i d a t i o n of metals. 
Laboratory o x i d a t i o n t e s t s by Marson and Cobb (163) on m i l d 
s t e e l spécimens exposed f o r 3 hours at 650° C showed that 
the r e l a t i v e s c a l i n g e f f e c t decreased i n the order dry a i r , 
80 N 2 - 20 H 20, C0 2. The weight of oxides formed i n the dry 
a i r was approximately twenty times that i n CO^. The CO^ and 
H 20 i n the products of combustion not i n e q u i l i b r i u m w i t h 
CO and over i r o n and i r o n oxides are a l s o o x i d i s i n g i n 
e f f e c t s . The pr o p o r t i o n of CO^ and Ĥ O i n the combustion 
gases i s dépendent on the carbon and hydrogen content o f 
the o r i g i n a l f u e l . 

2.3 Fuel Contaminants. 
Residual f u e l ' o i l contains the residues of crude o i l r e f i n e r y pro
cesses d i l u t e d w i t h d i s t i l l a t e hydrc—carbons, and t h e r e f o r e , con
t a i n s most of the harmful i m p u r i t i e s présent i n the i n i t i a l crude 
o i l (164). 
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The high temperature c o r r o s i o n problems w i t h r e s i d u a l f u e l o i l 
are g e n e r a l l y worse than w i t h s o l i d f u e l combustion f o r , although 
the ash contents r a r e l y exceeds 0,1%, i t contains considerable 
q u a n t i t i e s of vanadium and i t i s the presence of t h i s vanadium 
that produces the p r i n c i p a l d i f f e r e n c e s between c o r r o s i o n i n c o a l 
and o i l f i r e d b o i l e r s (164). The c o r r o s i o n behaviour i s complex, 
depending upon the a n a l y s i s of the f u e l used and a l s o upon the 
l o c a t i o n of the i n s t a l l a t i o n , f o r example, high temperature c o r 
r o s i o n i s i n v a r i a b l y worse i n marine environments. Table 2(3) 
snows the t y p i c a l i m p u r i t i e s i n o i l used i n power s t a t i o n s and 
Table 2(4) shows the ash elements i n crude o i l . 

2.3.1. Ash Constituents i n Residual Fuel O i l . 

The combustion of a s i n g l e atomised d r o p l e t of o i l begins 
with the evaporation and i g n i t i o n of the l i g h t e r hydro
carbons. This i s fo l l o w e d by decomposition of the heavier 
hydrocarbons and, f i n a l l y , the combustion of the r e s i d u a l 
carbon matrix. Because the temperatures reached during the 
decomposition stage are r e l a t i v e l y high, a p o r t i o n of the 
i n o r g a n i c compounds which have high vapour pressures at 
these temperatures are vaporised. Sodium c h l o r i d e i n par
t i c u l a r , i s vaporised i n t h i s manner. I t s vapour pressure 
i s about 10 mm Hg at 800° C, and t h a t of vanadium pentoxide 
(V^O^) i s s l i g h t l y l e s s than 0.3 mm Hg. at the same temper
ature. Most of the ash-forming compounds other than NaCl 
become concentrated i n the carbon residue of the burning 
p a r t i c l e - During combustion, ash p a r t i c l e s of the m e t a l l i c 
oxides are formed. The organic vanadium complexes i n the 
o i l are decomposed, and the vanadium i s o x i d i s e d f i r s t to 
the s t a b l e and n o n v o l a t i l e forms VgO^ a n d V2^4* an(^" f^- n a l lY 
to V2^5" w i t h other metal ash c o n s t i t u e n t s present such 
as i r o n , n i c k e l , sodium and calcium, various r e a c t i o n s take 
place w i t h vanadium oxides to form a s e r i e s of vanadates. 
The vapour pressures of a l l these compounds are lower than 
that of V 2 0 5 (88). Table 2(5) shows p o s s i b l e c o n s t i t u e n t s 
formed during combustion and t h e i r m e l t i n g p o i n t s . 
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2. 3,1.1. Renoval of Ash formlng c o n s t i t u t e n t s . 

As problems i n v o l v i n g c o r r o s i o n and deposits 
developed i n b o i l e r and gas-barbine u n i t s f i r e d 
w i t h r e s i d u a l o i l s , one of the f i r s t steps taken 
was to i n v e s t i g a t e p o s s i b l e ways to reduce the 
concentration of ash-forming c o n s t i t u e n t s to a 
lower and perhaps to a t o l e r a b l e l e v e l . Some 
p o s s i b l e ways of separating and removing the ash-
forming c o n s t i t u e n t s are f i l t r a t i o n , c e n t r i f u g i n g , 
treatment by solvents d i s t i l l a t i o n , treatment by 
ion-exchange and other-processes. 

2.3.2. Sulphur i n Heavy Fuel O i l . -

The présence of sulphur i n crude o i l introduces problems i n 
connection w i t h i t s handling and processing as w e l l as i n 
u t i l i z a t i o n of the r e f i n e r y products. For the l i g h t e r r e -
f i n e d products, the problems are associated with odour, 
c o r r o s i o n , and the adverse e f f e c t of sulphur on the octane 

• number and lead s u s c e p t i b i l i t y . For the heavy f u e l o i l s , 
the présence of the sulphur i s a s i g n i f i c a n t f a c t o r i n 
problems of combustion i n v o l v i n g : Ci) a i r p o l l u t i o n , ( i i ) 
contamination of furnace and Jciln charges; ( i i i ) low-tem-
perature c o r r o s i o n of metal components i n b o i l e r Systems, 
such as economisers and a i r preheaters; and Civ) the f o r 
mation, i n combination w i t h m e t a l l i c c o n s t i t u e n t s of the 
ash, of deposits and c o r r o s i v e slags i n high temperature 
s e c t i o n s of the b o i l e r . 

The sulphur content of r e s i d u a l f u e l o i l s v a r i e s w i t h the 
type and o r i g i n of the crude o i l and the type of r e f i n i n g 
process. During r e f i n i n g , the sulphur as w e l l as the ash 
i s concentrated i n the h i g h - b o i l i n g r e s i d u a l f r a c t i o n . 
Table 2(6) shows the d i s t r i b u t i o n of sulphur i n the v a r i o u s 
f r a c t i o n s r e s u l t i n g from d i s t i l l a t i o n of crude o i l . The 
sulphur content of the s e v e r a l petroleum f r a c t i o n s i n c r e a s e 
w i t h the b o i l i n g range, from which i t can be concluded t h a t 
sulphur compounds of high molecular weight predominate i n 
crude o i l . 
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2.4 Occurence of oxides of sulphur-
. Residual o i l s which may have an ash content from 0.01 to 0.1 per 
cent, u s u a l l y c o n t a i n from 1 to 4 per cent sulphur, and during 
combustion most of t h i s sulphur i s o x i d i s e d t o SO^ which appears 
i n the gas stream. A r e l a t i v e l y small amount of SO^ i s formed 
during combustion or i s converted from SO^. Consequently, both 
oxides appear i n the f l u e gases i n amount which depend on the f u e l 
composition, ash c h a r a c t e r i s t i c s , the c o n d i t i o n of the heating 
surfaces, and the design of the system. 

2-4.1. Mechanism of formation of Sulphur T r i o x i d e -
Four mechanisms have been proposed t o e x p l a i n the formation 
of sulphur t r i o x i d e i n b o i l e r s (137) : 
( i ) The r e a c t i o n of SO^ w i t h atomic oxygen i n the high 

temperature flame zone (2,97,110,210, e t c . ) . 
( i i ) The heterogeneous c a t a l y s i s of the S0 2/S0 3 r e a c t i o n 

on b o i l e r surfaces (99,100,101). 
( i i i ) The homogeneous gas phase r e a c t i o n between.SO^ and 

0 2 (97,99,110). 
( i v ) Low temperature o x i d a t i o n on surfaces below the a c i d 

dew p o i n t (6,180). 
A l l four t h e o r i e s are v a l i d but t h e i r r e l a t i v e importance 
v a r i e s from one p l a n t to another. 

£ (a) Atomic oxygen theory. 

The flame or atomic oxygen theory was. f i r s t proposed 
by Dooley and Whittingham (53) and Gaydon (77), see 
f i g u r e 2(4). Whittingham u s i n g small d i f f u s i o n flames 
of carbon monoxide, hydrogen and methane, c o n t a i n i n g 
S0 2 showed that there was a marked d i f f e r e n c e i n the 
degree of o x i d a t i o n of sulphur d i o x i d e with d i f f e r e n t 
flames (Figure 2 ( 5 ) ) . He observed t h a t the i n c r e a s i n g 
order of conversion of SO^ i n t o S 0 3 was i n the methane, 
hydrogen and then carbon monoxide flame - which i s i n 
the same order as that of i n c r e a s i n g atomic oxygen 
concentration i n these flames, as observed by Gaydon (77) 
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Dooley & Whittingham (53) argued that i f atomic 
oxygen i s i n v o l v e d i n the formation of SO^ i n the 
flame, then the i n t r o d u c t i o n t o the flame of substance 
known- t o r e a c t w i t h atomic oxygen w i l l suppress the 
formation of SO^. On the above assumption they i n t r o 
duced d i f f e r e n t percentages of NO to the flame and 
confirmed experimentally the suppressed formation of 
SO^, f i g u r e 2(6). More evidence of SO^ formation i n 
flames was o f f e r e d by Crumbley and F l e t c h e r (37) as shown i n 
f i g u r e 2(7) and by Hedley (97,110). • Hedley used an o i l 
f i r e d l aboratory furnace where-the temperature and 
mixing h i s t o r y of the gas were known, and c a r r i e d out 
a q u a n t i t a t i v e i n v e s t i g a t i o n of the o x i d a t i o n of SO^ 
and SO^- The r e s u l t s showed that the concentrations 
of S 0 3 were i n excess of those t h a t one might expect 
from normal-thermodynamic c o n s i d e r a t i o n s i n v o l v i n g 
molecular oxygen (Figure 2 ( 8 ) ) . 

Levy and Merrymem (140) working w i t h H^S-O^-Air f l a t 
flames showed th a t (a) SO^ was formed about one flame 
length thickness past the v i s i b l e flame zone, and (b) 
the formation of S0^ i n the flame was d i r e c t l y r e l a t e d 
to the oxygen concentration through the r e a c t i o n zone 
(Figure 2 ( 9 ) ) . 

B a r r e t t , Hummel and Reid (12) i n v e s t i g a t e d formation 
of SO3 i n a S t a i n l e s s S t e e l Combustor while burning 
n a t u r a l gas hydrogen sulphide mixture and operating at 
a maximum w a l l temperature of 260° C. The concentra
t i o n of S0 3 was measured at distance of 3 t o 24 inches 
from burner p l a t e w i t h excess a i r l e v e l s of 1 to 12 
per cent. No s i g n i f i c a n t v a r i a t i o n of S0 3 concentra
t i o n was observed along the combustor at any excess 
a i r l e v e l . I t was concluded that a l l of the S0 3 was 
formed i n the f i r s t 3 inches of the combustor or 
approximately w i t h i n the v i s i b l e flame. 
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Halstead (99) reviewing the progress made on the subject 
s t a t e s that"on l e a v i n g the flame, the concentration of 
atomic oxygen decreases r a p i d l y and the formation of 
a d d i t i o n a l SO^ downstream-of the flame becomes depen
dent on i n t e r m o l e c u l a r r e a c t i o n s - He added that molec
u l a r r e - o x i d a t i o n of SO^ (SO^ + ^O^+SO^) as the tem
perature f a l l s i s considered to be very slow though i t s 
r a t e can be increased by c a t a l y s t s , both gaseous and 
condensed phase. . 

Ahmed and Zaczek (2) i n v e s t i g a t e d formation of SO^ 
using a l i q u i d - f u e l f i r i n g combustor w i t h a laminar, 
pre—mixed flames. They found t h a t SO^ was only formed 
when there was excess oxygen i n the combustion gases 
and under s u b - s t o i c h i o m e t r i c c o n d i t i o n s no SO^ could be 
detected. An in c r e a s e i n the qu a n t i t y of combustion 
a i r i n excess of s t o i c h i o m e t r i c requirement l e d t o an 
inc r e a s e i n the concentration of SO^ I n combustion 
gases. The l e v e l of SO^ content i n the f l u e gases 
reached i t s maximum at about 4% excess oxygen concen
t r a t i o n i n the f l u e g a s e s , ( f i g u r e s 2(10) and 2(11))» 
The e f f e c t of residence time of the combustion gases 
i n the high-rtemperature zone showed that i n the f i r s t 
i n stance the amount of SO^ formed was i n excess of t h a t , 
which could be p r e d i c t e d from thermodynamic c o n s i d e r a 
t i o n s i n v o l v i n g molecular oxygen. Sulphur t r i o x i d e • 
thus formed, began to d i s s o c i a t e back: i n t o sulphur d i 
oxide and oxygen as gases continued to pass along the 
combustion chamber, f i g u r e 2(12). 

^ T n e heterogeneous c a t a l y s i s of ^2^-9.3 r e a c t i ° n a t 

b o i l e r surfaces. 

The formation of sulphur t r i o x i d e i n b o i l e r s by het
erogeneous c a t a l y s i s was probably f i r s t proposed by 
Harlow (100,101). The use of f e r r i c oxide ( F e 2 0 3 ) to 
promote the o x i d a t i o n of S0 2 to SO^ i s w e l l known and 
Harlow suggested t h a t the presence of SO, i n the b o i l e r 
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f l u e gases was due t o the c a t a l y t i c o x i d a t i o n of SO^ 
over hot b o i l e r surfaces- This cannot, however, 
e x p l a i n the exi s t a n c e of SO^ found by other workers 
(12,97) w i t h i n the combustion chamber before the gases 
corne i n t o contact w i t h c a t a l y t i c surfaces. Work done 
by B a e r r e t t (12) does show t h a t Fe^O^ - covered surfaces 
c a t a l y s e o x i d a t i o n of SC^ to SO^ at températures near 
650° C, f i g u r e s 2(13) and 2(14). The i n d i c a t i o n s are 
t h a t some SO^ i s formed during the passage of f l u e 
gases through the b o i l e r , e s p e c i a l l y at high températu
r e s , and when excess oxygen i s a v a i l a b l e . 

(c ) The homogeneous gas phase réaction between SO,, _and^0^ -

Oxides of ni t r o g e n have been used as c a t a l y s t s i n the 
manufacture of s u l p h u r i c a c i d i n the lead-chamber p r c — 
cess. T h i s i s e s s e n t i a l l y a low-temperature opération 
and gases are cooled to nearly 93° C before e n t e r i n g 
the r e a c t i o n chamber- I t has been suggested (53,97) 
th a t the présence of ni t r o g e n oxides i n the flame 
gases i s more l i k e l y t o reduce the amount of SO^ formed 
because of the removal of oxygen atoms from the system. 

*-(d) The low temperature o x i d a t i o n of Sulphur d l o x i d e on 
metal Surfaces below a c i d dew-polnt. 

Low temperature o x i d a t i o n of sulphur d i o x i d e i s a very 
commonly encountered phenomenon. Ryland and Jenkinson 
(188) proposed t h a t économiser deposits e s p e c i a l l y f e r 
r i e sulphates, can c a t a l y s e the o x i d a t i o n of sulphur 
dioxide- D u r i n g - t r i a l s at a Power S t a t i o n , Alexander 
et.ài. (6) confirmed an increase i n the conversion of 
SO^ to SO^ during the passage o f f l u e gases through 
the économiser and reported t h i s as évidence f o r the 
hypothesis suggested by Rylands and Jenkinson (188). 

.2. Measurement of the extent of formation of SO^. 
To assess the extent t o which the SO^ i n the combustion 
gases has been o x i d i s e d to SO,, an expérimental method-
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i s r e q u i r e d . Two methods are avàilable, the a n a l y s i s of 
a sample of the gases f o r SO^ and SO^ and the détermina
t i o n of the dew po i n t of•the gases. Both are fraught w i t h 
c e r t a i n d i f f i c u l t i e s but both have been developed t o work-
able methods. 

Corbett (47) has presented a s a t i s f a c t o r y method f o r the 
a n a l y t i c a l détermination of SC>2 and SO^-

F i e l d e r e t . a l . ( 7 2 ) .developed a method f o r the détermination 
of SO^ and SO^ and on the b a s i s of t h i s CERL i n c o l l a b o r 
a t i o n w i t h Gallenkamp developed a lab o r a t o r y apparatus f o r 
the détermination o f SO^ and SO,,. 

Goksoyr and Ross (79) developed a s i m p l i f i e d method of 
a n a l y t i c a l détermination of S0 3- Salooja (196) pointed out 
the serioùs e r r o r s i n the methods f o r the détermination o f 
S0 2 and S0 3-

Recently CEGB has developed an instrument f o r the automatic 
monitor of SO- i n the f l u e gases. 

¿•2.4.3. E f f e c t s of various f a c t o r s on the formation of s0->-

The f o l l o w i n g l i s t gives some c o n d i t i o n s which are known 
to have an e f f e c t on the o x i d a t i o n of sulphur: 

(a) The sulphur content i n the f u e l . 
(b) The excess of combustion a i r used. 
(c) The method of' i n t r o d u c i n g a i r i n t o the combustion 

zone-
(d) The nature of the f u e l . 
(e) The flame température. 
(f ) The method of atomisation. 
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2.5 I g n i t i o n delay p r o p e r t y o f f u e l . 

The i g n i t i o n delay 'time or simply the i g n i t i o n delay i s termed as 
the time lapse between the i n t r o d u c t i o n of a f u e l d r o p l e t i n t o a 
heated atmosphère and i t s eventual i g n i t i o n (189). 

In most o i l - f i r e d appliances the f u e l i s s u i t a b l y atomized, before 
combustion, i n t o a spray of f i n e d r o p l e t s . The subséquent processes 
occuring i n the chamber are numerous and complex and are i n f l u e n c e d 
by s e v e r a l f a c t o r s - (e.g. d r o p l e t s i z e , mixing, heat t r a n s f e r , 
evaporation, i g n i t i o n , combustion). Photographie studies have 
shown t h a t i n compression i g n i t i o n engines, p a r t i c u l a r l y those w i t h 
small combustion chambers, a l a r g e p r o p o r t i o n of the i n j e c t e d f u e l 
s t r i k e s the combustion chamber w a l l s even i f t h i s i s not intended. 
In gas tur b i n e s employing v a p o u r i s i n g tubes, the f u e l cornes i n t o 
contact w i t h a heated surface. The s i g n i f i c a n t aspects of the 
problem are evaporation, i g n i t i o n and the combustion of the drop
l e t s (189). Over the past 50 years or more, a considérable amount 
of worîc has been c a r r i e d out on the spontaneous i g n i t i o n of l i q u i d 
f u e l s . Mos£ of thèse work has been confined to the détermination 
of the minimum températures (spontaneous i g n i t i o n temperature) at 
which a dr o p l e t of the l i q u i d f u e l under considération would under-
go spontaneous i g n i t i o n when allowed t o f a l l i n t o a heated c r u c i b l e 
or v e s s e l . Satcunanathan and Zaczek (189) i n v e s t i g a t e d the spon
taneous i g n i t i o n and i g n i t i o n delays of some l i q u i d f u e l d r o p l e t s 
impinging on a hot surface. They showed that i g n i t i o n delays of 
some commercially important f u e l s such as Kerosene and D i e s e l f u e l , 
have a minimum value of some p a r t i c u l a r temperature. 

Ahmed and Zaczek (2) suggested t h a t there i s a r e l a t i o n s h i p between 
the i g n i t i o n delay and the formation of SO^ i n the combustion gases. 

There i s , t h e r e f o r e , a need f o r the measurement of i g n i t i o n delays 
of i n d i v i d u a i l i q u i d f u e l s . 
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6 Corrosion by Deposits 

2.6.1. Mechanism of d e p o s i t i o n . 

The most serious d e p o s i t i o n problem occurs when f u e l o i l i s 
used f o r f i r i n g b o i l e r s and tur b i n e s . There are e s s e n t i a l 
d i f f e r e n c e s on behaviour between b o i l e r and tu r b i n e p r a c 
t i c e which r a d i c a l l y e f f e c t the type of c o r r o s i o n t h a t 
occurs. 

When impure f u e l s are burnt the combustion atmosphere w i l l 
c o n s i s t of a mixture of s o l i d , l i q u i d and gaseous products 
the nature and composition of which w i l l depend upon the 
i m p u r i t i e s present i n the f u e l . The d e p o s i t i o n of these 
i m p u r i t i e s w i l l depend upon the melt i n g p o i n t s and vapour 
pressure of the i m p u r i t i e s , the temperature of the gas 
stream; the temperature of the ta r g e t area and the flo w of 
combustion products around i t . Figures 2(15) and 2(16) 
show the s t r u c t u r e of s c a l e and deposits and temperature 
gradient w i t h i n them. 

In gas tur b i n e s there i s l i t t l e temperature d i f f e r e n c e be
tween the gas stream and the tu r b i n e blades. The concave 
sid e of the blade w i l l be struck by a l l the nongaseous par
t i c l e s i n the gas stream and, i f the temperature i s such 
that some of these are h i g h l y viscous l i q u i d s or p l a s t i c , 
s o l i d s then they w i l l probably s t i c k and form deposits. 
This w i l l not happen to the same extent on the convex si d e 
of the blade where d e p o s i t i o n from the vapour phase would 
be more l i k e l y t o occur (88). 

In b o i l e r s the main d e p o s i t i o n problems are i n the super 
heater banks. The d e p o s i t i o n behaviour on the superheater 
tubes i n b o i l e r s d i f f e r s from t h a t of the blades i n t u r 
bines because the r a t e s of gas flo w are very much lower and 
a l s o there i s a d i f f e r e n c e between the gas temperature 
(1100° C - 540° C) and the surface temperature of the super
heater tubes (590° C - 400° C). The temperature drop 



between gas and tube i s s u f f i c i e n t t o cause d e p o s i t i o n 
from the Vapour phase and impact d e p o s i t i o n would not be 
as s e l e c t i v e due to the lower gas v e l o c i t i e s - Thus major 
deposits b u i l d up on the h a l f of the tube f a c i n g the gas 
stream. The deposits w i l l act as a heat i n s u l a t o r and the 
surface temperature of the deposits w i l l r i s e and may be
come l i q u i d and t h i s would mean that l a r g e r s o l i d p a r t i c l e s 
may now s t i c k to the surface. Deposit Corrosion w i l l depend 
.upon the gas flo w around the component, ' the p o s i t i o n of the 
component, the temperature of the gas .stream and the temper
ature of the component i n a d d i t i o n t o the melting p o i n t s and 
vapour pressures of the i m p u r i t i e s present. 

2.6.2. Sulphate Deposits. 

I t has been suggested that c o r r o s i o n by sulphates i n b o i l e r s 
occurs by means of the formation of pyrosulphates ̂ a2^2^7* 
and K2 S2^7" T ^ e r e a c t i o n suggested i s that sulphur t r i o x i d e 
forms c a t a l y t i c a l l y on the sc a l e and the fo l l o w i n g - r e a c t i o n s 
take place. 

Fe 0 
S0 2 + * 0 2 > S 0 3 

S0 3 + (Na,K) 2S0 4 > (Na,K) 2S 20 ? ( l i q u i d ) 

3 ( N a , K ) 2 S 2 0 7 ( l i q u i d ) + F e ^ * 2 ( N a , K ) 3 F e ( S 0 4 ) 3 -

The conversion of sodium and potassium sulphates t o pyro
sulphates has been studied by Wickert (212). Maximum con
v e r s i o n occurs i n the temperature range 370 - 480° C. The 
maximum temperature f o r t h i s type of attack w i l l depend upon 
the maximum temperature of the s t a b i l i t y of the phases. 
This w i l l depend upon the S0 3 concentration but values of 
about 590° C and 800° C appear t o be reasonable f o r the 
potassium and sodium pyrosulphates. Wickert has a l s o shown 
that attack by S0 3 i n the presence of sodium sulphate has 
a maximum value between temperatures of 600 and 750° C and 
which seem t o agree w i t h pyrosulphate mechanism. 
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The formation of complex a l k a l i i r o n t r i s u l p h a t e s 
N a 3 F e ( S 0 4 ) 3 and K 3 F e ( S 0 4 ) 3 i n b o i l e r deposits i s st u d i e d 
by Jackson (123). The r e a c t i o n s are considered t o be as 
f o l l o w s : 

Fe 0 
SO + io ^ SO 

C a t a l y s t 

2MC1 + S 0 3 + H 20 > M 2 S 0 4 + 2 H C 1 

3M 2S0 4 + F e 2 0 3 + 3S0 3 + 1-J02 * 2 M 3 F e ( S 0 4 ) r 

(scale) 

where M = Na and/or K. 

As the maximum generation of S0 3 i s between 600 and 700° C 
i t i s claime'd that,' a"t the oxide/deposit i n t e r f a c e i n b o i l e r 
d eposits, where t h i s order of temperature could be observed, 
the complex sulphates decompose to giv e S 0 3 which d i f f u s e s 
and a t t a c k s the metal. 

2.6;3. Vanadate Deposits. 

I t has been mentioned t h a t i n r e s i d u a i f u e l o i l deposits 
Vanadium oxides can be a major c o n s t i t u e n t . Wickert (212) 
has shown that o x i d a t i o n under such a f u e l . o i l d eposit 
increases with i n c r e a s i n g températures, whereas c o r r o s i o n 
under sulphates goes through a maximum. 

The type of attack has been suggested to occur by v a r i o u s 
mechanisms and according t o a review of the subject (88) 
three mechanisms appear to be p o s s i b l e : -

1. The Vanadium Compounds act s as a c a r r i e r f o r oxygen. 
2. The Vanadium Compounds d i s s o l v e the oxide s c a l e . 
3. Vanadium enters the oxide s c a l e on.the metal, i n 

creasin g the defect mechanisms and a l l o w i n g a c c e l e r -
ated attack. 
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In p r a c t i c e 1.1.5. sodium vanadyl vanadate (Na 20.V 20 4.5 v~ 20 5 ) 
i s . f r e q u e n t l y found i n b o i l e r deposits as reported by Small, 
Strawson and Lewis (199) and they consider that t h i s i s the 
most aggresive of the sodium/vanadium oxide mixtures. 

The oxygen c a r r i e r mechanism i s po s t u l a t e d as:-

S0 2 + A i r * S 0 3 

S0 3 + Na 20. V2°4* 5 V2°5 * N a 2 ° * 6 V2°5 + S 0 2 

Na 20.6V 20 5 + metal > metal oxide + Na 20. V
2°4- 5 V2°5 

From the l i t e r a t u r e i t i s Jcnown th a t a great deal of work 
has been done on the r e s i s t a n c e of conventional a l l o y s t o 
vanadium pentoxide sla g s . I t i s a l s o known that the s l a g s 
are only p a r t i c u l a r l y aggressive when molten and that the 
r e a c t i o n seems to be determined by the r a t e of oxygen a r r i 
v a l at the metal surface d i f f u s i o n through the s l a g . More 
work i s obviously needed on the mechanism of vanadium s l a g 
attack (88). 
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4 

2.7 Methods of Reducing Corrosion. 

I t i s impossible t o prevent some degree of i n t e r a c t i o n between a 
m e t a l l i c component and high température gases but a réduction of 
the i n t e r a c t i o n t o a low value may be p o s s i b l e . There are many 
ways by which t h i s could be attempted i n a contaminated combustion 
atmosphère and the approaches used dépend upon e i t h e r (a) changing 
the environmental c o n d i t i o n s or Cb) changing the m a t e r i a l . 

• There are three b a s i c ways i n which the environmental c o n d i t i o n s 
can be modified t o reduce the c o r r o s i o n problems and thèse a r e : -

Ci) Removal of harmful i m p u r i t i e s présent i n the environment. 

( i i ) A d d i t i o n of a compound to counteract the-harmful i n p u r i t i e s . 

C i i i ) Changing the combustion c o n d i t i o n s t o minimise attack . 

The sélection of m a t e r i a l s t o withstand c o r r o s i v e attack i s the 
u l t i m a t e problem which is.never going t o be completely solved and 
i t i s considered together w i t h the p o s s i b i l i t i e s of p r o t e c t i n g 
e x i s t i n g a l l o y s by coatings of c o r r o s i o n résistant m a t e r i a l s . 

2.7.1. Changes i n Environmental c o n d i t i o n s . 

2.7.1.1. Removal of harmful i m p u r i t i e s . 

The c o r r o s i o n problems i n atmosphères a r i s i n g 
from the combustion of f u e l o i l would undoubtedly 

I be reduced i f contaminants such as c h l o r i n e , 
sulphur and the ash-forming éléments could be 
removed. The p o s s i b i l i t y of removal has been r e -
viewed by Edwards (65), Williams and Crawly (219) 
and Samms and Smith (188). The conclusions 
reached are that the removal of harmful c o n s t i t u 
é e s, p a r t i c u l a r l y sulphur, from f u e l o i l i s not 
economically p o s s i b l e . Water washing of f u e l o i l 
however can"reduce the sodium concentration 
appreciably. Water washing and c e n t r i f u g i n g of 
f u e l o i l used i n marine b o i l e r s has been found 
to reduce'the sodium concentration by about 75-
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80% w i t h consequent r e d u c t i o n i n Supherheater 
d e p o s i t i o n (188, 201). 

Water washing however does not. remove vanadium 
-and a 20% Na^O/V^O^ mixture was found t o be most 
c o r r o s i v e (171). 

2.7.1.2. The use of f u e l a d d i t i v e s . 

The e f f e c t of a d d i t i v e s on combustion c o n d i t i o n s 
has been e x t e n s i v e l y reviewed (6,52,69,88,120,121, 
122,158,212). Fuel a d d i t i v e s had been developed 
mainly t o r e s i s t the vanadium penioxide type of 

. attack that occurs w i t h r e s i d u a l f u e l o i l (24,39, 
49,56,62,89,133,168,182,186,203,211). 

According t o Jenkinson and Zaczek (120) the i d e a l 
a d d i t i v e should:-

(a) Contain no metal r a d i c a l t o increase deposit 
bulk. 

(b) Be s o l u b l e i n f u e l o i l . 

(c) Improve combustion c o n d i t i o n s , e s p e c i a l l y 
atomisation. 

(d) Reduce the i g n i t i o n time l a g . 

(e) Reduce sulphur t r i o x i d e i n the gas stream to 
l e s s than 5 ppm i n s p i t e of excess a i r present. 

(f) Prevent the formation_of as much vanadium 
pentoxide as p o s s i b l e . 

But no-n of the common i n h i b i t o r s obey these 
c o n d i t i o n s . 

One type of a d d i t i v e works by forming s t a b l e van
adate of higher melting point•than the vanadium 

. compounds o r i g i n a l l y present, thus preventing 
formation of a l i q u i d phase at the operating 
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temperature. MacParlane (156) has reviewed the 
e f f e c t of such a d d i t i v e s and p a r t i c u l a r l y calcium, 
magnesium and z i n c compounds are discussed. 
These elements can a l l form s t a b l e vanadates of 
the form 3 MO. V2^5" However, sulphur t r i o x i d e 
w i l l a l s o be present i n combustion systems and 
t h i s may sulphate the a d d i t i o n elements and des
tr o y t h e i r — e f f e c t i v e n e s s . I t was found t h a t 
calcium a d d i t i o n s were f u l l y sulphated i n depos
i t s up to 750° C and 90% sulphated at 800° C and 
c o r r o s i o n r a t e s were l i t t l e b e t t e r than i n un
t r e a t e d f u e l . Under s i m i l a r c o n d i t i o n s magnesium 
was only 30% sulphated i n deposits at temperatures 
above 700° C but f u l l y sulphated a t 600° C. Ash 
deposits from f u e l c o n t a i n i n g z i n c were completely 
unsulphated. With e i t h e r z i n c or magnesium add
i t i v e i t was shown p o s s i b l e to reduce the c o r r o s i o n 
r a t e at 700° C to s i m i l a r proportion to that ob
served u s i n g d i s t i l l a t e f u e l s . However, when z i n c 
was added below the s t o i c h i o m e t r i c q u a n t i t y r e q u i r e d 
t o form 3ZnO.V 20 5 l i t t l e b e n e f i t was observed as 
the melting p o i n t of the vanadium compounds formed 
d i d not i n c r e a s e s i g n i f i c a n t l y u n t i l enough z i n c 
i s present t o form 2ZnO.V 20 5. Magnesium a d d i t i o n , 
however, r a i s e d -the m e l t i n g p o i n t of the deposit 
appreciably from 680° f o r -jMgO.V^ and 3Mg0.V 20 5 

to-1100° C and has been found t o be e f f e c t i v e . 
The magnesium can be added to f i n e d i s p e r s i o n s 
of oxide or carbonate as the o i l - s o l u b l e naphthe-
nate and acetate or as aquous s o l u t i o n s of s u l 
phate and c h l o r i d e . The oxide a d d i t i o n appears to 
be l e a s t s u c c e s s f u l w h i l s t a l l others are e q u a l l y 
e f f e c t i v e , but the e f f e c t i v e n e s s decreases w i t h 
i n c r e a s i n g sulphur content of the f u e l due t o 
s u l p h a t i o n (65). 
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The s u c c e s s f u l use of s o l i d MgO a d d i t i o n has been 
reported (49) f o r a b o i l e r operating at 565° C. 
I t i s claimed t h a t the a d d i t i v e cuts down the 
c o r r o s i o n experienced by 65-70% and th a t d e p o s i t s , 
i n s t e a d of being hard, tenacious and i n s o l u b l e , as 
i n the case w i t h untreated f u e l , are s o f t , powdery 
and e a s i l y removed- One problem with magnesium 
a d d i t i o n i s t h a t they u s u a l l y cause increased 
f o u l i n g by deposits and as the m e l t i n g - p o i n t s of 
the compounds formed are f a r i n excess of the 
operating temperatures used, i t i s not obvious why 
t h i s should be so. 

The a d d i t i o n of calcium and barium s a l t s have 
shown (168) that both are h i g h l y sulphated and 
not recommended. 

Dolomite (CaCO^, MgCO^) has been widely used as 
an a d d i t i v e w i t h mixed success (188). I t . i s c l a i 
med th a t the dolomite a d d i t i o n s give l e s s c o r r o 
s i o n on high chromium a l l o y s but cause increased 
attack of low chromium a l l o y s . One disadvantage 
w i t h dolomite, as w i t h a l l s o l i d a d d i t i v e s , i s 
that i t i s d i f f i c u l t t o dispers e uniformly i n the 
combustion system and that streaming can occur, 
g i v i n g uneven-corrosive c o n d i t i o n s through the 
i n s t a l l a t i o n . 

The i n e r t a d d i t i v e s such as K a o l i n ( A l 2 0 3 . 2 S i 0 2-
2H 20) to swamp the e f f e c t of vanadium pentoxide 
has been discussed (156, 202). The idea was t o add 
s u f f i c i e n t high m e l t i n g p o i n t i n e r t m a t e r i a l t o the 
f u e l t o swamp the low melting p o i n t ash c h a r a c t e r 
i s t i c so that any deposits which do form are e a s i l y 
blown o f f . -This type of a d d i t i v e i s p r i m a r i l y of 
use f o r t u r b i n e p r a c t i c e where the high gas flows 
would tend to remove such deposits. 
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The p o s s i b i l i t y of using a dual i n h i b i t o r which 
conta i n both magnesium and an i n e r t a d d i t i v e 
appears to be f e a s i b l e but the l i m i t a t i o n s of t h i s 
type of approach become more economical than met
a l l u r g i c a l . 

2.7.1.3. Operating procedures ( c o n t r o l l e d combustion). 

D e t a i l e d design i n b o i l e r s and t r u b i n e s can do a 
great deal t o minimise c o r r o s i o n problems (214). 
The p o i n t s such as avoiding d i r e c t impingement of 
the flame on super heater tubes and design of 
burners t o g i v e uniform- c o n d i t i o n s throughout the 
i n s t a l l a t i o n can overcome l o c a l i s e d problems. 

O i l d r o p l e t s burn by stages and droplet s i z e can 
a f f e c t the c o r r o s i v e products produced, e.g. 
coarse atomisation has- been shown t o be advanta
geous i n reducing d e p o s i t i o n from high vanadium 
f u e l s (19,50). - I t i s claimed t h a t the increased 
carbonaceous matter i n the l a r g e r droplet"reduces 
the oxides of vanadium so that they pass through 
the t u r b i n e r i g as the high melting p o i n t v

2 ^ 3 
and v^O^ and t h i s causes r e d u c t i o n i n d e p o s i t i o n 
and c o r r o s i o n . T h i s approach may not be q u i t e so 
e f f e c t i v e i n b o i l e r s where the gas flow i s much 
slower. 

Eisenklam (66) suggested t h a t i n b o i l e r s a two-
stage process might be advantageous. In the f i r s t 
stage combustion i s made w i t h a 30% d e f i c i e n c y of 
oxygen. The temperature .may reach about 2000° C 
and h a l f the energy i s removed i n - t h e superheater 
tube bank. The gas leaves the tube bank at about 
900° C and f u r t h e r a i r i s added to b r i n g the oxygen 
l e v e l t o s t o i c h i o m e t r i c . The temperature r i s e s 
during combustion t o about 1400° C and the r e s t of 
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the heat i s removed i n another p a r t of the b o i l e r . 
The advantage of t h i s method i s t h a t ' i t l i m i t s 
maximum temperatures and delays the formation of 
the aggressive oxides of vanadium. 

I t has been shown (6,37,155,156) that nearly s t o i 
c hiometric q u a n t i t i e s of oxygen reduce the amount 
of sulphur t r i o x i d e formation and, from f r e e 
energy c o n s i d e r a t i o n s , they should a l s o r e s t r i c t 
vanadium pentoxide formation. 

G l a u b i t z (83) reported that burner developments 
have made i t p o s s i b l e to burn o i l under c o n d i t i o n s 
of l e s s than 1% excess a i r . A b o i l e r with such a 
burner has been operating f o r 40,000 hours w i t h 
reduced f o u l i n g and c o r r o s i o n problems. 

2.7.2. Surface Coatings and New M a t e r i a l s . 

The use of c o r r o s i o n r e s i s t a n t coatings f o r e x i s t i n g a l l o y s 
has found widest a p p l i c a t i o n i n the gas t u r b i n e f i e l d . 
M e t a l l i c coatings have been a p p l i e d by e l e c t r o d e p o s i t i o n , 
high temperature d i f f u s i o n and plasma arc spraying. The 
e f f e c t of ceramic coatings has a l s o been i n v e s t i g a t e d . The 
m e t a l l i c coatings a p p l i e d have been p r i n c i p a l l y those of 
s i l i c o n , chromium, aluminium, zirconium and b e r y l l i u m (88, 
116 ). 

In the l a t e 1950's, the U.S. Navy b o i l e r turbines l a b o r a t o r y 
and the U.S. N a t i o n a l Bureau of standards, f o l l o w i n g s t u d i e s 
of a l a r g e number of a l l o y s i n o i l ash environments, sugges
ted 50/50 and 60/40 chromium-nickel cast a l l o y s as being 
p o t e n t i a l l y s u i t a b l e f o r super-heater supports i n marine 
b o i l e r s f i r e d by heavy r e s i d u a l f u e l and extensive s h i p 
board t r i a l s showed these a l l o y s to be v a s t l y superior to 
the 25Cr/12Ni and 25Cr/2Ni a l l o y s i n standard use. The 50/ 
50 chromium-nickel a l l o y s was incorporated i n ASTM.A560 and 
i n the I960's was e x t e n s i v e l y used i n r e f i n e r y heaters, 
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marine and-land based b o i l e r s ; expérience from the c o r r o s i o n 
p o i n t of view was g e n e r a l l y good, showing a marked improve-
ment compared w i t h the u s u a i tube support a l l o y s . In i t s 
e a r l i e s t a p p l i c a t i o n of o i l r e f i n e r y heaters, the 50Cr/50Ni 
a l l o y showed q u i t e s a t i s f a c t o r y i n r e p l a c i n g 25Cr/12Ni and 
25Cr/20Ni and i t s r e l a t i v e l y low, high temperature s t r e n g t h 
d i d not cause any p a r t i c u l a r problems; at t h a t time, tube 
supports tended to be designed by ' r u l e of thumb' methods 
and were e x c e s s i v e l y t h i c k , which masked the s i g n i f i c a n t l y 
lower strength of 50Cr/50Ni a l l o y r e l a t i v e t o the a l l o y s i t 
was r e p l a c i n g - In the l a t e I960's, furnace designers gen
e r a l l y s t a r t e d designing the tube supports rather more c r i t -
i c a l l y t o minimise c o s t s , and subsequently, d i r e c t 50Cr/ 
50Ni a l l o y replacements f o r standard 25Cr/12Ni and 25Cr/20Ni 
tube supports w i t h unchanged s e c t i o n t h i c k n e s s f r e q u e n t l y 
f a i l e d by creep d i s t o r t i o n , c r a c k i n g and rupture, r a t h e r 
than by c o r r o s i o n , emphasising the need f o r a strengthened 
50Cr/50Ni a l l o y (185). 

Extensive research r e s u l t e d i n the development in-1971 of a 
niobium c o a t i n g 5OCr/50Ni a l l o y designated IN657 w i t h con-
s i d e r a b l y improved high temperature strength and somewhat 
b e t t e r r e t a i n e d d u c t i l i t y , a f t e r prolonged high temperature 
exposure, than the standard 50Cr/50Ni a l l o y (185). 
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2.8 Corrosion monitoring techniques. 

Corrosion monitoring may be defined as the systematic measurement 
of the c o r r o s i o n or dégradation of an item of equipment, w i t h the 
o b j e c t i v e of a s s i s t i n g understanding of the c o r r o s i o n process and/ 
or o b t a i n i n g i n f o r m a t i o n f o r use i n C o n t r o l l i n g c o r r o s i o n and i t s 
conséquences i(113,160,193). 

The concept of c o r r o s i o n monitoring has developed from two d i s t i n c t 
areas, p l a n t i n s p e c t i o n techniques and l a b o r a t o r y c o r r o s i o n - t e s t i n g 
techniques, w i t h the o r i g i n a l aim of a s s e s s i n g or p r e d i c t i n g the 
c o r r o s i o n behaviour of p l a n t and equipment between shutdowns. There 
are, e q u a l l y , two sets of o b j e c t i v e s which are e s s e n t i a l l y d i s t i n c t 
although r e l a t e d , and t o an extent overlapping. The f i r s t i s to 

• o b t a i n i n f o r m a t i o n on the stage of o p e r a t i o n a l equipment - to permit 
the b e t t e r scheduling of maintainance work to ease the i n s p e c t i o n 
load during shutdowns and to avoid unplanned shutdown occuring be-
cause of unforseen détérioration of p l a n t . The second o b j e c t i v e i s 
to o b t a i n i n f o r m a t i o n on the i n t e r r e l a t i o n between c o r r o s i o n pro— 
cesses and operating v a r i a b l e s , - to help diagnosis of the problem 
and to allow improved c o n t r o l of c o r r o s i o n and more e f f i c i e n t 
d r i v i n g of the p l a n t . Figure 2(17) summarises the use of c o r r o s 
i o n monitoring. 

Many techniques can be used f o r c o r r o s i o n monitoring, and i t i s 
c l e a r l y p o s s i b l e t o develop others. Any monitoring technique can 
provide only a l i m i t e d amount of info r m a t i o n and the techniques 
should be regarded as complementary r a t h e r than compétitive. 
Table 2(7) shows the c h a r a c t e r i s t i c s of the différent monitoring 
techniques a v a i l a b l e . 

The most obvious method of assessing the c o r r o s i v i t y of an e n v i -
ronment to a s p e c i f i c m a t e r i a l i s to expose a spécimen f o r a given 
time, and to measure the résultant e f f e c t s . This i s the b a s i s of 
coupon t e s t i n g which i s the o l d e s t form of c o r r o s i o n monitoring. 
I t can be adapted to meet the requirements and c a p a b i l i t i e s of 
both s t a f f and p l a n t . The t e s t s are u s u a l l y long term, they are 
very s p e c i f i c w i t h respect to spécimen l o c a t i o n , and the c o r r o s i o n 
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r a t e i s a composite value f o r the t o t a l exposure time. 

The major measurement i s w e i g h t - l o s s , and to improve accuracy a 
l a r g e surface area to mass r a t i o i s d e s i r a b l e . The coupons can 
be i n the form of d i s c s , rods, p l a t e s or any convenient shape, 
but the edges should be machined and p o l i s h e d to avoid p r e f e r e n 
t i a l a ttack due to r e s i d u a l s t r e s s e s from the cropping operation. 
A l l t r a c e s of grease, oxide and other contaminants must be removed 
p r i o r to i n s t a l l a t i o n , and to improve r e p r o d u c i b i l i t y , the surface 
f i n i s h should approach t h a t of the proposed pl a n t m a t e r i a l , u s u a l l y 
p o l i s h i n g on a grade of metallographic paper, or l i g h t sand b l a s t 
i n g , i s p r e f e r r e d but a p i c k l e d surface can be more r e p r e s e n t a t i v e . 
Specimen i d e n t i f i c a t i o n marks are e s s e n t i a l and should be p o s i t i o n 
ed where they w i l l be protected by the coupon holder or i n s u l a t i o n s . 

In general, the c o r r o s i o n r a t e of f r e s h l y exposed m a t e r i a l de
creases r a p i d l y w i t h exposure time, and the t e s t must be long 
enough to ensure that the determined c o r r o s i o n r a t e i s not s o l e l y t 

r e p r e s e n t a t i v e of the i n i t i a l h i g h c o r r o s i o n r a t e unless t h i s i s 
s p e c i f i c a l l y r e q u i r e d . A u s e f u l guide to the duration of a t e s t i s 
given by the r e l a t i o n s h i p : 

* - £ 
CR 

where T = time i n hours, and 
CR = c o r r o s i o n r a t e (mm per y e a r ) . 

A f t e r exposure the coupons should be c a r e f u l l y examined and a 
complete record made of the appearance of c o r r o s i o n products 
before c l e a n i n g and weighing. A l l accumulated c o r r o s i o n products 
and f o u l i n g should be removed e i t h e r mechanically by scrubbing, 
scraping, sand-blasting etc. or chemically by washing i n s o l v e n t s , 
or p i c k l i n g i n i n h i b i t e d acids or a l k a l i s . Errors may be i n t r o 
duced during t h i s stage due t o the l o s s of "sound metal" or the 
incomplete removal of c o r r o s i o n products. This e r r o r w i l l be 
magnified on short c o r r o s i o n t e s t s when i t w i l l represent a r e a s 
onable percentage of the t o t a l weight l o s s . From the weight l o s s 
r e s u l t s and knowledge of the o r i g i n a l dimensions and density of the 
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metal under t e s t the c o r r o s i o n r a t e can be r e a d i l y determined from 
the f o l l o w i n g équation: 

Corrosion r a t e (mm per year) 

Weight l o s s (mg) x 87.6 ' . . , ' " , 3, = * ^ " " ' ' " "" • x m e " t a l d e n s i t y (g per cm ) 
area (cm ) x time (hours) 

The conversion of c o r r o s i o n r a t e s i s shown i n Appendix 2( 1 ) . 

The establishment of the c o r r o s i o n r a t e using the simple weighing 
technique assumes that the métal l o s s has occurred u n i f o r m l y , and 
a v i s u a l examination aided by the use of m e t a l l u r g i c a l microscopes 
w i l l be re q u i r e d t o detect the présence of l o c a l i s e d c o r r o s i o n i n 
the form of p i t t i n g , i n t e r g r a n u l a r c o r r o s i o n , s t r e s s c o r r o s i o n 
c r a c k i n g e t c , (193). 

The coupon t e s t i n g techniques i s s t i l l widely used desp i t e the 
advent of r a p i d response instruments i t s main advantage being t h a t 
many•différent m a t e r i a l s can be exposed at one s i t e and unambig-
uous data on t h e form of c o r r o s i o n on the specimen can be- obtained. 
The main l i m i t a t i o n s on the technique are i t s i n a b i l i t y t o detect 
short range changes i n process v a r i a b l e s , and that the behaviour 
of the spécimens may not be t r u l y représentative of the p l a n t . I f 
thèse l i m i t a t i o n s are unimportant i n the circumstances i t can be 
used as the only monitoring technique^ (193). 

Coupon t e s t i n g provéd to be very s u i t a b l e f o r the work described 
here (see s e c t i o n 6). 
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Figure 2 ( l ) . O z i d a t i o n r a t e laws ( 1 9 3 ) . 
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Weight oer cent oxygwt 

100 
0 5 

Figure 2 ( 2 ) Phase e q u i l i b r i u m dlagram of the binary system Fe-Og ^ 

one atm. ( a f t e r Daxken, L.S. and Curry, R.W., J . Am. 
Chem. S o c , 68 , 7 9 9 , 19^6 ) . 
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Table 2 ( l ) Oxid a t i o n Resistance of a carbide 
hardened a l l o y based on the N i c k e l -
Chromium-Cobalt .system ( 8 8 ) . 

Vanadium 
A d d i t i o n 
- ?o 

Weight g a i n a f t e r 100 Hour 
o x i d a t i o n at 900° C. 

mg/cm^. 

0 0 . 3 5 

. 5 3 1 .8 

1 . 0 6 3 . 3 

2 . 0 3 5-75 

2 . 9 7 3 - 1 

3.82 6 . 3 -
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I 1 

. 1 0 20 30 

Time H o u r s . 

F i g » 2 ( 3 ) . I n f l u e n c e o f o x i d a t i o n o n c r e e p t e s t s a t 

7 2 5 ° C a t 1 .5 t o n s / m 2 . ( 8 8 ) . 

A . As r e c e i v e d c o n d i t i o n 

B . Vacuum a n n e a l e d 2k h o u r s a t 100° C 

C. P r e - o x i d i s e d 2k h o u r s a t 1000° C . 
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TABLE 2 ( 2 ) TYPICAL CHARACTERISTICS OF OIL-FIRED BOILER ( 5 2 ) . 

Country Operatîng Capacity Pressure 
stations mw K g / c m 2 

Steam Condition Temp 
Superheater Reheater 

U .K . Kïngsworth 
Fawley and 
Pembroke 

500 160 540 540 

France Porchville 600 
Nante Chevire 250 

160 
163 

565 
565 

565 
565 

Holland Amer 184 

Italy La Spezia 600 

japon Owase-Mita 375 

570 

250 

177 

540 

565 

570 

540 

565 

540 
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TABLE 2(3 ) TYPICAL "IMPURITIES IN OÏL" USED I N POWER STATIONS (105 ) . 

"impuritïes in O ï l " 

(Parts per mi l l ion by weîght) 

Sulphur 20,000 Z inc 4 

Nîtrogen 1,500 Phosphorus 4 

Sil icon 300 Chromïum 3 

Vanadium 150 Cobalt 3 

Iron 100 Manganèse 2.5 

Nicke l 50 Copper 2.5 

Calcium 100 Lead 2 

Porasium 50 Sélénium 1 

Aluminium 75 Cadmium 0.2 

Sodium 50 Antïmony 0.02 

Chlorine 25 Arsenic 0.01 

Magnésium 12 Mercury 0.01 
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TABLE 2(4) ASH ELEMENTS IN CRUDE OIL (218) 
In Parts Per Mi l l i on 

Element U.S.A. Venezuela Columbia " East Indies Middle East 

A I .3 1.0 

Ca 1.2 1.4 

Cr .1 1.4 

Co 1.6 nil 

Cu .5 7.3 

Fe 4 .6 30.0 

Pb .7 2.1 

Mg 2.0 1.7 

Mn nil nil 

Mo .1 .3 

N i 1.2 6.0 

K 2.9 2.1 

Si .5 1.7 

Na 38.0 33.0 

Sn .1 .5 

Ti .2 .3 

V 1.9 30.0 

Zn 2.1 3.0 

.3 6 .0 7 

ni l .2 .1 

ni l .2 .1 

n i ! 1.9 ni l 

7 1.0 5 

.4 61.0 5 

ni l .7 .1 

1.2 1.7 7 

ni l trace trace 

nil .6 .2 

10 1-° 30 

ni l ni l .7 

.8 6.9 1 

9 .4 . 15 .5 

.3 .9 nil 

nil .3 4 

72 ni l 100 

ni l .6 2 
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TABLE 2 ( 5 ) MELTING POINTS OF MATERIALS THAT POSSIBLY OCCUR 

IN COMBUSTION DEPOSITS. (88); 

Compound Melt ing Point °C Occurrence 

Alumïna A " 3 0 3 2050 

Amuminium Sulphate A l a CS0 4 ) 3 770 

Calcium Oxïde CaO 2572 

Calcium Sulphate CaS0 4 1450 Possible în botr 

Ferrie Oxide F e 3 0 3 1565 coal and oil 

Magnetite 1538 fired installatic 

Ferrie Sulphate F e 2 ( S 0 4 ) 3 480 

Magnésium Oxïde MgO 2500 

Magnésium Sulphate MgS0 4 1124 

Nicke l Oxide NiO 2090 

Nicke l Sulphate N ïS0 4 840 

Sîlica S i 0 3 1710 

Potasïum Sulphate K a S 0 4 1069 

Sodium Sulphate N a a S 0 4 884 

Sodium Bisulphate NaHS0 4 250 

Sodium Pyrosulphate N a 2 S 3 0 ? 400 

Potassium Pyrosulphate K a S a 0, 300 

Vanadium Trîoxîde v a o 3 1970 

Vanadium Tetraoxïde v 2 o 4 1970 

Vanadium Pentoxïde v 2 o s 690 

Sod. meta Vanadate N a a 0 . V a 0 8 630 Most important 

Sod. Pyrovanadate 2 N a s 0 . V a 0 5 640 în oïl fired 

Sod. Orthovanadate 3 1 ^ 0 . V 3 0 5 850 installations. 

Sod. Vanadyl Vanadates N a 3 0 . V 2 0 4 . 5 V 2 0 s 625 

Sod. Vanadyl Vanadates 5 N a a 0 . V a 0 4 . I I V a 0 5 535 

Nicke l Pyrovanadate 2 N i 0 . V 2 0 S 900 

Nicke l Orthoranadate 3 N i 0 . V a 0 s 900 

Ferrie Metavanadate F e 2 0 3 . V 2 0 s 860 

Ferrie Vanadate F e 3 0 4 . 2 V 2 0 5 855 
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Table 2(6). SULFHUR CONTENT IN FRACTIONS OF KUWAIT CRUDE OIL (l64). 

Fraction D i s t i l l a t i o n Range, 
°C. 

Total Sulphur 
weight Per cent. 

• Crude o i l — 2.55 

Gasöline 51 - 125 0.05 

Light naphtha 125 - 149 0.05 

Heavy naphtha 153 - 197 0.11 

Eerosene 207 - 238 0.45 

Light gas o i l 247 - 269 0.85 

Heavy gas o i l 281 - 306 1.15 

Residual o i l 309 - 498 3.70 
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2 4 6 8 10 12 14 

Distance from Bunsen Burner Rim, cm. 

Figure 2(4), V a r i a t i o n of °¡o o x i d a t i o n of S 0 2 w i t h 
distance from Bunsen burner rim. 
( a f t e r Dooley and Whittingham 5 3 ) . 
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Figure 2(5) Oxidation of SOg i n flames from 
different flue gases (after 
Dooley and Whittingham ( 5 3 ) ) • 
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8 

1 2 

°jo Reagent Added. 

Figure 2 ( 6 ) . Effect of various substances on 
oxidation of SO2 in a Bunsen flame. 
After Dooley & Whittingham ( 5 3 ) . 
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80 
Flue gas CO- = 12 % 

Sulphur in o i l , % 

Figure 2 (7 ) ' Variation of. flue gas S0^ with sulphur content 
of the o i l ( after Crumley and Fletcher' 37 ) . 
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Figure 2( 8 ) V a r i a t i o n of % o x l d a t i o n of S0 2 with time i n a 
homogeneous plug f l o w r e a c t o r ( Hedley, 97 ), 
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Distance above flame holder, mils. 

Figure 2( 9 ) 0 - atom profiles ( 140 ). 



50 

0 2 1 % 1 

Oxygen % , v o l . 

F i g u r e 2(10) S f f e c t of excess oxygen on the formation of SO^ f o r 
Kérosène and D i e s e l f u e l s ( 2 ) . 
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A Kerosene + 3.¿$ sulphur 
• Cyclohexane + " 
n n - Hexane + " 

A n - Pentane + " 

2 4 6 

Oxygen concentration, % v o l . 
10 

F i g u r e 2(11) V a r i a t i o n of SO^ content with excess oxygen i n the 
combustion gases f o r various hydrocarbons doped 
with same amount of sulphur (3)• 
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Figure 2(13) SO^ concentration downstream of hare and coated 
m i l d s t e e l specimens ( 12). 
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Figure 2(14) SO^ concentration downstream of an F e2°3 coated 
surface at several temperatures ( Barrett ' 12 ) 
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Figure 2 (15) (a) 

Cb) 

(c) 

Température gradient through the oxide scale and deposited a 

Protective - oxide scale formed in oxidising conditions . 

Non-protective fast growing scales caused by reciucing 
conditions (4i). 
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Figure 2 ( 1 6 ) . The structure of scale and deposits on superheater tubing and 
the température gradient within them. (41), 
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WHAT CAN CORROSION 
HONrrORftfG DOT . 

I. Assist diagnosis of a problem. 

2. Monitor effectiveness of the, 
solution to a problem. 

3. Provide operational and management 
information. 

4. Provide basa of control system. 

5. Provide part of basis of 
management system. 

'.S-.-

HOW DO WE KNOW TUAT. 
CORROSION MONITORING 
IS SUCCESSFUL? 

1. .Considered a standard technique 
in several industries by 
technologists and management. 

2. Simplifies or speeds solutions 
to problems. 

3. May lead to solutions not 
otherwise attainable. 

4. Proven large economic benefit 
in many cases. 

Figure 2(l7). Summary oí the use of Corrosion Monitoring.:193 ) 
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TABLE. 2 ( 7 ) . C h a x a c t e r i s t i c s of Corrosion.Monitoring Techniques(193) 
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CHAPTER THREE. 

OBJECTIVES OF INVESTIGATION. 

With modem methods of r e f i n i n g of crude petroleum, high grade p e t r o l 
i s obtained l e a v i n g behind a high content of i m p u r i t i e s i n the r e s i d 
u a i f u e l . The i m p u r i t i e s c o n t a i n substances such as sulphur, -sodium 
and vanadium e t c . , and i t i s b a s i c a l l y thèse substances which are 
mostly r e s p o n s i b l e f o r f o u l i n g and c o r r o s i o n i n o i l - f i r e d i n s t a l l a 
t i o n s . 

In order to incr e a s e thermal c y c l e , e f f i c i e n c y of power generation the 
trend i n modem p l a n t i s towards higher metal températures. The use 
of heavy/residual f u e l o i l f o r t h i s purpose o f f e r s the b o i l e r oper-" 
ators the p o s s i b i l i t y of reduced investment and operating costs as 
w e l l as simpler Storage and handling of the f u e l and fewer problems 
w i t h flue-gas s o l i d burden. However, there are se v e r a l problems which 
may be severe i n o i l - f i r e d b o i l e r s . Among them are a i r pre-heater 
c o r r o s i o n by SO^ i n f l u e gas and Superheater slagging and c o r r o s i o n 
by vanadium and sodium ash i n the f u e l . 

• 1 
High temperature c o r r o s i o n problems by combustion.^cases i n an o i l -
f i r e d laboratory.combustor and the i n d i v i d u a i and c o l l e c t i v e e f f e c t s 
at différent r a t i o s of sulphûr, sodium and vanadium présent i n the 
f u e l were proposed f o r study. 

From an.assessment of the l i t e r a t u r e , the présent knowledge on the 
subject.may be r e l a t e d t o the o b j e c t i v e s of -the i n v e s t i g a t i o n - b y the 
f o l l o w i n g t r i a n g u l a r diagrairt. 
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Sodium and vanadium are present i n the f u e l o i l s used i n the 
power s t a t i o n b o i l e r s . The c o r r o s i o n mechanism reported i s 
•by the formation of 1.1.5 Sodium Vanadyl Vanadates 
CNa 20.V 20 4-5V 20 5) according t o the f o l l o w i n g r e a c t i o n s : 

S0 2 + A i r > S0 3 

S0 3 + Na 20.V 20 4.5V 20 5 *-Na 20.6V 20 5 .+ S0 2 

Na 2 + 6V 0 + metal *• metal oxide + Na 20. V
2
04" 5 V2°5 

Transgranular c o r r o s i o n occurs by the i n t e r a c t i o n of the 
vanadates and the metals. 

In p r a c t i c e the second a x i s (Na - S) s i t u a t i o n i s observed 
i n gas t u r b i n e s c o n d i t i o n s where distillâtes containing 
sodium-and sulphur are used. 

Metals exposéd to t h i s k i n d of environment s u f f e r s i n t e r g r a n -
u l a r c o r r o s i o n by s u l p h i d a t i o n . 



3 : •Sulphur (1 - 5%)and Vanadium Cup t o 250 ppm) are présent 
i n the r e s i d u a l f u e l s dépending on the o r i g i n of the 
Crude o i l . 

The nature and mechanism of c o r r o s i o n by thèse two major 
i m p u r i t i e s are s t i l l not c l e a r . 

I t was the r e f o r e , intended t o c a r r y out an expérimental programme 
which would g i v e some s p e c i f i c i n f o r m a t i o n on the high temperature 
c o r r o s i v e p r o p e r t i e s of the f l u e gases produced during burning of the 
l i q u i d f u e l s c o n t a i n i n g v a r i o u s i m p u r i t i e s l i k e sulphur, sodium and 
vanadium and study t h e i r i n d i v i d u a i and c o l l e c t i v e r e l a t i o n s h i p s at 
différent r a t i o s v i z . S:Na:V on a s e l e c t e d range of a l l o y s . The 
o b j e c t i v e of the i n v e s t i g a t i o n was to provide r e l a t i v e c o r r o s i o n 
data at high temperature- (730° C) from which a theory of nature and 
mechanism of c o r r o s i o n and/or. an e m p i r i c a l . p r a c t i c a l prédiction 
method be presented. The r e l a t i o n s h i p of i g n i t i o n delay of l i q u i d 
f u e l w i t h the formation of sulphur t r i o x i d e and hence the c o r r o s i o n 
r a t e were a l s o proposed f o r i n v e s t i g a t i o n . 

The purpose of the e n t i r e i n v e s t i g a t i o n was to discover methods of 
C o n t r o l l i n g c o r r o s i v e p r o p e r t i e s of combustion gases due to the 
présence of i m p u r i t i e s . 
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CHAPTER FOUR 

PROGRAMME OF EXPERIMENTAL WORK. 

1. L i t e r a t u r e survey of the Work done on the Subject. 

2. Design and c o n s t r u c t i o n of the burner and laboratory combustor. 

3. Design and c o n s t r u c t i o n of spécimen holders f o r c o r r o s i o n r a t e 
measurements. 

4. Préparation of apparatus f o r température measurements. 

5. " S e r v i c i n g and i n s t a l l a t i o n of SO^, SO^ gas a n a l y s i s apparatus. 

6. S e r v i c i n g and i n s t a l l a t i o n of CO, CO^ gas a n a l y s i s instruments. 

7. S e r v i c i n g of oxygen measurement apparatus. 

8. Préparation of métal spécimens i n the form of 2 cm diameter and 
4 mm t h i c k dises of the f o l l o w i n g m a t e r i a l s : 

a) M i l d S t e e l . 
b) S t a i n l e s s s t e e l type 347. 
c) Nimonic 90. 
d) Nimonic 105. 
e) TN657. 
f ) G19 S t e e l (proposed but not o b t a i n a b l e ) . 

9. Te s t i n g the laboratory combustor, measurement of c o r r o s i o n r a t e 
of différent metals u s i n g Kérosène and D i e s e l B t o p e r f e c t the 
methods of measurement of c o r r o s i o n r a t e and gas a n a l y s i s . 

10. Experiments t o measure c o r r o s i o n r a t e over différent time t o 
e s t a b l i s h r e l a t i o n s h i p between time and c o r r o s i o n r a t e . 
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11. I n t r o d u c t i o n of sulphur, vanadium and sodium (added i n the f u e l 
i n the form of chemicals s o l u b l e i n o i l ) i n différent concen
t r a t i o n s i n the f o l l o w i n g order and study c o r r o s i o n r a t e s by 
combustion gases. 

a) Sulphur alone. 
b) Vanadium alone. 
c) Sodium alone. 
d) ,S:V 
e) S:Na 
f ) V:Na 
g) S:V:Na 

12. I d e n t i f i c a t i o n of oxide l a y e r s produced on différent metal surface 
by the combustion gases, w h i l e using above f u e l s , by X-ray d i f 
f r a c t i o n and scanning e l e c t r o n microscopy. Hence t r y t o e s t a b l i s h 
the mechanism of the formation of oxides and'their r e l a t i o n s h i p / 
dependence on the i m p u r i t i e s présent i n the f u e l . 

13. On the b a s i s of the r e s u l t s obtained from (11), w r i t e acomputer 
programme to p r e d i c t expected c o r r o s i o n r a t e when using any other 
f u e l , e.g. L i g h t f u e l o i l c o n t a i n i n g différent concentrations of 
i m p u r i t i e s . 
a) Test the programme p r a c t i c a l l y by us i n g L i g h t f u e l o i l . 

14. Measurement of c o r r o s i o n r a t e at différent excess a i r c o n d i t i o n . 

15. Study the e f f e c t of thermal c y c l i n g and continuous exposure of 
metals i n combustion gases. 

16. I n t r o d u c t i o n of f u e l a d d i t i v e s ( p r i m a r i l y o i l s o l u b l e chemicals) 
and study t h e i r e f f e c t s on c o r r o s i o n r a t e . 

17. Measure i g n i t i o n delay property of a l i . t h e i n d i v i d u a i o i l sampies 
used and study any r e l a t i o n s h i p between the c o r r o s i o n r a t e and 
i g n i t i o n delay time. 

c 
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5.0 DESCRIPTION OF APPARATUS : i n d e t a i l . 

5.1.The Laboratory Combustor. 

The. l a b o r a t o r y combustor designed and constructed f o r the i n v e s t i 
g a t i o n i s shown i n f i g u r e 5(1) which c o n s i s t s of f o u r main p a r t s : 

( i ) the f u e l tank, 
( i i ) the burner, 
( i i i ) the combustion Chamber, and 
( i v ) the combustion products exhausts pipes. 

The f u e l tank i s of 8 l i t r e c a p a c i t y metal c y l i n d r i c a l type, which 
i s f i t t e d w i t h a t h e r m o s t a t i c a l l y c o n t r o l i e d heater. The heater 
w i l l a l l o w the' heavy r e s i d u a i f u e l o i l t o be heated t o a s u i t a b l e 
temperature f o r b e t t e r flow. 

The burner c o n s i s t s of two c o n c e n t r i c tubes and i s arranged i n 
such à way th a t commercially a v a i l a b l e s t a i n l e s s ' s t e e l hypodermic 
needles can be used and replaced i f necessary. The inner tube 
c a r r i e s o i l and the other tube introduces compressed a i r t o 
produce atomisation. 

The combustion Chamber c o n s i s t s of two s t a i n l e s s s t e e l c o n c e n t r i c 
pipes. The inner one i s of 7.5 cm diameter and the outer pipe i s 
of 11 cm diameter. The atomised f u e l i s burnt i n s i d e the inn e r 
pipe and secondary a i r i s introduced from the outside pipe i n t o 

. the inner pipe at 4 différent c a l c u l a t e d p oints so t h a t good com
b u s t i o n i s achieved. 

The combustion products pass through a long pipe of 7.5 cm diameter 
to the exhaust. The sampling p o i n t s f o r gas a n a l y s i s , temperature 
measurements and probes f o r c o r r o s i o n r a t e measurement are lo c a t e d 
at différent p o i n t s of the pipe. 

5-1-1. S t a r t i n g procedure. 
a) Ensure a l i the valves are shut. 
b) Warm up the combustion Chamber by bunsen burner. 
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c) Open the v a l v e . f o r compresseci a i r f o r atomisation. 
d) Purge the combustion chamber w i t h secondar/ a i r . 
e) P r e s s u r i s e the f u e l tank w i t h n i t r o g e n , s e t t i n g 

pressure of the tank t o 3 p s i g . 
f ) Switch on the Switch of Sparking plugs. 
g) Open the val v e for. o i l and set the fl o w - r a t e according 

to the o i l used (20 ce/min f o r kerosene, 40 ce/min f o r 
D i e s e l B). 

h) Open the secondary a i r v a l v e and increase slowly u n t i l 
the combustion s t a r t s . 

i ) When the combustion s t a r t s a d j u s t , secondary a i r and 
o i l f l o w r a t e very slowly t o re q u i r e d c o n d i t i o n by look-
i n g at the flame through the mir r o r . 

j ) I f combustion stops and excessive unburnt atomised f u e l 
i s seen, stop f u e l f l o w and purge the combustion chamber 
w i t h a i r . 

k) To stop; stop the f u e l flow, stop spark plug switch, l e t 
the a i r . f l o w f o r about 10 minutes to c o o l the apparatus, 
then stop a l i v a l v e s . cJ***- ^ ^ y*Xvto. 

5.1.2. Specimen préparation. 

The metals received i n the form of.20 mm diameter road. 
M i l d ' S t e e l and s t a i n l e s s s t e e l s were e r u t t o 4 mm t h i c k d i s e s 
u s i n g the e l e c t r i c saw i n the workshop. Harder metals l i k e 
N90 and N105 were cut on the wheel i n the metallurgy l a b o r -
atory. A l i spécimens were marked f o r i d e n t i f i c a t i o n and 
p o l i s h e d i n the surface g r i n d e r i n the p r o j e c t workshop. 

A f t e r making the spécimens a seven step specimen préparation 
was used to ensure constant i n i t i a l surface c o n d i t i o n s . 
1. P o l i s h i n g : 

2. Degreasing 
3. R i n s i n g 
4. Drying 

5. D e - o x i d i s i n g 
6. R i n s i n g 
7. Drying 

surface g r i n d i n g and p o l i s h i n g on emery 
papers. 
5 minutes i n b o i l i n g a l k a l i n e s o l u t i o n . 
5 minutes i n c o l d tap water. 
Dipping i n alcohol/acetone, ( t h i s 
removed water and d r i e d the specimen 
q u i c k l y ) . 
1 min i n 10% HC1. 
1 min i n d i s t i l i e d water. 
di p p i n g i n alcohol/acetone. 
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Steps 1 through 4 were u s u a l l y performed s e v e r a l days 
before t h e - t e s t s , w h i l e steps .5 through 7 were performed 
j u s t p r i o r to t e s t s t o ensure an oxide f r e e surface- The 
specimens were stored i n d e s s i c a t o r s at a l l times to prevent 
access o f water. ' 

5.1.3. Specimen holders 
Several designs of specimen holders were considered and 
constructed. For p r a c t i c a l d i f f i c u l t i e s most of them had 
to be abandoned. The specimen holder u s e d f o r the e x p e r i 
ments i s shown i n F i g u r e 5(2).' The sepcimen holder f o r low 
temperature c o r r o s i o n measurement i s shown i n Figure 5(3). 
Figure 5(4) .shows the'general arrangement of the l a b o r a t o r y 

1 combustor. 
5.1.4. A i r supply. 

The atomising a i r was s u p p l i e d 'from the main compressor 
through a pressure c o n t r o l l e d v a l v e to keep pressure con
stant at 80 p s i (5.6 kg/cm 2). 

Secondary a i r was s u p p l i e d by a blower through a U-tube 
manometer. 

The manometer reading was c a l i b r a t e d to g i v e a i r flow r a t e 
i n l i t r e s / m i n by disconnecting the a i r i n l e t pipe to the 
combustion chamber, and measuring a i r flow f o r known time 
by a flowmeter.. The c a l i b r a t i o n r e s u l t s are shown i n 
Table 6(4). 

5.1.5. .Fuel supply. 
The f u e l was supplied from the tank as described before. 
The f u e l tank was p r e s s u r i s e d by nitrogen gas from a c y l 
inder f o r easy f u e l flow. The pressure' of the tank was 
kept constant a t 3 p s i g . 

A secondary tank was connected above the main f u e l tank to 
r e f i l w h i l e the combustor was on. Otherwise i t was necess
ary to stop the combustion t o f i l l the tank. This way the 
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combustor could be run continuously f o r longer periods-

Fuel f l o w r a t e was measured and c o n t r o l l e d by a rotameter 

manufactured by G.E.C. E l l i o t ' s , model 1100, range 0 -

100 cc- The rotameter was c a l i b r a t e d f o r every f u e l used 

by c u t t i n g o f f the o i l supply and c o l l e c t i n g i t i n a meas

u r i n g c y l i n d e r f o r a known time and flow r a t e was 

c a l c u l a t e d . 

5.2 Temperature measurement. 

The temperature was measured by using Atkinsons Suction Pyrometer 
Type M 1100 of the Gas C o u n c i l , Midland Research S t a t i o n and the 
e l e c t r o n i c thermocouples were c a l i b r a t e d t o measure f l u e gas tem
peratures a t d i f f e r e n t p o i n t s . 

5.3 Oxygen Measurement. 

The excess oxygen of the f l u e gas was measured by using the Servo— 
mex P o r t a b l e oxygen analyser type OA.101. M k . i l . The p r i n c i p l e of 
operation of t h i s equipment i s that, oxygen i s unique amongst common 
gases i n being r e l a t i v e l y s t r o n g l y paramagenic. Apart from n i t r i c 
oxide the n i t r o g e n peroxide, most gases are weakly diamagnetic, 
and consequently measurement of the s u s c e p t i b i l i t y provides a 
s p e c i f i c i n d i c a t i o n of the oxygen content of a gas mixture. 

In a l l servomex oxygen analysers, a l i g h t dumb-bell shaped t e s t 
body i s suspended on a p l a t i n u m — i r i d i u m w i r e i n a non-uniform mag
n e t i c f i e l d . I t experiences a torque p r o p o r t i o n a l to the magnetic 
s u s c e p t i b i l i t y of the gas -surrounding the t e s t body. T h i s torque 
i s balanced against a r e s t o r i n g torque due t o current flow i n a 
c o i l wound on the dumb-bell the balance c o n d i t i o n being achieved by 
manual adjustment o f a c a l i b r a t e d source to a t t a i n the "Zero" pos
i t i o n "of a beam of l i g h t r e f l e c t e d from the dumb-bell. The zero 
p o s i t i o n i s i n i t i a l l y determined by passing pure nitrogen i n t o the 
measuring c e l l . Before i n t r o d u c i n g the t e s t gas the output d i a l 
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i s set to 21% oxygen by drawing a i r i n t o the c e l i and the span i s 
adjusted to give balance. Sinee the device i s l i n e a r , t h i s s i n g l e 
adjustment i s s u f f i c i e n t " t o set up the instrument. 

5.4 CO and CO^ gas-measurement. 

CO and CO^ concentrations were measured b y H i l g e r and Watts I n f r a -
red mobile Gas 'Analyser, G.A.T.8. . 

The equipment i s designed t o sample continuously and analyse the 
concentration of carbon monoxide and carbon d i o x i d e i n a gas stream 
w i t h i n the ranges 0 - 0.5% and"0.03 - 0.25% Carbon monoxide and 
0 - 3 % and 2 - 15% Carbon d i o x i d e . The equipment c o n s i s t s of two 
I n f r a - r e d Gas Analysers, Type SC/F2 coupled to a sampling u n i t , the 
complete u n i t i s being mounted on a four wheel t r o l l y . F i gures 5(5) 
and 5(6) shows the view òf the CO and CO^ analyser. 

5.5 Sulphur Oxide Measurements. 

The concentrations of both sulphur d i o x i d e and sulphur t r i o x i d e i s 
measured by the Gallenkamp, CERL sulphur oxide analyser GAS.850.G. 
Figure 5(7) shows the general arrangement of the sulphur oxide 
analyser. 

The f l u e gas i s sampled through a s t a i n l e s s s t e e l probe s u i t a b l e 
f o r f l u e gas tempteratures of about 500 - 600° C which i s so a r r a n 
gea that the temperature of the f l u e gas does not drop below 250° C 
before i t enters the analyser. In the analyser the s o l i d s are 
removed from the hot gas by a s i l i c a wool f i l t e r and then the gas 
i s saturated w i t h c o l d 80 per cent isopropanol (aqueous). This 
promûtes the formation of s u l p h u r i c a c i d mist and at the same tinte, 
i n h i b i t s the o x i d a t i o n of the sulphur d i o x i d e présent i n the gas. 
The s u l p h u r i c a c i d mist i s c o l l e c t e d by passage through a sintéred 
g l a s s absorber and i s r e t a i n e d together w i t h excess isopropanol, 
i n a c o l l e c t i n g v e s s e l . Some sulphur d i o x i d e i s a l s o d i s s o l v e d at 
t h i s stage and i s r e t a i n e d i n the c o l l e c t i n g v e s s e l but most of i t 
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passes on w i t h the gas stream and i s absorbed i n standard i o d i n e 
s o l u t i o n * 

The r e s i d u a l gases then pass through an empty wash b o t t l e to t r a p 
any water c a r r i e d over from the i o d i n e s o l u t i o n , through a tube 
of 'S0XA20RB' absorbent and then are p r o p e l l e d by a diaphragm pump 
i n t o a r e s e r v o i r s e r v i n g as a p u l s a t i o n damper. The r a t e s of f l o w 
of isopropanol-and f l u e gas are i n d i c a t e d by flow meters and con
t r o l l e d by needle v a l v e s . 

Flue gas i s passed through the analyser u n t i l the i o d i n e s o l u t i o n 
becomes d e c o l o r i s e d . Immediately t h i s occurs the flows of the 
f l u e gas and isoporpanol are stopped. The concentration of s u l 
phur d i o x i d e i s determined from the time taken, f o r the i o d i n e to. 
become-decolorised (the r a t e of flow of f l u e gas i s known) and t o 
t h i s i s added the small q u a n t i t y of sulphur d i o x i d e r e t a i n e d i n 
the isoproponol. The l a t t e r i s determined by i d i o m e t r i c t i t r a t i o n 
of an a l i q u o t of the isopropanol s o l u t i o n from the c o l l e c t i n g 
v e s s e l . 

The s u l p h u r i c a c i d i n the isopropanol s o l u t i o n i s determined by 
t i t r a t i o n of an a l i q u o t with barium p e r c h l o r a t e to the change 
p o i n t of thoron i n d i c a t o r ; the concentration of sulphur t r i o x i d e 
i n the f l u e gas can then be c a l c u l a t e d . Appendix 5.1 gives the 
c a l c u l a t i o n of sulphur d i o x i d e and .sulphur t r i o x i d e . 

5.6 Measurement of I g n i t i o n Delay. 

The apparatus to measure the i g n i t i o n delay i s shown i n F i g u r e 5(8). 
This c o n s i s t s of a small e l e c t r i c furnace heating a quartz d i s c on 
to which was allowed t o f a l l d r o p l e t s of f u e l under t e s t . The time 
i n t e r v a l between the d r o p l e t e n t e r i n g the apparatus through the 
c e n t r a l hole i n the cover and the i g n i t i o n was measured by a C i n t e l 
microsecond counter t r i g g e r e d by two p h o t o t r a n s i s t o r c i r c u i t s . 

The temperature of the d i s c was r a i s e d at a f a i r l y r a p i d r a t e 
i n i t i a l l y and d r o p l e t s of the l i q u i d f u e l under t e s t were allowed 
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to f a l l on to the hot surface, u n t i l i g n i t i o n was obtained. Having 
l o c a t e d t h i s température approximately, the current supply to the 
heater was r a i s e d very g r a d u a l l y and a d r o p l e t was admitted. A f t e r 
each d r o p l e t , whether i g n i t i o n was obtained or not, the i g n i t i o n 
space was scavenged by means of the>hand bellows shown i n Fig u r e 
5(8). When i g n i t i o n occured the surface température was recorded 
agai n s t the reading of- the microsecond counter. The procédure was 
repeated.at fréquent i n t e r v a i s both f o r i n c r e a s i n g température .and 
decreasing température of the d i s e . 

5*7 E l e c t r o n Mlcrographs. 

The I n t e r n a t i o n a l S c i e n t i f i c Instruments.Super 3 Model Scanning 
E l e c t r o n Microscope w i t h a m a g n i f i c a t i o n of 200,000 times i s used 
to obtain the micrographs of mounted s e c t i o n of the spécimens. 
The instrument has the f a c i l i t y f o r X-ray energy spectrum i n v e s t i 
g a t i o n . This i s su p p l i e d by a l i n k System 2010 puise processor 
which can be programmed f o r élément détection. The sample under 
détection can a l s o be scanned on the Cathode Ray Tube o f the micro
scope and there are f a c i l i t i e s f o r t a k i n g photographs. 

5 - 8 X-Ray D i f f r a c t i o n . 

X-Ray d i f f r a c t i o n i s a very powerful and v e r s a t i l e , technique f o r 
i d e n t i f y i n g s o l i d s and g i v i n g information about t h e i r s t r u c t u r e 
(119, 170). 

The s t r u c t u r e of a m a t e r i a l i s determined by the types of.atoms 
• présent and t h e i r arrangement. The d i f f r a c t i o n p a t t e r n produced 
when that m a t e r i a l i s bombarded w i t h a beam of X-rays i s unique. 
Thus the X-ray d i f f r a c t i o n patterns can be used t o f i n g e r p r i n t 
m a t e r i a l s . 

' X-ray d i f f r a c t i o n t e l l s us the compounds présent i n a sample. 
For example, i t i s p o s s i b l e t o d i s t i n g u i s h between the c o r r o s i o n 
products of i r o n , haematite ( - Fe.O.) which gives a very 
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d i f f e r e n t p a t t e r n from magnetite (Fe,0 ) 

The d e t a i l e d a n a l y s i s of a Powder Photograph using X-ray D i f f r a c 
t i o n i s given i n Appendix 5.2. 

Figures 5(9) and 5(10) show the X-ray. gênerator f o r powder photo
graph a n a l y s i s and X-ray d i f f r a c t o m e t e r r e s p e c t i v e l y . 

5.9.Measurement of Sulphur i n f u e l . 

The concentration of Sulphur i n the f u e l was determined by F l a s k 
Combustion method IP242/69T. In t h i s method, the sample absorbed 
on a p e l l e t wrapped i n a piece of f i l t e r paper, i s r a p i d l y and 1 

completely burnt i n a c l o s e d f l a s k f i l l e d w i t h oxygen a t atmos
pher i c pressure. The combustion products are absorbed i n a hydro
gen peroxide s o l u t i o n and the'amount of s u l p h u r i c a c i d formed i s 
determined by t i t r a t i o n w i t h standard barium perchlorate s o l u t i o n , 
using Thoron as an i n d i c a t o r . The assembly of the combustion 
f l a s k i s shown i n f i g u r e 5(11). 

The concentration of sulphur i s c a l c u l a t e d by means of the 
f o l l o w i n g equation: 

Sulphur, - 56 W = (V - ) x N x 1603 
w 

where V i s the volume of barium P e r c h l o r a t e - s o l u t i o n 
used f o r the sample t i t r a t i o n . 
i s the volume of barium perchlorate s o l u t i o n 
used f o r the blank t i t r a t i o n . 

N i s the normality of barium Perchlorate S o l u t i o n , 
i s the weight of sample i n m i l l i g r a m s . w 

5.10 Measurement of Sodium by Flame Photometer. 
A corning EEL- S c i e n t i f i c Instruments Flame photometer made by 
Evans Electroselenium L t d . Pat.No. 712700, Reg.No. DES 8 66150 
was used to measure sodium c o n c e n t r a t i o n i n o i l . 
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Figure 5(2) View of spécimen holder and three spécimens in 

position for corrosion rare measuremenr. 



Water out 

Water In, 
a d a p t e r 

5 

F l g . 5(3)> A s s * °* P r o b e a n d H o W e r f o r L o w Temperature Corrosion measurement (3 ) . 



F i g u r e 5(4) General arrangement of the expérimental r i g . 
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Figure 5 ( 5 ) . Front view of the CO, CO2 gas analyser 
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Figure 5(6). General arrangement of the CO, CO2 gas analyser. 

- 80 -



SI LIGA WOOL 
SAMPLE FILTER 

SAMPLE PROBE 
JOINT CLIP 

WASHBOTTLE 
HEAD 

WATER TRAP 

10DINE 
ABSORBER 

TUBE 

ISOPROPANOL 
RESERVOIR 

CONNECTOR 

RESERVOIR 
TRANSIT RING 

FLOW CONTROL 
NEEDLE VALVES 

PULSATION DAMPER 

DIAPHRAGM 
PUMP 

Figure 5(7). General view of the GallenKamp - CERL 
sulphur oxide analyser GAS.850.G. 
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b 

F i g u r e 5(9) a) X-Ray generator f o r powder photograph 
a n a l y s i s . 

b) One camera i n p o s i t i o n . 
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6.0-EXPERIMENTS; AND RESULTS - i n d e t a i l . 

6.1. A n a l y s i s of Fuels used. 

Test f u e l s used f o r the i n v e s t i g a t i o n contained the f o l l o w i n g 
i m p u r i t i e s : 

Sodium 0 - 60 ppm. 
Sulphur 0 - 6% 
Vanadium 0 - 300 ppm. 

I t i s recognised that i n p r a c t i c e crude o i l and r e s i d u a i f u e l 
o i l obtained from différent p a r t s of the world contains impur-
i t i e s of wide range and v a r i e t y . Table 2(3) shows t y p i c a l 
i m p u r i t i e s found i n f u e l used i n power s t a t i o n s . 

The experiments were c a r r i e d out by using Kerosene, D i e s e l B 
(received from S h e l l UK Ltd.) and Li g h t f u e l o i l (received from 
Esso Research Laboratory). The r e p o r t s f o r chemical a n a l y s i s 
and p h y s i c a l constants were given by the s u p p l i e r s and shown i n 
Table 6(1). For différent experiments sodium, sulphur and 
vanadium were added to the f u e l s ' t o make upto the requàred con
c e n t r a t i o n ; The samples were then analysed in' the chemistry 
laboratory to check the a c t u a l sodium and sulphur i n the t e s t 
f u e l s . 

. 6.1.1. Measurement of Sulphur i n f u e l . 
The sulphur concentration of Kerosene and D i e s e l B r e c e i v e d 
from the .supplier were analysed f o l l o w i n g the method des-
c r i b e d i n Sect i o n 5.9. Then Kncwn concentration of 
sulphur as carbon d l s u l p h i d e (CS^) was added and sulphur 
concentration measured. The r e s u l t s of thèse t e s t s are 
summarised i n t a b l e 6(2). 

6.1.2; Measurement of Sodium by Flame Photometer. 
Sodium was added i n the t e s t f u e l s as Nuosyn Sodium 
(received from Durham Chemicals Ltd.) which i s an o i l 

\ s o l u b l e compound c o n t a i n i n g 596 sodium as métal. The 
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a c t u a l sodium concentrations were analysed by EEL flame 
photometer with the help of Dr.J.R. Penney. In t h i s 
p a r t i c u l a r flame photo-meter, sodium concentrations of 
up t o 5 ppm could be detected. Therefore f u e l s w i t h 
higher sodium contents were d i l u t e d a c c o r d i n g l y . A 
Kriown volume of o i l sample was washed thoroughly w i t h an 
equal volume of d i s t i l l e d water. The extracted sodium-
water mixture was introduced i n the flame photometer and 
sodium concentration read o f f . The o i l sample was washed 
s e v e r a l times u n t i l no sodium was detected i n the e x t r a c 
ted water. The commulative r e s u l t s are shown i n t a b l e 
6C3). 

Measurement of combustion gas composition. 

Concentrations of 0^, CO, C0^ and SO^ i n the combustion gases 
were measured at sampling p o i n t a t différent a i r f l o w r a t e s . 
The f u e l flow r a t e was kept constant throughout the run. The 
r e s u l t s and opération c o n d i t i o n s are given i n Table 6(4). 

Sulphur t r i o x i d e was measured u s i n g Kerosene c o n t a i n i n g différent 
sulphur concentration and keeping a i l other combustion c o n d i t i o n s 
constant. The r e s u l t s are shown i n f i g u r e 6(1). The method of 
measuring sulphur t r i o x i d e was c a l i b r a t e d t o giv e an i n d i c a t i o n 
of sulphur t r i o x i d e j u s t by noting the time t o d e c o l o r i s e i o d i n e 
s o l u t i o n as shown i n f i g u r e 6(2). 

Temperature measurement. 

The temperature of the combustion gas at sampling points was 
measured by means of N i - C r / N i - A l thermocouples. This was 
checked and c a l i b r a t e d by a Suction Pyrometer. 

6.3.1. Rate of temperature r i s e of a Specimen. 
The r a t e of temperature r i s e of a mi l d s t e e l specimen was 
measured by d r i l l i n g a hole - i n the specimen and p u t t i n g 
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the thermocouple t i p i n s i d e i t and i n t r o d u c i n g the assembly 
i n hot combustion gas. Time and température r i s e was noted 
and shown i n f i g u r e 6(3). 

6.3.2. Thermal c y c l i n g and continuous exposure. 
An attempt was made to show the e f f e c t of thermal c y c l i n g 
of m i l d s t e e l spécimens. For t h i s experiment four spéci
mens were introduced i n hot combustion gas at 730° C f o r 
successive one hour exposures. Spécimen number one was 
exposed f o r one hour, spécimen number 2 f o r three hours, 
spécimen number 3 f o r s i x hours and spécimen number 4 f o r 
twenty hours. A i l the spécimens were observed mounted i n 
p l a s t i c , eut a se c t i o n , p o l i s h e d and photograph taken i n 
the électron microscope. F i g u r e .6(4) shows the métallo— 
graphie s e c t i o n of metal/scale i n t e r f a c e . 

6.4 Corrosion r a t e measurement. 

The major measurement was weight l o s s . The establishment of the 
c o r r o s i o n r a t e using simple weighing technique assumes th a t the 
métal l o s s has occured unif o r m l y . To minimise e r r o r i n o b t a i n i n g 
s i m i l a r surface f i n i s h a proper sample préparation technique was 
follo w e d as described i n s e c t i o n 5.1.2. A f t e r the exposure the 
coupons were c a r e f u l l y examined and a i l accumulated c o r r o s i o n 
products and f o u l i n g were removed by mechanically scrubbing, 
p o l i s h i n g i n f i n e emery papers and chemically by washing i n "" 
so l v e n t s . To minimise e r r o r due to l o s s of 'Sound métalor i n 
complète removal of c o r r o s i o n products the spécimens were weighed 
a number of times during progressive treatment i n the abrasive 
techniques and i n p i c k l i n g s o l u t i o n s . When the change i n the 
weight was a minimum and V i s u a l appearance seemed to be p e r f e c t , 
t h a t weight was taken i n t o considération. For example a t y p i c a l 
m i l d s t e e l spécimen weighed about 8 gms; a f t e r scrubbing the hard 
oxide l a y e r the weight l o s s was around 90 mg. F i r s t p o l i s h i n g 
took about 40 mg., second p o l i s h i n g took about 25 mg. and 5 
seconds i n p i c k l i n g s o l u t i o n took about 20 mg. Therefore, the 
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cummulative weight l o s s was about 175 mg. This of course, v a r i e d 
w i t h time of exposure and f u e l impurity contents. In the case 
of some mild s t e e l . specimens, small p i t s were observed and p o l 
i s h i n g and p i c k l i n g had to be stopped at a stage which depended 

upon the experience gained from previous experiments. For exam-
p l e p i c k l i n g times of 10 sec. to 60 secs. gave c l e a r evidence t h a t 
u n d e r l y i n g metal was being removed as w e l l . For N i c k e l a l l o y s 
scrubbing and p i c k l i n g were not necessary. J u s t p o l i s h i n g i n 

f i n e wet emery paper gave a weight l o s s of about 30 mg. and the 
surface f i n i s h appeared t o be f r e e of oxide without removal of 
u n d e r l y i n g metal. 

6.4.1. Personal accuracy i n weighing. . 
To determine the personal error/accuracy of weighing i n d i 
v i d u a i t e s t coupons, a number of s e l e c t e d specimens were 
weighed on a chemical balance up to f o u r decimai f i g u r e s . 
The samples were put i n the combustion apparatus and only 
c o l d a i r was passed through. A f t e r a few minutes the 
specimens were weighed again. The r e s u l t s are shown i n 
t a b l e 6(5) and f i g u r e 6(5). T h e o r e t i c a l l y there should 
not be any change i n weight. The change observed i s con-
sidered to be the personal e r r o r i n weighing i n the par-
t i c u l a r chemical balance. 

6.4.2. R e l a t i o n of c o r r o s i o n r a t e to thickness of specimen. 
Although i t i s mentioned" e a r l i e r t h a t the specimens were 
20 mm diameter and 4 mm t h i c k d i s c s , i n p r a c t i c e , w h i l e 
preparing the specimens, a l i of them could not be made 
e x a c t l y of same t h i c k n e s s . Therefore, i t was considered 
t h a t the dependence on c o r r o s i o n r a t e on the t h i c k n e s s of 
specimen should be measured. Specimens of four d i f f e r e n t 
thicknesses were introduced i n the combustion gas and 
c o r r o s i o n r a t e measured. The r e s u l t s are p l o t t e d and 
shown i n f i g u r e 6(6). From the r e s u l t s i t appeared t h a t 
there i s no s i g n i f i c a n t d i f f e r e n c e i n c o r r o s i o n r a t e due 
t o small change i n t h i c k n e s s . 
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6-4-3. Dépendance of Corrosion r a t e along tube diameter. 
The specimen holder f o r high temperature c o r r o s i o n meas
urement could take f o u r coupons at one time as shown i n 
f i g u r e 5(2). M i l d s t e e l specimens were placed i n each 
s l o t of the holder and c o r r o s i o n r a t e measured t o see the 
e f f e c t of p o s i t i o n along the pipe diameter. The r e s u l t s 
are shown i n f i g u r e 6(7). 

6.4.4. R e l a t i o n of c o r r o s i o n r a t e t o time of exposure. 
M i l d s t e e l specimens were exposed i n combustion gases and 

• c o r r o s i o n r a t e was measured at one hour i n t e r v a i s up t o 
s i x hours. The r e s u l t s are shown i n f i g u r e 6(8). I t can 
be seen that a f t e r about two hours the r a t e of i n c r e a s e of 
c o r r o s i o n r a t e decreases. Therefore, i t was considered 
that f o r m i l d s t e e l three hours exposure time would be 
s u f f i c i e n t t o get appréciable amount of deposits. 

6.4-5- Corrosion r a t e at différent excess oxygen-
.Corrosion r a t e of m i l d s t e e l were measured at différent 
excess oxygen. concentration of combustion gases- The 
r e s u l t s are shown i n f i g u r e 6(9). 

.5 Measurement of c o r r o s i o n r a t e of m i l d s t e e l using Kerosene at 
différent concentrations of Sulphur, Sodium and Vanadium over 
three hours exposure time. 

M i l d s t e e l specimens were exposed f o r 3 hours i n combustion gases 
. produced by burning Kerosene and c o r r o s i o n r a t e s were measured. 
To the Kerosene, sulphur as carbon d i s u l p h i d e was added to make 
sulphur concentrations of 1, 2, 3, 4 and 5 per-cent. Corrosion 
r a t e s were measured f o r each concentration. Vanadium as Nuodex 
Vanadium (received from Durham Chemicals Ltd) was added to each 
of the above concentrations t o make vanadium concentrations of 
50, 100, 150, 200, 250 and 300 ppm and c o r r o s i o n rates were meas
ured. Sodium as Nuosyn Sodium (received from Durham Chemicals 
Ltd) was added to each of the above s o l u t i o n s to make sodium 
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concentrations of 20, 40 and 60 ppm and c o r r o s i o n - r a t e of m i l d 
s t e e l were measured. The r e s u l t s are shown i n f i g u r e s 6(10),6(11), 
6(12), 6(13), 6(14) and 6(15). 

6.6 Computer programme to p r e d i c t c o r r o s i o n r a t e at any concentration 
of sulphur, sodium and vanadium w i t h i n the range under the defined 
c o n d i t i o n s . 

A computer programme i s w r i t t e n based on the r e s u l t s obtained from 
s e c t i o n 6.5.0, assuming t h a t a i l the combustion c o n d i t i o n s remain 
constant and the c o r r o s i o n r a t e due to a d d i t i o n of i m p u r i t i e s 
f o l l o w s the p a t t e r n obtained by the'expérimental r e s u l t s . The 
programme i s w r i t t e n i n b a s i c c o n v e r s a t i o n a l language. Corrosion 

r a t e by combustion gases produced by burning f u e l c o n t a i n i n g any 
combination of sodium up to 60 ppm, sulphur up to 5% and Vanadium 
up to 300 ppm would be pr e d i c t e d . On running the programme the 
computer w i l l ask the question - "what i s the concentration of 
Sulphur, Sodium and Vanadium"? On feeding the inf o r m a t i o n , the 
computer gives the c o r r o s i o n .rate f o r those p a r t i c u l a r c o n d i t i o n s . 
I f the data supplied are out of range the computer w i l l p r i n t 
which concentration i s not v a l i d . The example i s shown at the 
end of the programme. The programme i s shown i n Appendix 6(1). 

6.6.1. Prédiction of c o r r o s i o n r a t e s and actual/expérimental 
• c o r r o s i o n r a t e s w i t h L i g h t f u e l o i l . 

The a n a l y s i s of l i g h t f u e l o i l "is given i n t a b l e 6(1). 
The concentration of sulphur i s 3.2%, sodium 10.5 ppm and 
vanadium 100 ppm. Thèse f i g u r e s were fed t o the computer 
to g i v e a c o r r o s i o n r a t e at the spécifie c o n d i t i o n s . The 

2 
co r r o s i o n r a t e as given by the computer i s 12.6 mg/cm /h 
(Appendix 6(1), page 2 2 6 ) . To the l i g h t f u e l o i l 1% 
sulphur, 10 ppm sodium and 100 ppm vanadium were added t o 
make f i n a l concentrion of 4.2% sulphur-, 20.5 ppm sodium 
and 200 ppm vanadium. Thèse f i g u r e s were a l s o f ed t o the 
computer and the c o r r o s i o n r a t e was shown t o be 14.58 
mg/cm /h. (Thèse p r e d i c t e d r e s u l t s are of course f o r m i l d 
s t e e l o n l y ) . 
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The a c t u a l c o r r o s i o n r a t e was measured f o r both of the 
l i g h t f u e l o i l s described above- The r e s u l t s are shown 
below. 

F u e l I m p u r i t i e s présent Corrosion r a t e mg/cm /h 
S N 'V M i l d s t e e l *SS347 *N105 *IN657 

L i g h t 
f u e l o i l 

1 3.2 10.5 10.0 15.0 1.0- 0.6 1.5 

Li g h t 
f u e l o i l 

2 4.2 • 20.5- 2 o . a . - 17.. 5 - - - 1.1 0.7 2.0 

These samples were i n c l u d e d only t o complète the spaces 
i n the spécimen holders. They are of gênerai i n t e r e s t . 

6.7 Measurement of c o r r o s i o n r a t e u s i n g D i e s e l B. . 

For t h i s set of experiments D i e s e l B was used w i t h différent com-
b i n a t i o n s o f sulphur, sodium and-vanadium concentrations and 
c o r r o s i o n r a t e s were measured over three hours-exposure time. 
Figures 6(16), 6(17) and 6(18) compares the r e s u l t s of c o r r o s i o n 
r a t e o b t a i n e d b y using Kérosène and D i e s e l B at différent concen
t r a t i o n s of sulphur, sodium.and vanadium. Along with m i l d s t e e l , 
c o r r o s i o n r a t e of s t a i n l e s s s t e e l . t y p e 347, Nimonic N90 and N105 . 
were a l s o measured f o r some sodium, sulphur and vanadium combin-
a t i o n s i n D i e s e l B. Figures 6(19), 6(20) and 6(21) compare the 
r e s u l t s of différent a l l o y s at différent sulphur, sodium and 
vanadium concentrations. Figures 6(23) and 6(25) show the com-
par i s o n of c o r r o s i o n r a t e s of différent a l l o y s at 5% sulphur w i t h 
v a r y i n g sodium and vanadium concentrations and_figure 6(27) 
compares the r e s u l t s at 25 ppm vanadium w i t h v a r y i n g vanadium con
c e n t r a t i o n s . Figures 6(22), 6(24) and 6(26) show the c o r r o s i o n 

r a t e of m i l d s t e e l a t différent vanadium concentrations with 
i n c r e a s i n g sulphur and sodium concentrations. 
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6.8- Corrosion r a t e of différent m a t e r i a l s a f t e r exposlnq f o r 20 
hours i n combustion qases by u s i n g Kérosène w i t h différent 
concentrations of Sodium, Sulphur and Vanadium. 

I t was considered t o expose N i c k e l a l l o y s f o r a longer p e r i o d t o 
o b t a i n a reasonable amount of dep o s i t . For comparison m i l d s t e e l 
spécimens were a l s o used.' E i g h t spécimens, two each of mi l d 
s t e e l , s t a i n l e s s s t e e l type 347,N105 and IN657 were exposed 
i n the combustion gases produced by using Kérosène. The samples 
were exposed f o r two 7 hour and one 6 hour pe r i o d , raaking the 

t o t a l exposure time t o be 20 hours. In between the exposures the 
samples were c a r e f u l l y taken eut of the combustion chamber and 
kept i n the d e s s i c a t o r . C o r r o s i o n r a t e was measured using one 
set o f the spécimens and the second set was stored i n the 
de s s i c a t o r f o r X-ray a n a l y s i s . . The experiment was repeated f o r 
différent combinations of sulphur, ëjdium and vanadium concen
t r a t i o n s s e l e c t e d by us i n g the t r i a n g u l a r diagram- The compo
s i t i o n and r e s u l t s are shown i n Table 6(6). 

6-9. Corrosion r a t e s u s i n g a d d i t i v e s . 

One iron-based a d d i t i v e (ferrocene) was added with D i e s e l 8 to • 
see the e f f e c t on c o r r o s i o n r a t e of m i l d s t e e l . The r e s u l t s are 
shown i n f i g u r e 6(28). 

Econsol D was added t o Kérosène w i t h 6 percent sulphur and 300 ppm 
vanadium t o see the e f f e c t on c o r r o s i o n r a t e of mi l d s t e e l . The 
r e s u i t i s shown i n f i g u r e 6(29). 

The c o r r o s i o n e f f e c t of e m u l s i f i c a t i o n of o i l w i t h small amount 
of water was b r i e f l y i n v e s t i g a t e d . Water was added t o Kérosène 
and D i e s e l B and c o r r o s i o n r a t e of mi l d s t e e l was measured. The 
r e s u l t s are shown i n f i g u r e 6.(30). 
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6 • 1 0 . M e t a l l u r g i c a l . 

The composition of the m a t e r i a l s t e s t e d are shown i n Table 6 ( 7 ) . 
V i c k e r s Hardness Numbers (VHN) were measured before and a f t e r 
exposure i n hot combustion gas. The r e s u l t s are shown i n t a b l e 

. 6 ( 8 ) . S e l e c t e d spécimens reserved from c o r r o s i o n experiments 
were mounted i n p l a s t i c , a s e c t i o n was eut, p o l i s h e d properly 
i n up to one micron diamond wheels, etched and photograph taken 
i n e l e c t r o n microscope. The metallographs of a i l the m a t e r i a l s 
before and a f t e r exposure i n hot gas are shwon i n f i g u r e s 6(31), 
6(32), 6(33), 6(34), 6(35) and 6(36). 

6 . 1 1 . I d e n t i f i c a t i o n of oxide l a y e r s by X-Ray d i f f r a c t i o n . 

X-ray a n a l y s i s of the oxide l a y e r s were c a r r i e d out i n the London 
Research S t a t i o n of the B r i t i s h Gas Corporation. Samples from 
s e l e c t e d experiments were taken t o the London' Research S t a t i o n 
and analysed by X-rays i n two batches and r e s u l t s i n t e r p r e t e d . 
F i r s t l y a i l m i l d s t e e l spécimens exposed f o r 3 hours using 
D i e s e l B w i t h différent concentrations of s u l p h u r , sodium and 
vanadium were taken f o r a n a l y s i s . In the second batch s t e e l s 
and a l l o y s . exposed f o r 20 hours u s i n g Kerosene w i t h différent 
concentrations of sulphur, sodium and vanadium were analysed. 
I n the case of m i l d s t e e l - spécimens outside l a y e r s were scraped 
o f f and analysed by Debye-Scherrer powder photograph method. 
The i n s i d e l a y e r was analysed'by p u t t i n g the whole sample i n . the 
di f f r a c t o m e t e r and the r e s u l t s i n t e r p r e t e d from the tr a c e s . 
Appendix 5(2) gives the d e t a i l e d method of X-ray a n a l y s i s by 
powder photograph. The experiment number, expérimental c o n d i t i o n s 
samples, method of X-ray a n a l y s i s and r e s u l t s are shown i n Tables 
6(9) and 6(10). 

The Powder photographs of the v a r i o u s samples are shown i n 
f i g u r e s 6(37), 6(38), 6(39), 6(40), 6(41) and 6(42). 

The d i f f r a c t o m e t e r t r a c e s are shown i n f i g u r e s 6(43), 6(44), 6(45), 
6(46), 6(47), 6(48), 6(49), 6(50), 6(51), 6(52), 6(53), 6(54), 
6(55) and 6(56). 
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6„ 12«Ignition Delay experiments. 

The i g n i t i o n delay experiments were c a r r i e d out i n three s e c t i o n s : 
1) To see i f the f u e l s used f o r c o r r o s i o n experiments had 

the s i m i l a r i g n i t i o n delay property a f t e r the a d d i t i o n of 
the i m p u r i t i e s and a d d i t i v e s . 

2) To check t h e i g n i t i o n delay of hydrocarbons as an a d d i t i v e 
w i t h Kerosene. 

3) To see the r e l a t i o n s h i p between i g n i t i o n delay and f o r 
mation o f sulphur t r i o x i d e . 

For the f i r s t s e c t i o n the i g n i t i o n delay of Kerosene alone and 
Kerosene w i t h différent concentrations of sulphur, sodium, 

vanadium, and ferrocene were measured up to 750°.C. The r e s u l t s 
are shown i n Table 6(11) and p l o t t e d i n f i g u r e s 6(57), 6(58), 6(59) 
and 6(60). 

For the second s e c t i o n the i g n i t i o n delay of hydrocarbons; 
cyclohexané, n-Hexane, n-pentane and benzène were measured and 
compared w i t h Kerosene i n f i g u r e 6(61). Then 20% of the hydro
carbons were mixed with Kerosene separately and i g n i t i o n delay 
measured. The r e s u l t s are compared separately i n f i g u r e s 6(62), 
6(63), 6(64) and 6(65). A i l the i g n i t i o n delay r e s u l t s of the 
hydrocarbons and Kerosene - hydrocarbon mixtures are shown i n 
Table 6(12). Table 6(13) shows the p r o p e r t i e s of différent f u e l s 
used f o r i g n i t i o n delay. F i g u r e 6(66) shows the v a r i a t i o n of 
i g n i t i o n delay of hydrocarbons w i t h time i n a l o g - l i n e a r graph. 

For the t h i r d s e c t i o n the concentrations of sulphur t r i o x i d e i n 
the combustion gases produced by burning the différent Kerosene-
hydrocarbon mixtures were measured. The r e s u l t s are shown i n 
Table 6(14). 
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Table : 6 ( 1 ) 

ANALYSIS OF OIL ÜSED IN EXPERIMENTS. (Data given by Suppl ier). 

KEROSENE DIESEL B LIGHT FUEL 
OIL 

V iscos i ty , Kinematic 2 8 sec. 3 3 sec. . 2 2 0 sec. 

Sulphur Content. % 0 . 2 % 1 . 0 3 . 2 

Water Content % vo l . - 0 . 0 2 0 . 5 0 

Sediment. %. - 0 . 0 1 0 . 1 0 

Ash %. - 0 . 0 1 m i n m . 0 , 0 5 

Cetane Number - 3 5 minimum -

Smoke Pt . 2 5 mm,m in m • - -

Gross calor i f ic value. 

M j / I ' 3 6 . 7 3 3 . 4 4 0 . 1 

M j / K g - 4 6 . 5 4 3 . 3 

Pour Point. ° C . - . - -

Flash Point ° C . 3 8 minimum 6 6 close 

1 5 0 open 

6 6 minimum 

Density at 1 5 ° C Kg/1 0 . 8 2 0 0 . 8 2 5 0 . 9 6 

Char value mg/Kg 1 5 - -

Boilïng Point ° C - 3 0 0 - -

D i s t i l l a t i o n ® 2 0 0 ° C 1 5 % m i n m . - -

Vanadium, ppm. - 3 9 ppm. 1 0 0 ppm-. 

Sodium. - - 1 0 . 5 ppm. 
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TABLE 6 ( 2 ) MEASUREMENT OF SULPHUR IN FUEL. 

Sample, f u e l s (V-v) X N X 1603 
. S-% .= — • ^ : . - : j ; . . . 

W 

Average S% 

Kerosene 0.14 
0.15 
O.10 • • 

0.13 

D i e s e l B 1.1 
0.9 
1.6 

1.2 

Kerosene + 1%S 1.2 
0.9 
1.1 1.1 

Kerosene + 2%S 1.9 
2.2 
2.2 

2.06 

Kerosene + 3%S 3.3 
2.9 

. . 3 . 1 
3.1. 

Kerosene + 3%S 

Kerosene + 4%S 3.9 
4.1 
4.2 

4.05 

Kerosene + 5% S 5.1 
4.9 

.... 5 1 
5.03 

Kerosene + 5% S 

Kerosene + 6% S 6.0 
5.9 
6.1 

6.0 

-~"Diesel"B + 5%S~ ' ' 6~ 5 
6.1 
6.3 

6.3 
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TABLE 6 C 3 ) MEASUREMENT OF SODIUM BY FLAME PHOTOMETER. 

Sample Photometer Concentration Average 
Readings. of Na, ppm. Na, Conen. 

5+1+2+0 1 
Kérosène 6+1+1+1 1 1 

4+2+1+1 1 

10+5+3+2 1 ppm-
D i e s e l B '12+2+2+1 1 1 ppm 

15+3+1+1 1 ppm; 

50+25+20+1 ; 5 ppm; 
Kérosène + 5ppm 

Na. 45+20+10+1 4 ppm 4.5 ppm 
45+25+15+3 ; 4.5 ppm 

55+25+10+5 ' 4.5 X 2 
Kérosène + lOppm 50+20+5+5 4 X 2 9 ; 
Na Cdiluted to:5) 55+20+10+10 ; 5 X 2 ; 

45+20+20+5 ; 4.5. X 4 
Kérosène + 20ppm • 60+75+15+5 ' 5 X 4 : 19 

' Na Cdiluted tb 5)" 55+25+10+10 : 5 X '4 ' : 

45+25+10+5 ; 4.5 X 6 : 

• Kérosène + 30ppm 55+25+10+5 : 5 X 6 28 - ; 
NA ( d i l u t e d to 5) 50+25+10+5 ; 4.5 X 6 -

45+25+5+5 4.5 X 8 •' 
Kérosène + 40ppm 45+20+10+10 ; 4.5 X 8 • 38 
Na ( d i l u t e d to 5) 50+15+10+10 ; 4.5 X 8 

50+20+10+7 • • 4.5 X 10 ; 

Kérosène + 50ppm 55+20+10+5 ; 4.5 X 10 ' 47 
Na Cdiluted t o 5) 60+15*10+10 : 5 X 10 

45+20+20+5 ' 4.5 X 12 ' 
Kérosène + 60ppm 55+22+11+7 ; 5.0 X 12 57 
Na Cdiluted -to 5). • 50+20+15+5 4.5 V 12. • . -. Na Cdiluted -to 5). • 12. • . -. 
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TABLE 6(4) COMBUSTION GAS ANALYSIS. 
( Fuel : Kerosene + % sulphur ) 

Manometer 
pressure 
d i f f . i n c h 

Secondary 
A i r r a t e , 

, l i t r e s / m i n 

Average Averagre 
c o 2 , % 

Average 
CO , % 

Average 
SO^ , ppm. 

2 33.0 - - - -

4 3^.5 1.0 13.8 O.CO 13 

6 36.0 - - - -

8 38.5 3* 11.9 0.01 . ^3 

10 40 .0 - - - -

12 43.5 4.4 • 11.2 0.02 ^9 

14 44.0 - - - -

16 [ 45 .0 5.5 10.0 C.02 45 

18 46 .5 - - - -

20 49.0 6.8 9.6 0.00 28 
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1 0 

9 0 

8 0 , 

7 0 . 

2 0 4 0 6 0 8 0 . 1 0 0 1 2 0 

Time taken to decolo-r ise Iodine Solut ion, min . 

Figure 6 ( 2 ) . Relation of concentration of sulphur trioxide to time to 
decolo-rise iodine so lut ion. 

- 103 -



20 40 60 .80 . 100 120 
Time, seconds. 

Figure 6 ( 3 ) The r a t e of temperature r i s e of the metal 
specimens on i n t r o d u c i n g i n t o hot combustion 
gas at 730° C. 
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F i g 6(4) . Metallographic s e c t i o n through metal/ scaie Interface 
of a i i l d s t e e l at 730°C (' unetched x 400) 
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TABLE 6 ( 5 ) ' PERSONAL ACCURACYOF WEIGHTJJG IN CHEMICAL BALANCE-

SAMPLE . • • INITIAL. .WEIGHTS. . . . FINAL WEIGHT s . . . DIFFERENCI 

MILD STEEL 7.7010 
7.7015 

7.7013 
7.7011 

.0003 

.0004 

STAINLESS 
STEEL 
TYPE 347 

8.2110. 
8.2103 

8.2105 
8.2100 

.0005 

.0003 

N90 9.6355 
9.6450 

9.6350 
9.6454 

.0005 

.0004 

N105 10.5830 
10.5755 

10-5836 
10.5760 

.0006 

.0005 

IN657 12.8775 
12.7811 

12.8770 
12.7808 

.0005 

. 0 0 0 3 : 
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0.0020T 

0.0018h 

0.0016 

0.00141» 

0.0012 

• 0.0010h 

0.0008L 

0.0006Î» 

0.0004k 

0.0002 

0.0000 

Figure 6 ( 5 ) 
Sample numbers. 

Personal Accuracy of Weighing Samples on a 
chemical Balance. 
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20 

Fuel : Kerosene 
Temp. : .730° C. 
Excess 0 2 : 4.5% 
Specimen : m i l d s t e e l . 

2 . 
I r 

2 3 4 * 5 6 
Thickness of the metal specimens, mm. 

R e l a t i o n of Corrosion r a t e t o the thickness of 
the metal specimens. 

Figure 6 ( 6 ) 
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2L 

Fuel : Kerosene. 
Temp. : 730° C. 
Excess : 4.5%. 
Specimen : M i l d s t e e l . 

1 2 3 4 
Sample numbers along tube diameter. 

Figure 6 ( 7 ) R e l a t i o n of c o r r o s i o n r a t e t o sample p o s i t i o n along 
tube diameter. 
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Fuel : Kerosene 
Temp. : 730° C 
Excess 0 2 : 4-5# 

Specimen : Mild Steel. 

1 2 3 4 . 5 

Time, hour. 

Figure ,6 ( 8) Relation of corrosion rate to time 
of exposure. 
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20 

18 

16 

14 

12 

10 

Fuel : Kerosene + 5% Sulphur. 
Specimen : M i l d s t e e l . 

3 4 
Excess Oxygen, %. 

• 5 

Figure 6 ( 9 ) R e l a t i o n of c o r r o s i o n r a t e to excess 
oxygen. Concentration of combustion gases. 
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50 100 150 200 . 250 300 
Fuel Vanadium Concentration, ppm. 

Figure 6 (10")Relation of Corrosion r a t e of m i l d s t e e l to f u e l 
vanadium concentration at d i f f e r e n t concentrations 
of sodium w i t h no sulphur added. 
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CM 

E 
01 +J flj 
U 
C O •H w o 
Li 

u 

60 

40 

20 

Na 

100 150 200 250 300 
Fuel Vanadium concentration, ppm. 

Figure 6 (11) R e l a t i o n of c o r r o s i o n r a t e of m i l d s t e e l t o f u e l 
v anadium concentration at différent concentrations 
of sodium with 1% sulphur added. 
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2 . 

Fuel 
Temp. 
Excess 0, 

A ' 

Kérosène. 
730° C. 
4.5%. 

No sodium added. 
20ppm Sodium added, 
40ppm Sodium added. 
60ppm Sodium added. 

50 100 150 200 250 300 
Fuel Vanadium Concentration, ppm. 

Figu r e 6 (12 } R e l a t i o n of Corrosion r a t e o f - m i l d s t e e l to f u e l 
vanadium concentration at différent concentrations 
of sodium with 2% sulphur added. 
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20 

18 

16 

14 

12 

C o •H w o 
u 

u 

10 

Fuel 
Temp. 
Excèss O-

• 

• 

Kérosène. 
730° C. 
4.5%. ' 

No Sodium added. 
20ppm Sodium added. 
40ppm Sodium added. 
60ppm Sodium added. 

50 100 150 200 250 300 

Fuel Vanadium Concentration, ppm. 
Figure 6 (13) R e l a t i o n of c o r r o s i o n r a t e of mi l d s t e e l t o f u e l 

vanadium Concentration at différent concentrations 
of sodium with 3% sulphur added. 
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20 

18 

16 

14 

12 

. 10 

A . 

Fuel 
Temp. 
Excess 0, 

• 
• 

Kérosène. 
730° C. 
4.5%. 

No Sodium added. 
20ppm Sodium added. 
40ppm Sodium added. 
60ppm Sodium added. 

50 100 150 200 250 300 
Fuel Vanadium Concentration, ppm. 

Figure 6 (14) R e l a t i o n of Corrosion r a t e of mi l d s t e e l t o f u e l 
vanadium co n c e n t r a t i o n at différent concentrations 
of sodium w i t h 4% sulphur added. 
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Fuel : Kérosène. 

Temp. : 730° C. 

Excess 0 2 : 4.5%. 

A No Sodium added. 

• 20 ppm Sodium added. 

• 40 ppm Sodium added. 

A 60 ppm Sodium added. 

50 100 150 200 250 300 
Fuel Vanadium Concentration, ppm. 

gure 6 (15) R e l a t i o n of c o r r o s i o n r a t e of mi l d s t e e l t o f u e l 
vanadium concentration at différent concentrations 
of sodium w i t h 5% sulphur added. 
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2 0 . 

1 8 . 

16 

14 

12 

1 0 

Fuel 

Temp. 

Excess 0 3 

Diesel B 

Kérosène 

7300 C 

4 . 5 % 

5 10 15 20 25 
Fuel Sodium Concentration, ppm. 

F i g . s f 1 ^ ) Relation of corrosion rate of miId steel to f u e l sodium 
concentration. 

- 118 -



2 0 

1 8 

16 

1 4 

Fuel : J : Diesel B 

A : Kerosene 

Temp : 7 3 0 ° C 

Excess 0 a : 4 . 5 % 

1 2 3 4 . 5 i 

Fuel sulphur concentration, %. 

F i g . 6 ; ( * 7 ) . Relation of corrosion rate of mild steel to fuel sulphur 
concentration. 
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29 Fuel 

Excess O a : 

Temp. 

Diesel B 

Kerosene 

4 . 5 % 

7 3 0 ° C 

50 1 0 0 1 5 0 2 0 0 2 5 0 

Fuel Vanadium Concentration, ppm. 

F i g . 6 ( i a ) . Relation of corrosion rate of mild steel to fuel vanadium 
concentration . 
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2 0 

1 8 

16 

1 4 

12 

1 0 

8 

1 2 3 4 

Fuel Sulphur Concentration, % 

F i g . 6 ( 2 0 ) . Relation of Corrosion rate of various metals to fuel Sulphur 
Concentration. 
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Fuel 

Temp. 

Excess 0 
a 

• I 
T 
0 

Diesel B 

73 Oo C 

4 . 5 % 

Mi Id steel 

SS 3 4 7 

N 9 0 

N 1 0 5 

10 15 20 25 

Fuel Sodium Concentration,ppm. 

F i g . 6(19). Relation of Corrosion rate of various metal to fuel sodium concentration. 
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Fuel : Diesel B 
2 0 Temp. :• 7 3 0 ° C 

Excess 0 2 : 4 . 5 % 

1 8 
1 : 

• 
Mild Steel 

• SS 3 4 7 

0 N90 

16 • N 1 0 5 

1 4 ' 

. 12 . 

5 0 1 0 0 1 5 0 2 0 0 2 5 0 

Fuel Vanadium Concentration, ppm. 

F ig . 6 ( 2 1 ) . Relation of Corrosion rate of various metals to fuel vanadium 
Concentration. 
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5 10 15 20 
Fuel Sodium concentration, ppm. 

Fîg.6 (2 2). Relation of corrosion rate of mild steel to fuel sodium concentration 
at différent concentration of sulphur présent. 
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2 0 . 

1 8 , 

Fuel : Diese! B 

Temp. : 7 3 0 ° C 

1 0 Excess 0 a : 

1 

4 . 5 % 

Mild steel 

8 
T SS 3 4 7 

8 0 N90 

• N 1 0 5 

ó 

5 10 15 20 25 
Fuel Sodium concentration. 

F ig . 6(23) Relation of Corrosion rate of different metal to fuel sodium 
concentration in presence of 5% sulphur. 
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2 0 

Fuel : Diesel B 

Temp. : 7 3 0 ° C 

Excess 0 s : 4 . 5 % 

| : 1 % sulphur 

0 : 2% sulphur 

• : 3% sulphur 

A : 57" sulphur 

5 0 1 0 0 1 5 0 2 0 0 2 5 0 

Fuel Vanadium Concentration, ppm. 

F i g . e (24 ) Relation of Corrosion rate of mild steel to fuel Vanadium 
Concentration in presence of sulphur. 
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2 0 

E 

1 8 

16 

14 

12 

€ 10 
c o 
"In o 
k . 

O 8 

Fuel : Diesel B 

Temp. : 7 3 0 ° C 

Excess 0 a : 4 . 5 % 
A : Mi ld steel 

v • SS 3 4 7 

0 • N90 • N 1 0 5 

5 0 1 0 0 1 5 0 2 0 0 2 5 0 

Fuel Vanadium concentration, ppm. 

F ig . 6 (25) Relation of corrosion rate of different metal to fuel vanadium 
Concentration in presence of 5% sulphur. 
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2 0 • 

1 8 

16 . 

2 

5 0 1 0 0 1 5 0 2 0 0 2 5 0 

Fuel Vanadium concentration, ppm. 

F i g . 6 ( 2 6 ) Relation of Corrosion rate of mild steel to fuel vanadium 
concentration in Presence of sodium. 
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2 0 

Fuel 

Temp. 

Excess 0. 

• 

T 

0 

Diesel B 

7 3 0 ° C 

4 . 5 % • 

Mild steel 

SS 3 4 7 

N90 

N 1 0 5 

5 0 1 0 0 1 5 0 2 0 0 2 5 0 

Fuel Vanadium con centrat ion, ppm. 

F i g .6(27) Relation of Corrosion rate of different metal to fuel Vanadium 
Concentration in presence of25Ppm sodium. 
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E • * * * - 1 

. 0 1 . 0 5 . 1 . 1 5 . . 2 
Concentration of Ferrocene, °/° 

Figure 6 (28). Relation of Corrosion rate of mild steel to fuel additive 
concentration. 
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„r 20 

18 

16 
Fuel : Kerosene + 6% Sulphur + 

300 ppm Vanadium. 
Temp.: 730° C. 

14 I*. Excess 0 2 : 4.5%. 
Time : 20 hours. 

12 . 

10 
1 2 3 4 • . 5 6 

Econsol D, %. 

Figure 6 ( 2 9 ) R e l a t i o n of c o r r o s i o n r a t e of mi l d s t e e l t o f u e l 
a d d i t i v e (Econsol D) concentration. 
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2 0 

1 8 

16 

1 4 

12 

10 

8 

Fuel : 

Temp. : 

Excess 0 a : 

Diesel B 

Kérosène 

730O C 

4 . 5 % 

2 5 5 10 1 5 2 0 

Emulsifïable waters in fuel , ppm. 

F i g . 6(30) Relation of Corrosion rate of mild steel to emulsification of oil 
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TABLE 6 (6) CORROSION RATE OF DIFFERENT ALLO Y S AFTER EXPOSING IN 
' COMBUSTION GASES FOR 2 0 HOURS USING KEROSENE. 

Explanatory diagram 
of sélection of 0 , 6 0 6 0 , 0 

concentrations. 

1 . 5 0 / \ 5 0 , 5 0 

2,40 / 40 , 100 

— -3 . 3 0 - 7 \ 3 0 , 1 5 0 

4 , 2 0 \ 2C , 2 0 0 

5 . 1 0 / V 1 0 , 2 5 0 

6 , 0 / 0 , 3 0 0 

S 6 
0 

5 4 
5 0 îoo 

3 2 
1 5 0 2 0 0 

1 
2 5 0 

Ò 
3 0 0 

V 

Impurities added, ppm Corrosion rate , ms/cm̂ /h 
Na S V Mild 

Steel 
SS 
3 ^ 7 

N 1 0 5 I N 6 5 7 

0 0 0 4 .5 1 . 5 0.8 1 . 1 

6 0 0 0 1 1 . 0 1 . 8 0 . 9 2 . 5 

0 6 0 1 3 . 0 2 . 0 0 . 9 2.8 
0 0 3 0 0 1 1 . 0 2 . 1 . 0 . 9 2 . 9 

6 0 6 0 18.5 2 . 5 1 . 2 3 - 0 

0 6 3 0 0 2 0 . 5 2 . 5 . 1 .1 3 . 5 

6 0 0 3 0 0 1 5 . 5 2.4 1 . 2 2 . 6 

6 0 6 , 3 0 0 24.C 3 . 0 1 . 5 4 . 0 
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TABLE 6 ( 7 ) COMPOSITION OF ALLOYS TESTED 

M i l d S.S. . Nimonic Nimonic . 
Steel 1. • 3-47.:--• • 9 0 1 0 5 

c 0 . 0 6 5 0 . 0 4 5 0 . 0 8 5 0 . 1 3 [ 0 . 1 0 

S i 0 . 0 1 2 0 . 5 7 0 . 0 5 ' 0 . 2 1 ; 0 . 5 0 

Mn 0 . 3 1 8 1 . 6 0 0 . 0 8 0 . 0 6 ; 0 . 3 0 

C t 0 . 0 4 4 1 7 . 6 8 1 9 . 4 0 1 4 . 9 0 ; 4 8 . 0 0 

N i * 0 . 0 3 2 9 . 1 5 5 9 . 3 2 5 2 . 2 9 \ B a l . 
Mo 0 . 0 1 7 - - 5 . 0 -

' S 0 . 0 4 4 0 . 0 0 3 0 . 0 0 3 0 . 0 0 4 ; -
P 0 . 0 0 8 0 . 0 3 2 - - -
T i ; 0 . 0 1 3 - 2 . 4 0 1 . 3 0 \ 

Nb ; 0 . 0 1 8 0 . 7 7 - - 4 . 1 0 

Cu ; 0 . 0 9 2 - 0 . 0 5 0 . 0 6 : 

Fe ; B a l . • 7 0 . 1 5 0 . 9 3 0 . 5 8 : 1 . 0 0 

a i : 0 . 0 3 9 - 1 . 4 3 4 . 6 3 ; -
co : - - 1 6 . 0 0 1 9 . 8 -
Zr : 0 . 0 0 5 - 0 . 0 5 5 0 . 0 9 5 :' -
Pb ppm - - 1 . 9 0 . 8 -
Mg : - - - -
B ppm - - 4 0 51 : -
B i ppm - - 0 . 1 . 1 -
Ag ppm - • - 0 . 2 0 . 1 -

V 0 . 0 0 5 _ _ 

Sn ; 0 . 0 0 - 7 — - * - -
Tungs
ten' 0 . 0 2 5 _ ; 

N i t r e -
gen. - - - - 0 . 1 6 
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TABLE 6 ( 8 ) MEASUREMENT OF VHN (Vickers Hardness Numbers) 
OF MATERIALS USED BEFORE AND AFTER EXPOSURESIN 
HOT COMBUSTION GASES (By V i c k e r s Pyramid Hardness 
t e s t i n g machine load 20 K i l o s . ) . 

MATERIALS 
VHN VHN 

*e *e 

M i l d S t e e l 220, 208 Ì 
210, 218 V 21 

211, 214 J 

3 
121, 119") 
118, 127 V 12 2 

122, 1267 

S t a i n l e s s Stee 
Type 347. 

1 187, 201 > 
199, 182 > 19 

191, 189 J 
1 

200, 207 ") 
204, 202 I 2 0 3 
205, 203 J 

N90 355, 360 ' 
• 351, 358 y 3 5 

355, 359^ 
6 

361, 359 ") 
366, 365 > 3 6 3 

363, 366 J 

N105 362, 358 "\ 
360, 365 1 36 

•359, 366 J 

1 
367, 370") 
368, 366 V 3 6 8 
369, 367J 

N105 

IN657 234, 232 *̂  
228, 239 I 2 3 
235, 230 J 

3 

194, 211 *) 
208, 195 V 2 03 

210, 199 J 

IN657 
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Figure 6(31). Hicrograph of m i l d s t e e l ( x 400, etched ) 
a) before exposure i n hot gas 
b) a f t e r exposure i n hot gas f o r f i v e hours. 
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a 

Figure 6(32). Micrograph of mild steel ( x 400, etched ) 
a) structure before exposure in hot gas 
b) structure after five hours exposure i n hot gas 
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Figure 6(33). Micrograph of stainless steel type 347 ( x 400 etched 
a) before exposure 
b) after five hours exposure. 
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a 

b 

Figure 6(34). Micrograph of Nimonic N90 ( x 400 etched ) 
a) before exposure 
b) after five hours exposure 
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b 

Figure 6 ( 3 5 ) . Micrograph of Nimonic NIO5 ( x 400 etched ) 
a) before exposure 
b) after five hours exposure. 
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Figure 6(36). Micrograph of IN657 ( x 400 etched i n a c i d f e r r i c 
c h l o r i d e f o r ten minutes ) 
a) before exposure 
b) a f t e r f i v e hours exposure. 
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TABLE 6(9) IDENTIFICATION OF OXIDE LAYERS BY X-RAY DIFFRACTION 

Time of exposure 
Température 
M a t e r i a l 
P 
D 
0 
1 
A 

3 hours. 
730° C. 
M i l d s t e e l . 
Powder photograph. 
Diff r a c t o m e t e r t r a c e . 
Outside l a y e r . 
I n s i d e i.'e. second l a y e r . 
A d d i t i v e (Ferrocene) 

Sample 
No. 

Expt. 
No. 

X-Ray 
Method 

Oxide 
l a y e r F u e l Oxides • + 

i d e n t i f i e d 

1/1 K10 P 0 Kérosène 
(no sulphur) F e 3 0 4 , t r a c e FeO 

1/2 D10 P . 0 D i e s e l B(DB) 
( 1 % S). FeO, l i t t l e F e 3 0 4 

1/3 D1D P 0 DB + 5% S F e 3 0 4 , FeO 

1/4 D2E P 0 DB + 25 ppmNa F e 3 0 4 , FeO 

1/5 D3E P 0 DB +250ppm V F e 3 0 4 , FeO 

1/5 D3E D ' I DB +250ppm V Fe,FeO,Fe 30 4 

1/6 D9E P 0 DB+5%S+25ppmNa FeO 

1/7 D13E P 0 DB+5%S+250ppmV FeO 

1/7 D13E D I DB+5%S+250ppmV Fe, FeO 

1/8 D18E P 0 DB+25ppm Na 
+ 250ppm V ? e3°4 

1/8 D18E D I DB+25ppm Na 
+ 250ppm V 

p e 3 0 4 , Fe 

1/9 D140E P 0 DB+25Na + 250V 
+ 5%S F e 3 0 4 , FeO 

1/9 D140E D I DB+25Na + 250V 
+ 5%S FeO, Fe, t r . F e 3 0 4 

1/10 D10/A P 0 DB + A Fe_0„, FeO 3 4" 

1/11 D1D/A P 0 DB + 5%S + A F e 3 0 4 , tr.FeO 

• No order of occurrence can be i m p l i e d from a s i n g l e entry.• 

+ any oxide présent at 2% could not be i d e n t i f i e d . 
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TABLE 6(10) - IDENTIFICATION OF OXIDE LAYERS BY- X-RAY DIFFRACTION, 

Time 
Sample 

. Mo 
Expt. 

- No. • Fu e l . M a t e r i a l of Temp. X-Ray Oxides I d e n t i f i e d . 
h. o c V • • method 

2/1 K101 Kerosene • MS 20 730 P F e 3 0 4 , tr.FeO 

2/2 K101 Kerosene SS 34 7 20 730 D F e2°3 
2/3 K101 Kerosene N105 20 730 D .Fe^ 0 ̂, t r . N i . o x i d e 

2/4 K101 Kerosene IN657 20 730 D .Fe 20 3, t r . C r . o x i d e 

2/5 K108 K+6%S+300V MS 20 730 P FeO, F e 3 0 4 

2/6 K108 K+6%S+300V SS347 20 730 D * F e2°3» P e 0 

2/7 K108 K+6%S+300V N105 20 730 D Fe 0 tr.NiO 

2/8 K108 K+6%S+300V ÏN657 20 730 ' ' D' . F e 2 0 3 (niay contáin C r 2 0 3 ) 

2/9 K108 K+6%S+300V IN657 20 200 P F e 2 0 3 , tr.V0S0 4 

2/10 K114 K+60Na+6S+300V MS 20 730 P FeO, t r . N a 2 S 0 4 , t r . F e 3 0 4 

2/11 K114 . K+60Na+6S+300V SS347 20 730 D .Fe 20 3, FeO, t r . N a 2 S 0 4 

2/12 K114 K+60Na+6S+300V N105 20 730 D F e 2 0 3 , t r . N a 2 S 0 4 

2/13 K114 K+60Na+6S+300V IN657 20 730 D F e 2 0 3 , t r . N a 2 V 0 3 , t r . N a 2 S 0 4 

. . . . 2/14. . . . . . K114 . . - - K+60Na+6S+3ÛOV . -IN65.7 . . 2Û... - . . 2-00 . . . . P. . . . . . . ( . % . . 5 9 A 1 0 . 3 ) ( F e 3 . ^ A 1 0 . 4 4 > 

(S0 4) 6(oH) 2.7H 20,tr.Na 2V0 3 

2/15 • • K122 K + S + V + AX* IN657 20 200 P N a 2 V ( S 0 4 ) 2 4H 20, tr.Fe 2Ó 3 

. 2/16 Mixed Mixed. IN657 60 730 D F e2°3i F e 0 

AX = a d d i t i v e (Econsol D) 



Figure 6 (37) X-Ray Powder Photograph (19 cm caméra, Co K<< r a d i a t i o n ) of outer oxide l a y e r formed on mi l d s t e e l 
a f t e r exposing f o r 3 hours at 730 C i n combustion gases, 
when using - (a) Kérosène, (b) Diesel B. 



! i ; 

Figure 6 (38 ) X-Ray Powder Photograph (19 cm caméra, Co Ko<radiation) of outer oxide layer formed on mild s t e e l 
a f t e r exposing f o r 3 hours at 730° C i n combustion gases, 
when using, (a) Diesel B with 5% sulphur, (b) Diesel B with 25 ppm sodium, 
(c) Diesel B with 250 ppm vanadium. 
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Figure 6 (3 9 ) X-Ray Powder. Photograph (19 cm camera, Co K<< r a d i a t i o n ) of outer oxide layer formed on mild 
s t e e l a f t e r exposing f o r 3 hours at 730° C i n combustion gases, , • 
- when using (a) Diesel B with 25 ppm sodium and S% sulphur. (b) Diesel B with 5% sulphur and 
250 ppm vanadium, (c) Diesel B with 25 ppm sodium, and 250 ppm vanadium, (d) Diesel B with 
25 ppm sodium, 5% sulphur and 250 ppm vanadium.-



Figure 6 (40) • X-Ray Powder Photograph (19 cm caméra, Co K<*radiation) of outer oxide layer formed on mild s t e e l 
a f t e r exposing f o r 3 hours i n combustion gases, - when using (a) Diesel B with 0.1% Ferrocene. 
(b) Diesel B with 5% sulphur and 0.1% Ferrocene. 



Figure 6 (41 ) X-Ray Powder Photograph (19 cm caméra, Co K<< r a d i a t i o n ) of outer oxide layer forrned on mild s t e e l 
a f t e r exposing f o r 2 0 hours at 730° C i n combustion gases, - when using, (a) Kérosène, 
(b) Kérosène with 6% sulphurand 300 ppm vanadium, (c) Kérosène with 60 ppm sodium,. 6% sulphur 
and 300 ppm vanadium, (d) Mixed slag deposits. 1 



Figure 6 (4 2) X-Ray Powder Photograph (19 cm Caméra, Co K&C r a d i a t i o n ) of oxide layer forrned on IN657 a f t e r 
exposing for 20 hours at 200° C i n combustion gases, - when using (a) Kérosène with 6% 
and 300 ppm vanadium, (b) Kérosène with 60 ppm sodium, 6% sulphur. and 300 ppm vanadium, 
(c) Kérosène with 6% sulphur, 300 ppm vanadium, and 5% Econsol D. 
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Figure 6 (43 ) X-Ray Diffractometer trace of the second oxide layer forrned on mild s t e e l a f t e r exposing f o r 
3 hours ab 730 C i n combustion gases, - when using Diesel B with 250 ppm vanadium. 



Figure 6 (44 ) X-Ray Diffractometer trace of the second oxide layer formed on mild s t e e l a f t e r exposing f o r 
3 hours at 730 C i n combustion gases» - when using Diesel B with 25 ppm sodium a n a- 250 ppm 
vanadium. 
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Figure 6 (45 ) X-Ray Diffractometer trace of the second oxide layer formed on mild s t e e l a f t e r exposing f o r 

3 hours at 730° C i n combustion gases, - when using Diesel B with 5% .sulphur and 250 ppm vanadium. 
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Figure 6(46) x_Ray Diffractometer trace of the second oxide layer formed on mild s t e e l a f t e r exposing f o r 
3 hours at 730 C i n combustion gases, - when using Diesel B with 25 ppm sodium 5% s u l p h u r 
and 250 ppm vanadium. . 
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Figure 6 (4 7) X_Ray Diffractometer trace of the oxide layer formed on S t a i n l e s s S t e e l type 347 a f t e r exposing 
f o r 20 hours at 730° C i n combustion gases, - when using Kerosene. 
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Figure 6 (4 8 ) X-Ray Diffractometer trace of the oxide layer formed on N105 a f t e r exposing f o r ¿o hours at 
730° C i n Combustion gases, - when using Kerosene. 
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Figure 6 (49 ) X-Ray Diffractometer trace of the oxide layer formed on IN657 a f t e r exposing f o r §6 hours at 
730 C in.combustion gases, - when using Kerosene. 
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Figure 6 ( 5 0 ) X-Ray Diffractometer trace of the oxide layer formed on s t a i n l e s s s t e e l type 347, a f t e r exposing 
f o r 20 hours at 730 C i n combustion gases, - when using Kerosene with 5% sulphur and 300 ppm 
vanadium-
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Figure 6 (51 ) X-Ray Diffractometer trace of the oxide layer formed on N105 a f t e r exposing f o r 20 hours at 
730° C i n combustion gases, when using Kerosene with 6% sulphur a n c j 300 ppm yanadium-
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Figure 6 (52 ) X-Ray Diffractometer trace of the oxide layer formed on IN657 a f t e r exposing f o r 20 hours at 
730O C i n .combustion gases, - when using Kerosene with 6% sulphur and 300 ppm vanadium. 
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Figure 6 ( 5 3 ) X-Ray Diffractometer trace of the oxide l a y e r formed on s t a i n l e s s s t e e l type 347 a f t e r exposing 
f o r 20 hours at 730° C i n combustion gases, - when using Kerosene with 60 ppm sodium» 5% sulphur 
and 300 ppm vanadium-
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Figure 6 (54) X-Ray Diffractometer trace of the oxide layer formèd oh N105 a f t e r exposing f o r 2a hours at 
730° C i n combustion gases, - when using Kérosène with 60 ppm sodium, 6% sulphur- and 300 ppm vanadium-
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Figure 6 (55) X-Ray Diffractometer trace of the oxide layer formed on TN657 a f t e r exposing f o r 20 hours at 
730° C i n combustion gases, - when using Kérosène with 60 ppm sodium, 6% sulphur and 300 ppm 
vanadium-
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Figure 6 ( 5 6 ) X-Ray Diffractometer trace of the oxide layer formed on IN657 a f t e r exposing f o r over 60 hours 
at 730 G i n combustion gases, - when using mixed f u e l s . 



TABLE 6(11) - IGNITION DELAY TIME OF KEROSENE WITH ADDITIVES 

'Igriiti'ori Delay t'irne'," : "Seconds." 

01 1) 

<U 1) <U CJ £ ' <U E OJ E OJ E u G <u G 
<i> <u 3 <u 3 < u a <u a ai a a i a . a i ^ . u < u . u 

. w w £ n ^ ,c in w w o w o w *H o w O 
p. • o o ^ a o i n a o o o o o o o o o . u o ^ i 4 
E U U L i i n r H ü r i H U t p . u m » u U rn U O U U H U 
a i a ) aj' rj ai" ' S ai e ' ai - a; ai ty OJ " ai ' tu B O b¿ i¿ + w ü + w i ¿ + 2 : ÍÉ + > «. + > í ¿ + f a « t fa 
300 2.70 
320 1.50 1.35 
340 1.20 1.-26 
360 1.10 1.10 l i 0 8 

• 380 0.90 1.00 0.98 0.96 
400 O.eO • 0.85 0.97 0.93 0.90 0-.-90 0.94 
420 0.76 .0.80 0.90 0.87 0.82 0.84 0.88 

•440 0.70 0.72 0.81 0.81 0.75 0.78 0.82 
"460 0.65 0.70 ' 0.74 0.75 0.70 0.72 0.76 
480 0.63 0.68 0.72 0.69. 0.66 .0.68 0.70 
500 0.55 0.56 0;66 0.66 0.58 0.63 0.66 
510- 0.50 0.52 0.62 0.65 0.58 0.60 0.65 . 
520 0.54 0.52 0.60 0.62 0.57 0.58 0.61 
530 0.50 0.48 0.59 0.61 0.-54 0.57 0.-60 
540 0.45 0.47 0.58 0.5 7 0.54' 0.-54 0.57 
550 0.47 0.47 0.55 0.55 0.52 0.53 0.56 
560 0.46 0.-45 0.51 0.54 0.48 0.50 0.52 
570 0.45 0.44 0.51 0.51 0.48 0^48 0.52 
580 0.42 0.44 0.50 0.50 0.45 0.47 0.48/ 
590 0.42 0.43 0.50 0.50 0.44 0.45 0.46 
600 0.40 0.41 0.48 0.47 0.42 0.43 0.45 
610 0.39 0.41 0.45 0.43 0.40 0.42 0.43 
620 0.35 0.40 0.42 0.44 0.40 0.41 0.41 
630 0.38 0.40 0.40 0.41 0.39 0.40 0.41 
640 .0.35 0.35 0.39 0.40 0.-38 0.38 -0.-38 
650 0.35 0.34 0.39 0.37 0.36 0.37 0.40 
660 0.34 0.34 0.38 0.36 0.-36 
670 0.33 0.34 0.35 0.34 0.-35 
680 0.34 0.33 0.-34 0.33 0.-33 
690 0.30 0.33 0.33 0.33 -0.-33 
700 0.30 0.32 0.33 0.32 0.33 
710 0.30 0.-30 
720 0.29 0.30 
730 0.28 0.30 
740 0.28 0.29 
750 • 0.28 - - - 0.28 

1.22 
1.17 
1.11 
1.04 
0.98- • 

0.93 
0.87 1.Í8 
0.82' 1.12 
0.77 1.07 
0.75 ' 1.05 
0.68 0.95 
0.62 0.85 
0.59 0.80 
0.53 0.77 
0.50 0.70 
0.47 0.63 
0.43 .0.57 
0.39 0.51 
0.35 0.44 
0.-33 0.39 
0.32 0.34 
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TABLE 6(12) - - IGNITION DELAY TIME OF DIFFERENT FUEL, 

I g n i t i o n Delay time. Seconds. 

g g | g <u £ I I § S ë | : ë S S § S e 
a r-H N Q o o o -o o O O N 

• û 1 " - *c • • • • c CQ - - - x :+ o*1 " : x ~+ : ' * '+ c • " • x + (O 

320 
340 
360 
380 1.22 
400 1.06 - 1.12 1.-30 
420 0.97 1.04 1.10 
440 0.90 0.97 0.99 0.99 
460 0.82 0.31 . 0.91 0.89 
480 0.73 0.78 0.85 0.85 
500 1.12 1.35 1.23 0.63 0.71 0.78 0.80 
510 1.00 1.24 1.15 0.64 0.63 0.76 0.71 
520 0.91 l i ! 5 1.10 0.60 0.61 0.68 0.79 
530 0.82 1.05 1.03 0^57 0.60 0.64 0.77 
540 0.76 1.00 0.95 0.54 0.60 0.63 0.73 
550 0.70 0.93 0.88 0.50 0.53 0.60 0.69 
560 0.65 0.81 0.80 " 0.48 0.-55 O.60 0.65 
570 0.56 0.78 0.76 0^47 0.52 0.56 0.59 
580 0.50 0.75 0.70 0.44 0.50 0.55 0.56 
590 0.48 0.70 0.65 0.43 0.45 0.50 0.54 
600 0.45 0.65 0:62 0.40 0.45 0.46 0.53 
610 0.42 0.53 0.59 0.38 0.42 0.44 0.48 
620 0.39 0.51 0.55 0.-36 0.38 0.43 0.46 
630 0.37 0.45 0.54 0.-34 0.36 0.41 0.43 
640 0.34 0.42 0.50 0.34 0.35 0.40 0.39 
650 0.32 0.42 0.46 0.33 0.34 0.-38 0.37 
660. 0.30 0.38 0.42 0.30 0.32 0.-36 0.34 
670 0.28 0.32 0.40 0.-30 0.-30 0.36 0.34 
680 0.25 0.30 0.36 1.88 0.29 0.29 0.35 0.29 
690 0.24 0.28 0.-35 1.65 0.28 0.-29 0.-32 0.27 
700 0.25 0.-26 0.-31 1.58 0.27 0.28 0.30 0.24 
710 0.24 0.24 0.28 1.-31 0.27 0.28 0.29 0.22 
720 0.23 0.21 0.27 . 1.20 0.-27 0.26 0.-28 0.20 
730 0.23 0.20 0.-26 1.01 0.-26 0.-26 0.28 0.19 
740 0.22 0.19 0.25 0.81 0.26 0.25 0.27 0.17 
.75Û • . O.20 . . o . i a . Û.-24 • 0.55 - . -0.26 • • . . .0.24 - - . .. . .0.2-7 . . . . . .0.17. 
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Kerosene + % sulphur 
• Kerosene + \f$> sulphur, 

300 

Figure 6(57). 
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Surface temperature "C. 
V a r i a t i o n of I g n i t i o n Delay with surface temperature 
using Kerosene'with d i f f e r e n t concentration of sulphur;, 

750 
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Kerosene + % sulphur ( K + % S ) 

T K+-3# S-; + 60ppm sódium 

A K +% S + 30 ppm sodium 

3OO 

Figure 6 ( 5 8 ) . 

400 6OO 
o. 

700 750 500 

Surface temperature "C. 
V a r i a t i o n of I g n i t i o n delay and surface temperature u s i n g 
Kerosene with d i f f e r e n t concentration of sodium. 
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Kerosene + % sulphur ( K + % S ) 

A K + % S + 100 ppm vanadium 

O K + % S + 300 ppm vanadium, 

3OO 

Figure 6(59) 

400 600 
o. 

700 75O 5OO 

Surface temperature "C 
V a r i a t i o n of I g n i t i o n delay with surface temperature u s i n g 
Kerosene with d i f f e r e n t c oncentration of vanadium. 
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2 . 0 

1.8 

Kerosene + % sulphur ( K + % S ) 

A K+ 5#S + 0.1 ^ Ferrocene 

• K+ j$ S + 1 # Ferrocene 

1.6 * 

1.4 

300 400 500 600 700 750 

Surface temperature °C 
Figure 6 ( 6 0 ) . Variation of Ignition delay with surface temperature using 

Kerosene with different concentration of Ferrocene. 
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300 

Figure 6(61) 

600 
o. 

700 750 400 500 

Surface temperature "C 
V a r i a t i o n of surface- temperature with I g n i t i o n delay of 
Kerosene, Gyclohexane, n-Pentane, n-Hexane and Benzene. 
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2 . 0 

1.8 

• Kerosene + % sulphur ( K+ % S ) 

A K+ % S + 20 % Gyclohexane 

O Gyclohexane 

0 . 0 

300 400 500 600 700 750 

Surface temperature °C 
Figure 6 ( 6 2 ) . V a r i a t i o n of I g n i t i o n delay with surface temperature 

using Kerosene with Cyclohexane. : 
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Figure 6(63) 
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Surface temperature °C 
Variation of Ignition delay with surface temperature 
using Kerosene with n- Pentane. 
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Figure 6(64) 
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Surface temperature °C 
Variation of Ignition delay with surface temperature 
using Kerosene with n- Hexane. 
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Surface temperature °C 
Fig u r e 6(65) V a r i a t i o n of I g n i t i o n delay with surface temperature 

using Kerosene and Benzene. 
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Figure 6(66) V a r i a t i o n of I g n i t i o n delay with I n . of surface temperature of différent f u e l s . 



TABLE 6(13) FFOPERTIES OF FUELS USSD FOR IGNITION DELAY EXPERIMENTS. 

Fuels Formula Molecular Mass Specific 
gravity 
@ 15°C 

Boiling 
range 

°C 

Kerosene - - 0.79 160-290 

Cyclohexahe CH 2(CH 2) 4CH 2 86.14 0.776 8 0 - 8?. 

n- Hexane CH3(CH2)4CH^ 86.18 O.67O 67- 70 

n- Fentane GH 3(CH 2) 3GH 3 72.15 0.625 35- 37 

Benzene C6 H 6 
78.12 0.87 80- 82 

- 176 -



TABLE 6(14) .SULPHUR TRIOXIDE CONCENTRATIONS IN COMBUSTION GASES 
PRODUCED BY BURNING DIFFERENT FUELS. 

Fuels Sulphur t r i o x i d e concn . , ppm. 

Kerosene i . 2, 1, • l , 2 ^ Ì 

Kerosene + 1% su lphur ( K + 1% S ) 7, 12, 9, 8i 9 . - 1 

Kerosene + 3% "sulphur ( K + 3% S- ) 35, 31 . - 38, 36, 36 

Kerosene + % su lphur ( K 5% s ) 5* . ^ 9 , 51, 43 •• ^7 

K + 3% s -f 2% cyclohexane 28, 33. 27, 35 , 33 ^ SI 

K + 3% s + % cyclohexane 13,.. 17, 18, -y i 7 

K •3% s + 20% cyclohexane 10, 13, 11, 13, 14 ^ 15. 

K + % s + 20%. cyclohexane 29, 37, 31, . 3 5 , 34 

K + 3°/ S + 2% n-hexane 22, 2 1 , 22, 2 0 , 24 ~ ^ 

K + 3% S + 5% n-hexane . 1 2 , 15, 19, 18, 1^ ^ 

K + y/o S + 20% n-hexane 7, 9, 9 , H , 8 ^ 1 

K + 5% S + 20%.n-hexane . 23, 2 5 , 28, 25 , 24 ^ 

K + 3% •s + 2% n-pentane 17, 2'5, 22, 22, 27 ' ~- > 3 

K + 3% s 5% n-pentane 20, 2 2 , 16, 19 ~- H 

K + 3% S + 20% n-pentane H - 9, i ^ , 13, 16 ~ 12» 

K + % •s + 20% n-pentane 25, 2 8 , 27, 29 , 27 xl 

K + 5^ s + 20% •Benzene 36, 46, ' 48 ^ h-: 
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CHAPTER SEVEN 

DISCUSSIONS AND INTERPRETATION OF RESULTS. 

The expérimental r e s u l t s discussed i n t h i s chapter f o l l o w the order i n 
which they are presented i n the previous chapter. 

7.1 Test f u e l a n a l y s i s . 

Test f u e l s were analysed f o r t h e i r sulphur and. sodium concen
t r a t i o n s before and a f t e r the a d d i t i o n of thèse éléments t a k i n g 
i n t o considération the amounts already présent i n the f u e l s . 
See t a b l e 6(1). Sulphur was added i n the form of carbon d i s u l -
phide, and sodium as Nuosyn sodium, an o i l s o l u b l e compound 
co n t a i n i n g 5% sodium as métal (received from Durham Chemicals 
L t d . ) . The t h e o r e t i c a l sulphur and. sodium concentrations agreed 
reasonably w e l l ( w i t h i n 6%) w i t h the expérimental r e s u l t s shown 
i n t a b l e s 6(2) and 6(3). Vanadium was added as Nuodex Vanadium, 
a vanadium soap of naphthenic a c i d d i s s o l y e d i n white s p i r i t , 
w i t h a.métal content of 3%. "The vanadium concentrations i n the 
t e s t f u e l s were not measured experimentally. A d d i t i o n a l matér
i e l s présent i n the compounds other than sulphur, sodium and 
vanadium were not taken i n t o considération i n the f i n a l c o r r o s i o n 
measurements. -Thèse a d d i t i o n a l m a t e r i a l s are taken t o be 
constant. 

7.2 Combustion gas composition. 

The combustion f l u e gas composition was measured i n i t i a l l y f o r 
différent a i r f l o w r a t e s as shown i n t a b l e 6(4). For c o r r o s i o n 
rates measurements,. the a i r f l o w and f u e l f l o w r a t e s were kept 
constant to reduce the p o s s i b i l i t y of e r r o r due t o v a r i a t i o n i n 
f l u e gas composition. 

7.3 E f f e c t of température and thermal c y c l i n g . 

The combustion c o n d i t i o n s were adjusted t o keep the température 
at the sampling p o i n t at 730 - 10° C. Températures were 
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measured by thermocouples c a l i b r a t e d by a s u c t i o n pyrometer, 
u s i n g a comparative measurement method, thus reducing the 
p o s s i b i l i t y of e r r o r . The r a t e o£ temperature r i s e of a m i l d 
s t e e l specimen i s shown i n figure 6(3). The spécimens reached 

the f i n a l temperature i n about 60 seconds. 

From f i g u r e 6(4) i t can be seen t h a t the th i c k n e s s of the oxide 
l a y e r s increases over a pe r i o d of three hours exposure time. 
A f t e r three hours the oxide l a y e r s break and, due to the b l a s t 
of hot combustion gases, the oxides f l a k e away. A f r e s h oxide 
S t a r t s forming. Although the oxide l a y e r s g r a d u a l l y continue 
to -increase i n th i c k n e s s , over 20 hours, the f l a k i n g - o f f process 
leaves some gaps co n t a i n i n g s o f t e r carbonaceous m a t e r i a l s between 
the harder oxides. Unfortunately, i t was not p o s s i b l e during 
t h i s programme to examine t h e différent p a r t s of the oxide l a y e r s 
by scanning e l e c t r o n microscopy. , 

7.4 Corrosion r a t e measurement. 

• Coupon t e s t i n g , used i n t h i s experimental programme, i s the 
t r a d i t i o n a l method f o r the study of general, c o r r o s i o n problems. 
I t s advantages have already mentioned i n chapter 2.8. A l i 
p o s s i b l e precautions were taken t o minimise e r r o r s i n ob t a i n i n g 
r e s u l t s by weight-loss method. The s i m i l a r treatment given t o 
the m a t e r i a l s f o r c o r r o s i o n r a t e measurement j u s t i f i e s the 
r e s u l t s of the weight-loss method. 

7*5 Personal accurecy i n weighing. 

The maximum e r r o r due t o personal accuracy i n weighing i s 0.6 mg 
as shown i n f i g u r e 6(5). In the case of mi l d s t e e l specimens 
the e r r o r i n the weights of the oxides were w e l l w i t h i n 5% but 
i n the case of Nimonic a l l o y s the maximum e r r o r was w i t h i n 15% 
f o r three hours exposure. On i n c r e a s i n g the time of- exposure t o 
20 hours the maximum e r r o r i n the weight-of oxides was brought 
down to l e s s than 10%. 
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7.6 E f f e c t of thickness of Specimen. 

Small changes i n the thickness of the spécimens d i d not have 
any s i g n i f i c a n t différence'in c o r r o s i o n r a t e as shown i n f i g u r e 
6(6). 

7.7 E f f e c t of p o s i t i o n of the coupons. 

The e f f e c t o f " c o r r o s i o n on the p o s i t i o n of the coupons along the 
tube diameter i s shown i n f i g u r e 6(7). I t can be seen t h a t the 
co r r o s i o n r a t e of spécimens placed i n the centre s l o t s were s l i -
g h t l y higher than those i n the s l o t s nearer t o the pipe w a l l . 
This was possibly. because of the s l i g h t l y higher température at 
the centre of the pipe. The e r r o r i n the c o r r o s i o n r a t e due t o 
the p o s i t i o n was minimised by always p u t t i n g samples of some 
ma t e r i a l s i n the same s l o t s . 

7.8 Time of exposure. 

The e f f e c t of time of exposure on c o r r o s i o n r a t e i s shown i n 
f i g u r e 6(8). I t can be seen t h a t a f t e r about two and a h a l f • 
hours the r a t e of i n c r e a s e ' i n c o r r o s i o n begins t o decrease. 
Rasborough (90, 185) pointed out that c o r r o s i o n r a t e s are s i g -
n i f i c a n t l y higher w i t h i n the f i r s t hour, a f t e r which the dépos
i t i o n r a t e becomes steady. The expérimental r e s u l t s seem to con
f i m i t h i s statement. Marson and Cobb (165) a l s o exposed m i l d 
s t e e l spécimens f o r three hours at 650° C f o r t h e i r l a b o r a t o r y 
experiments. Accordingly m i l d s t e e l was exposed f o r three hours. 
For s t e e l s and a l l o y s some tests.were c a r r i e d out f o r 20 hours 
exposure time. As expected, the deposits incréased s i g n i f i c a n t l y , 
but s t i l i longer exposure time i s necessary to obtain r e s u l t s 
comparative with b o i l e r and gas tu r b i n e c o n d i t i o n s . 

7.9 E f f e c t of excèss oxygen. 

Rosborough (185) and Ahmed (2,3,4) suggested t h a t c o r r o s i o n r a t e 
i s highest at about 4.5% excèss oxygen c o n d i t i o n s i n the combus
t i o n gases. Some.tests were done using différent excess a i r , and 
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the r e s u l t s are shown i n f i g u r e 6(9). As expected the c o r r o s i o n 
r a t e i s highest at about 4.5% excess oxygen c o n d i t i o n s . Accor-
d i n g l y a i l the experiments were c a r r i e d out at 4.5% excess 
oxygen c o n d i t i o n s i n order t o maximise c o r r o s i o n . 

7.10 • Computer Programme. 

The computer programme was w r i t t e n on the b a s i s of the expéri
mental r e s u l t s shown i n f i g u r e s 6(10), 6(11), 6(12), 6(13), 

6(14) and 6(15), obtained by using Kerosene f u e l under the spec-
i f i e d c o n d i t i o n s . This was done t o show the usefulness of the 
programme as a prédiction method. The programme can be used f o r 
.other c r i t e r i a by callbratìng and dianging the appropriate data 
t o . s u i t p a r t i c u l a r c o n d i t i o n s . The small différences i n the pre

n d i et ed and•expérimental r e s u l t s shown on page 94 can be due to 
the f a c t t h a t l i g h t f u e l o i l s are more complex than Kerosene. 

7»11 Three hours exposure time. 

Comparing. the c o r r o s i o n r a t e s of mild- s t e e l u s i n g Kérosène and 
•Diesel B of f i g u r e s 6(16), 6(17) and 6(18), i t can be seen that 
without the a d d i t i o n of sodium, sulphur and vanadium, c o r r o s i o n 

2 
r a t e s are s l i g h t l y higher u s i n g D i e s e l B ( 2.5 mg/cm /h) than 

2 
when using Kérosène ( 1.5 mg/cm /h). On a d d i t i o n of sodium or 
sulphur the c o r r o s i o n curve a l t e r s , and c o r r o s i o n i s s l i g h t l y 
higher w i t h Kérosène than w i t h D i e s e l B, but the a d d i t i o n of van
adium makes D i e s e l B more c o r r o s s i v e than Kérosène. The différ
ences are small but the reason i s not c l e a r . Corrosion r a t e 

increases r a p i d l y on a d d i t i o n of upto 4% sulphur, 150 ppm vanad
ium, and 25 ppm sodium. A f t e r thèse concentrations,' the r a t e of 
increase tends t o s t a b i l i s e . Comparing c o r r o s i o n rates of m i l d 
s t e e l , SS347, N90 and N105 i t can be seen t h a t the c o r r o s i o n r a t e 
of mild s t e e l i s much higher than the other m a t e r i a l s . The cor
r o s i o n r a t e of SS347 i s s l i g h t l y higher, and tha t of N90 i s 
s l i g h t l y lower than t h a t of N90 a l l o y . See f i g u r e s 6(19), 6(20), 
6(21), 6(23), 6(25), and 6(27). Figures 6(22) and 6(24) shows 
that on i n c r e a s i n g sulphur concentration i n présence of sodium 
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and vanadium r e s p e c t i v e l y , c o r r o s i o n r a t e increases. F i g u r e 6(26)' 
shows that on i n c r e a s i n g sodium concentration i n présence of van
adium, c o r r o s i o n r a t e a l s o increases up t o a c e r t a i n c o n c e n t r a t i o n 
of vanadium, a f t e r which the r a t e of inc r e a s e l e v e l s o f f . 

7.12 Twenty hours exposure time. 

Lengthening the exposure time t o 20 hours the c o r r o s i o n r a t e of 
a i l the m a t e r i a l s increased but the increase was not very high 
when compared w i t h the r e s u l t s of three hours exposure time. 
See t a b l e 6(6). This would be expected i f one taJces i n t o account 
the formation of p r o t e c t i v e oxide l a y e r s . The c o r r o s i o n r a t e of 
IN657 s t e e l type 347, a f t e r 20 hours exposure. 

7.13 E f f e c t of a d d i t i v e s . 

The a d d i t i o n o f Ferrocene which i s a compounded form of two 
cyclopentadienyl anions and one fe r r o u s i o n , reduces c o r r o s i o n 
r a t e . Looking at f i g u r e 6(28) i t can be seen, t h a t at a concen
t r a t i o n , of 0.1% Ferrocene, the c o r r o s i o n r a t e reduces t o a m i n i 
mum, a f t e r which the réduction r a t e remains steady. I t i s 
p o s s i b l e that f e r r o u s ions become attached t o the metal, forming 
a more p r o t e c t i v e oxide l a y e r . V i s u a l i n s p e c t i o n a l s o showed an 
orange coloured s o l i d m a t e r i a l on the surface of the t e s t cou
pons. Furthermore X-ray a n a l y s i s of the oxides showed that the 
a d d i t i o n of Ferrocene helped t o reduce the formation FeO as shown 
i n t a b l e 6(9). 

The a d d i t i o n of up t o 3% Econsol D reduced c o r r o s i o n r a t e , as 
shown i n f i g u r e 6(29).. 

E m u l s i f i c a t i o n of the t e s t f u e l w i t h small amount of atomised 
water s l i g h t l y increased the c o r r o s i o n r a t e , as shown i n f i g u r e 
6(30). This confirms the expérimental f i n d i n g s o f research 
workers i n Sweden, as discussed by Rosborough (185). 
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7.14 M e t a l l u r g i c a l . 

The composition of s t e e l s and a l l o y s t e s t e d are àiown i n t a b l e 
6(7). The m a t e r i a l s used f o r c o r r o s i o n i n v e s t i g a t i o n have been 
regarded as a s i n g l e feed stock considered from the engineering 
point of view, and d e t a i l e d m e t a l l u r g i c a l i n v e s t i g a t i o n s i n t o , 
f o r example, g r a i n s i z e s , heat treatment, e t c . , are outside the 
scope of t h i s programme. I t was considered that as the m a t e r i a l s 
were operating at high températures a t t a i n i n g thèse températures 
i n a short time ( f i g u r e s 6 ( 3 ) ) , any m e t a l l u r g i c a l différences 
would be n e u t r a l i s e d by the methods of c o r r o s i o n t e s t i n g used i n 
t h i s programme. 

A simple index such as V i c k e r s Hardness Number (VHN) can t e l l a 
p h y s i c a l m e t a l l u r g i s t much about the c o n d i t i o n s of the metals. 
The hardness range before and a f t e r the exposure i n hot combus
t i o n gases are shown i n t a b l e 6(8). Thèse r e s u l t s confirmed the 
expectations of the Senior Lecturer i n M a t e r i a l Science, 
Mr. M. Evans. M i l d S t e e l * f o r example, softened a f t e r exposure 
to hot gas, whereas s t a i n l e s s s t e e l and Nimonic a l l o y s s l i g h t l y 
hardened. IN657 softened s l i g h t l y p o s s i b l y because of the high 
niobium content i n the a l l o y . Measurement of hardness a f t e r 
exposure could provide an index of tendency t o corrosion-érosion. 
G r i t s or pàrticles i n the combustion gases would be expected t o 
do more damage to the s o f t e r m a t e r i a l s . 

Michrographs of différent m a t e r i a l s taken before and a f t e r the 
exposure i n hot combustion gases are shown i n fi g u r e s 6(31), 
6(33), 6(34), 6(35), and 6(36). The s t r u c t u r e s d i d not (nor were 
they expected to)- change s i g n i f i c a n t l y . As mentioned i n the 
preface, i t was not p o s s i b l e t o analyse the oxide l a y e r s by 
scanning E l e c t r o n microscopy. 

7.15 I d e n t i f i c a t i o n of oxides by X-ray d i f f r a c t i o n . 

Examination of the X-ray d i f f r a c t i o n r e s u l t s shown i n t a b l e s 6(9) 
and 6(10) r a i s e s the f o l l o w i n g comments: 
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I n t a b l e 6(9), comparison of the powder photographs (P) w i t h 
d i f f r a c t o m e t e r r e s u l t s (D) of samples 1/5, 1/7, 1/8, and 1/9, 
shows no s i g n i f i c a n t différences- A f t e r the out s i d e l a y e r had 
been scraped o f f , one would expect the inn e r l a y e r to i n c l u d e 
m e t a l l i c i r o n together w i t h any oxides which might be présent, 
and t h i s i s i n f a c t the case. 

The most s i g n i f i c a n t aspect of t a b l e 6(9) i s the r e l a t i o n s h i p 
between the présence of sulphur and the type of oxide. Sample 
1/1 suggests that i n the absence of sulphur (Kerosene has no 
sulphur) the dominant oxide i s magnetite (Fe^O^) with only a 
t r a c e of w i i s t i t e (FeO). When the sulphur content i s 1% or more 
(Di e s e l B contains 1% sulphur) w i i s t i t e becomes a s i g n i f i c a n t 
component. With 1% sulphur but no sodium or vanadium présent 
w i i s t i t e i s i n f a c t the dominant phase and there i s only a li.ttïe 
magnetite (sample 1/2). In sample 1/3 (5% sulphur),J}.<-4 (25 ppm 
sodium), and 1/5 (250 ppm vanadium) wiistite,_.A-£^present toget
her with magnetite. Therefore. incréasing sulphur, sodium and 
vanadium.individuaj-ly-hclîjs'the formation of magnetite. In 

:sampl :e~l76, both 5% sulphur and 25 ppm sodium were added, and 
w i i s t i t e was again the main oxide présent, w h i l e the magnetite 
completely disappeared. A s i m i l a r r e s u l t was obtained a f t e r 
adding 5% sulphur and 250 ppm vanadium (sample 1/7). But on the 
a d d i t i o n of 250 ppm vanadium and 25 ppm sodium, magnetite became 
the only oxide phase, and w i i s t i t e disappeared (sample 1/8). 
The a d d i t i o n of a l i three i m p u r i t i e s together i n the above con
c e n t r a t i o n s (the maximum amount of i m p u r i t i e s used i n these 
experiments), once again lèd to the appearance of w i i s t i t e 
(sample 1/9), so proving t h a t sulphur a s s i s t s i n the formation 
of w i i s t i t e . 

Ferrocene was added t o D i e s e l B, whereupon magnetite became the 
prominent oxide formed (sample 1/10). In sample 1/11, both 5% 
sulphur and ferrocene was added t o the f u e l but magnetite was 
again prominent, whereas w i i s t i t e , which might have been expected 
because of the sulphur présent, disappeared. Therefore, i t i s 
reasonable t o b e l i e v e t h a t Ferrocene helps t o suppress the forma
t i o n of w i i s t i t e . 
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Comparison of c o r r o s i o n r a t e s of the above samples, shows th a t 
the maximum i n d i v i d u a l a d d i t i o n s of sulphur, sodium and vanadium 
to D i e s e l B (samples 1/3, 1/4 and 1/5) have the c o r r o s i o n r a t e s 

• ' 2 
of 12, 9 and 11 mg/cm /h r e s p e c t i v e l y ( f i g u r e s 6(19), 6(20) and 
6(21)). C o l l e c t i v e maximum a d d i t i o n s of sulphur-sodium and 
sulphur-vanadium (samples 1/6 and 1/7), g i v e the c o r r o s i o n r a t e s 

2 
of 18 and 17.5 mg/cm /h r e s p e c t i v e l y ( f i g u r e s 6(22) and 6(24)). 
On the other hand, maximum a d d i t i o n of sodium and vanadium gi v e 

2 
lower c o r r o s i o n r a t e of 14.5 mg/cm /h ( f i g u r e 6(26)). 

Table 6(10) gives the X-ray r e s u l t s of s t e e l s and a l l o y s a f t e r 
20 hours exposure. Sample 2/1, which gave magnetite w i t h only 
a t r a c e of w i i s t i t e on m i l d s t e e l . a f t e r 20 hours exposure, con
f i r m s the s i m i l a r r e s u l t obtained a f t e r only 3 hours exposure, 
as seen i n t a b l e 6(9). In sample 2/5, where maximum sulphur and 
vanadium were added, i n c r e a s i n g the exposure time t o 20 hours 
caused the formation of magnetite. In sample 2/10, where a l l the 
three i m p u r i t i e s were present at maximum l e v e l , the oxide l a y e r 
shows traces of sodium sulphate (Na 2So 4), l e a d i n g one t o expect 
a predominance of W i i s t i t e , confirmed by the f a c t that magnetite 
i s only found i n t r a c e q u a n t i t i e s . 

The exposure of s t a i n l e s s steels type -347= for-20"hours {sample 2/2) 
produced haematite (Fe2Û^) almost e x c l u s i v e l y . With the a d d i t i o n 
of sulphur and other i m p u r i t i e s w i i s t i t e appears a t a s i m i l a r 
content l e v e l as haematite. When a l l i m p u r i t i e s are present as 
maxima a t r a c e of Na2S0^ appears as w e l l (sample 2/11). With 
s t a i n l e s s s t e e l , as i n the case w i t h m i l d s t e e l , sulphur i s 
l i n k e d with the appearance of w i i s t i t e i n these longer exposures. 

With nimonic N105 a l l o y (sample 2/3 and 2/7), without the a d d i t i o n 
of i m p u r i t i e s i n the f u e l the r e s u l t i n g oxide i s i d e n t i f i e d as 
haematite with a t r a c e of n i c k e l oxide. This pattern, i s un
changed with the maximum a d d i t i o n s of sulphur and vanadium. 
When a l l three i m p u r i t i e s are present as maxima the tr a c e of 
n i c k e l oxide i s no longer detectable, but a t r a c e of N a 2

S o 4 i s 
found (sample 2/12). The c o r r o s i o n r a t e of N105 i s the l e a s t of 
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a l l those m a t e r i a l s i n v e s t i g a t e d - I t i s somewhat s u r p r i s i n g , 
however, t h a t f o r an a l l o y such as Nimonic 105 (Table 6-7), i n 
which t h e ' i r o n content i s as low as 0-58%, the r e s u l t a n t oxide 
should be almost e n t i r e l y haematite ( F e ^ ^ K 

A f t e r exposure to 20 hours, without any a d d i t i o n s (sample 2/4), 
the specimen of IN657 showed haematite w i t h a t r a c e of chromium 
oxide- With the maximum sulphur and vanadium a d d i t i o n s the 
r e s u l t s are the same (sample 2/8). With a l l the three i m p u r i t i e s 
at maximum concentrations the t r a c e of chromium oxide disappears, 
and traces of Na 2V0 3 and Na 2S0 4 (sample 2/13) are found. At 
200° C w i t h sulphur and vanadium a d d i t i o n s a t maximum l e v e l 
haematite i s the main oxide, there i s no t r a c e of chromium oxide 
but there i s a t r a c e of VOSO^ (sample 2/9). When a l l three 
i m p u r i t i e s are present at maximum l e v e l , and the sample at 200° C 
a s p e c i f i c complex compound was i d e n t i f i e d (hydrated b a s i c s u l 
phate of magnesium iron- and aluminium) together w i t h a t r a c e of 
Na^O^. Sample 2/15 was exposed i n combustion gas with the 
a d d i t i o n of Econsol D at 200° C. This produced a hydrated sodium 
vanadium 'sulphate w i t h a t r a c e of haematite. •- A specimen of 
IN657 exposed t o a v a r i e t y of c o d i t i o n s f o r more than 60 hours 
a t 730°. C gave haematite and w i i s t i t e as the oxides i d e n t i f i e d . 
Although t h i s a l l o y contains 1% i r o n , samples exposed to 730° C 
show a predominance of haematite i n the oxide l a y e r . At 200° C 
the complex hydrated sulphate i s . v e r y i n t e r e s t i n g since n e i t h e r 
magnesium nor aluminium i s l i s t e d as being present i n the compo
s i t i o n of the a l l o y . - These metals, present i n the hydrated 
sulphate, may have come from the f u e l , see t a b l e 2(3). 

F i n a l l y the specimen exposed to v a r i e d c o n d i t i o n s shows haematite 
and w i i s t i t e . " The l a t t e r i s not s u r p r i s i n g s i n c e both o x i d i s i n g 
and reducing c o n d i t i o n s were p r e v a i l i n g , . a n d over such a long 
exposure ( 60 hours)-one has a l s o to consider the p o s s i b i l i t y 
of contamination of i r o n oxides from the combustion chamber. 

These, r e s u l t s were discussed w i t h Dr. F. S t o t t (226), of UMIST 
who commented th a t at high temperatures the formation of i r o n 
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oxides (FeO, Fe2®3' F e 3 ^ ) i s dependent on the p a r t i a l pressure 
and a c t i v i t y of oxygen. At high sulphur concentrations, oxygen 
a c t i v i t y decreases and I t i s not expected t o get higher oxides. 
These comments agreed w i t h the r e s u l t s obtained by X-ray d i f -
f r a c t i o n a n a l y s i s . 

7.16 I g n i t i o n delay. 

The purpose of the f i r s t s e r i e s of experiments was to determine" 
whether Kerosene-had comparable i g n i t i o n delay p r o p e r t i e s a f t e r 
the a d d i t i o n of i m p u r i t i e s such as sulphur, sodium, vanadium and 
o i l s o l u b l e a d d i t i v e s . 

Figure 6(57) shows th a t the a d d i t i o n of sulphur i n the form of 
carbón d i s u l p h i d e (CS^) i n Kerosene s l i g h t l y s h i f t e d the i g n i t i o n 
delay curves upwards, but not s i g n i f i c a n t l y . This small s h i f t 

may have been caused by the a d d i t i o n of CS^ l i q u i d , r ather than 
the sulphur content. I t i s t h e r e f o r e , reasonable t o deduce t h a t 
sulphur i n i t s e l f had no s i g n i f i c a n t e f f e c t on the i g n i t i o n 
delay property. S i m i l a r comments can be made i n the cases of 
sodium and vanadium, by observing the f i g u r e s 6(58) and 6(59). 
Figure 6(60) shows the i g n i t i o n delay time vs. temperature of 
Kerosene w i t h Ferrocene as an a d d i t i v e . The a d d i t i o n of F e r r o -
cene not only causes a sharp increase i n the i g n i t i o n delay 
curve, but a l s o i n c r e a s e the temperature r e q u i r e d f o r the i n i t i a l 
i g n i t i o n . Loolcing a t f i g u r e 6(28) i t can be seen t h a t a d d i t i o n 

2 
of 0.1% Ferrocene reduces corrosión r a t e from 12 to 7 mg/cm /h. 

Ca r e f u l study of the i g n i t i o n delay curves of Kerosene and l i g h t 
hydrocarbons i n f i g u r e 6(61) shows that a f t e r a temperature of 
about 550° C the r a t e of decrease of i g n i t i o n delay i s slower 
w i t h Kerosene than w i t h l i g h t hydrocarbons. At 750° C, Kerosene 
has an i g n i t i o n delay of 0.28 seconds compared w i t h the i g n i t i o n 
delays of 0.20, 0.18, 0.24, 0.55 seconds f o r cyclohexane, 
n-hexane, n-pentane and benzene respéctively. On r e f e r r i n g to 
t a b l e 6(14), i t can be seen that the sulphur t r i o x i d e concentra-
t i o n i n the combustión gas using Kerosene i s 51 ppm. Using f u e l s 
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containing 20% each of cyclohexane, n-hexane, n-pentane and 
benzene i n Kerosene the sulphur t r i o x i d e concentration i n reduced 
to 3 3 , 35, %1 and 4 3 r e s p e c t i v e l y a t the operating temperature-
The reason behind t h i s phenomenon i s very complex, and may be 
dependent on the p h y s i c a l p r o p e r t i e s , and r a t e of r e a c t i o n s of 
the p h y s i c a l p r o p e r t i e s and r a t e of r e a c t i o n s of the f u e l s at 
higher temperatures. I g n i t i o n delay c h a r a c t e r i s t i c s are a good 
i n d i c a t o r of the behaviour o f the f u e l i n the flame zone, and 
the r a t e of-production of v a r i o u s oxides (4). Results described 
above show th a t i g n i t i o n delay property could a l s o be used as a 
measure of determining the usefulness of a f u e l as an a d d i t i v e . 
The exact r e l a t i o n s h i p of i g n i t i o n delay•to the r e a c t i o n which 
leads to the formation of sulphur t r i o x i d e i s complex. I t i s 
possible. t h a t a short i g n i t i o n delay would mean e a r l y inìtiation 
of r e a c t i o n i n the flame zone. This allows greater time f o r 
carbon monoxide to mop up automatic oxygen i n competition w i t h , 
say, sulphur d i o x i d e (carbon d i o x i d e being more r e a c t i v e than 
sulphur d i o x i d e ) . 

From the i g n i t i o n delay curves of n-pentane and n-hexane i n 
f i g u r e 6(66) i t can be seen that the curves diverge at a temper
ature above 600° C approximately. These divergences were i n 
accordance w i t h the expectations of Dr. P. Beadle and h i s 
colleagues at the Fuel D i v i s i o n of B.P. Research L a b o r a t o r i e s , 
Sunbury. They suggested that the d i v e r g i n g of the curves were 
not l i k e l y t o be caused by chemical e f f e c t , but more l i k e l y t o 
be due to p h y s i c a l causes. I t i s known f o r example, t h a t the 
evaporation r a t e of n-pentate i s l e a s t dependent upon temper
ature and t h e r e f o r e , i t was to be expected t h a t the i g n i t i o n 
delay of n-pentane at hgiher temperatures should be d i f f e r e n t 
from n-hexane. A suggested f u r t h e r l i n e of research would be 
the i n v e s t i g a t i o n of i g n i t i o n delays of t h e i r isomers. 
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7.17 General d i s c u s s i o n on the formation of SO^ and i g n i t i o n delay 
p r o p e r t i e s . 

(a) formation of SO^. 

The mechanism of the formation of SO^ i n H^S fiâmes, proposed 
by Levy and Merryman (140) i n v o l v e d 0 atom chain operating 
i n the f o l l o w i n g manner: 

SO + 0 ^ so 2 + 0 7.1 

0 + -H2S * OH + SH 7.2 

OH + H„S •» H o0 + SH 7.3 
2 2 

S0 2 + 0 * S0 3 li 4 

Gaydon (77)-agreed with the view (53) that the amount of SO^ 
formed would dépend as the composition of the flame gases as 
w e l l as upon the concentration of atomic oxygen. 

The most l i k e l y o v e r a l l process of formation of SO - was pro
posed by Hedley (97). Oxygen atoms react w i t h the most e a s i l y 
o x i d i s a b l e substance a v a i l a b l e which happens to be S02» Th i s 
r e s u l t s i n the formation of e x c i t e d sulphur t r i o x i d e which 
subsequently c o l l i d e s w i t h a t h i r d body (e.g. H^O) to gi v e 
normal SO^. 

S0 2 + 0 — > S0 3* 7.5 

SO* » S0 3 + h 7.6 

S0 3* + M > S0 3 + M 7.7 

Th i s t r a n s i e n t q u a n t i t y of S0 3 i s considerably i n excess of 
the e q u i l i b r i u m concentration, and ther e f o r e begins t o d i s -
s o c i a t e . The d i s s o c i a t i o n continues u n t i l the t h e o r e t i c a l 
concentration i s reached which w i l l be governed by the gas 
temperature. I t would appear that i f the gases are Icept at 
high temperature to allow longer time f o r the S0 3 to be d i s -
s o c i a t e d , then the S0 3 w i l l be low. 
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Ahmed (2,3,4) confirmed t h i s hypothesis and showed th a t the 
theory can be represented as: 

k k 
S0 2 + 0 L», S 0 3 S0 2 + $0 2 7.8 

where k^ and k 2 are two spécifie r a t e constants ( u n i t s of 
k = sec--*-). On the assumption that the concentrations of 
atomic oxygen and sulphur t r i o x i d e are sraall compared w i t h 
sulphur d i o x i d e , i t was proposed that the K i n e t i c s of the 
primary process producing S 0 3 as thèse of f i r s t order r e a c t i o n . 
On s i m i l a r grounds, the d i s s o c i a t i o n of S0 3 was a l s o taken as 
f i r s t order r e a c t i o n . Thus two consecutive f i r s t order r e a c 
t i o n s wer e obtained with the r a t e s dépendent s o l e l y on (0) and 
(S0 3) r e s p e c t i v e l y . From the expérimental r e s u l t s i t was a l s o 
shown (2) that t h e . r a t e of formation of SO^ was approximately 
eight.times the r a t e of i t s d i s s o c i a t i o n . 

i g n i t i o n p r o p e r t i e s . 

Processes invo l v e d i n the o x i d a t i o n of even the simplest hy-
drocarbon, i . e . méthane has not been f u l l y understood (79). In 
the pre—mixed, high temperature (flame) combustion of hydro-
carbons, from that r e s p o n s i b l e f o r low temperature slow o x i 
d a t i o n , the majority of enthalpy of r e a c t i o n i s released 
r a p i d l y i n a narrow r e a c t i o n zone leading t o the production 
of high températures. I t i s évident th a t the problem of f i n d -
i n g exact mechanism of combustion of hydrocarbon i s extremely 
difficulté I t i s p o s s i b l e that hydrocarbons which tend t o 
i m i t a t e e a r l y r e a c t i o n s b r i n g forward the recombination région 
of the flame and thus allow greater time f o r CO to compete 
with S0 2 f o r r e a c t i n g with a v a i l a b l e atomic oxygen. I t i s a l s o 
known that standard f r e e energy change f o r the carbon monoxide 
o x i d a t i o n i s much greater than that f o r sulphur dioxide' o x i 
d a t i o n . Therefore i t would be expected that former r e a c t i o n 
would take préférence over the l a t t e r , and under the circum-
stances o x i d a t i o n of SO„ w i l l be reduced. 
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Ahmed (2,3) proposed t h a t the i g n i t i o n p r o p e r t i e s of hydro
carbons have an e f f e c t on the formation of SO^. He measured 
i g n i t i o n delay of four hydrocarbons upto 650° C. The 
experimental r e s u l t presented i n t h i s programme confirms the 
ex t r a p o l a t e d r e s u l t s upto 750° C. The measurement of i g n i t i o n 
delay at higher temperatures was not p o s s i b l e due t o the 
d i f f i c u l t y i n minimising response time, and other technique 
are under c o n s i d e r a t i o n f o r f u t u r e research. The r e s u l t s show 
that the i g n i t i o n delay i s c r i t i c a l l y dependent on the temper
ature of the heated surface- I t decreases i n i t i a l l y , reaching 
a minimum a t a temperature near maximum b o i l i n g r a t e p o i n t . 
The i g n i t i o n delay then increases w i t h r i s e i n temperature of 
the heated surface reaching a maximum, and then decreases with 
the r i s e i n temperature of the heated surface. This p a t t e r n 
was p o s s i b l e t o achieve only w i t h Kerosene d r o p l e t s (2,3). 
The i g n i t i o n delay curves of hydrocarbons cyclohexane, n-
hexane, n-pentane, benzene, and Kerosene-hydrocarbon mixtures 
e x h i b i t no such d e f i n i t e c h a r a c t e r i s t i c s . Some of these had 
been e a r l i e r p r e d i c t e d (189) and the r e s u l t s appear t o be i n 
complete agreement. 

The purpose of the e x e r c i s e was to.determine whether f u e l s 
producing l e s s SO^ compared to Kerosene have shorter i g n i t i o n 
delays. I t was a l s o intended to. confirm, i f the hydrocarbons 
w i t h shorter i g n i t i o n delays than Kerosene,, could be used as 
an a d d i t i v e t o reduce the formation of SO^. I t can be seen 
that f u e l s , v i z . cyclohexane, n-hexane, n-pentane and benzene, 
those that produced l e s s SO^ have steeper slope of t h e i r i g 
n i t i o n delay curves compared w i t h Kerosene. The-general shape 
of the curves of d i f f e r e n t f u e l s can g i v e an i n d i c a t i o n of the 
l i k e l y values of i g n i t i o n del=ys at higher temperatures. Thus 
f u e l s having steeper slope of i g n i t i o n delay curve compared 
w i t h Kerosene w i l l be expected to have l e s s SO^ formation on 
combustion than Kerosene. 
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CHAPTER EIGHT 

CONCLUSIONS AND RECOMMENDATIONS. 

8.1 Conclusions. 

On the b a s i s of the expérimental r e s u l t s the f o l l o w i n g broad 
conclusions can be made: 

(1) The i n d i v i d u a i présence of sulphur, sodium, or vanadium as 
an impurity i n the f u e l increases c o r r o s i o n r a t e . The r a t e 
of c o r r o s i o n increases w i t h theamount of impurity présent 
up t o a c e r t a i n concentration, a f t e r which there i s a f a l l 
i n the r a t e • o f i n c r e a s e i n the c o r r o s i o n . 

(2) When there i s more than one.impurity présent, the r a t e of 
c o r r o s i o n i s increased i n the présence of-sulphur as i n 
S-Na, S-V, and S-Na-V. When' sodium and vanadium are prés
ent together, the c o r r o s i o n r a t e a l s o increases but the 
r a t e of increase l e v e l s o f f a f t e r a c e r t a i n concentration. 

(3) The a d d i t i o n of o i l s o l u b l e a d d i t i v e s such as Ferrocene, 
and Econsol D to the f u e l reduces c o r r o s i o n . 

(4) The computer programme i n Appendix 6.1 p r e d i c t s c o r r o s i o n 
r a t e of mi l d s t e e l f o r f u e l c o n t a i n i n g known concentra
t i o n s of i m p u r i t i e s . 

(5) A n a l y s i s of the oxide l a y e r by X-ray d i f f r a c t i o n showed 
that -
a) the FeO content i n the surface oxide l a y e r s increases 

w i t h the sulphur content of the f u e l . 

b) Ferrocene i n t e f e r e s w i t h the r e a c t i o n s i n v o l v i n g 
sulphur and the oxide system of i r o n , suppressing the 
formation of FeO. 
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(6) The elemental i m p u r i t i e s used i n these experiments had no 
e f f e c t on the i g n i t i o n delay of Kerosene, but the a d d i t i o n 
of Ferrocene made a s i g n i f i c a n t change i n the i g n i t i o n 
delay. 

(7) There appeàrs t o be a connection betwéen the i g n i t i o n delay 
curve and the formation o f sulphur t r i o x i d e at the operat-
i n g temperature. 

8.2 Recommendations. 

The f o l l o w i n g recommendations are suggested f o r f u r t h e r research. 

(1) The computer programme could be expanded t o cover a wide 
spectrum of c o n d i t i o n s by the a d d i t i o n of c r i t e r i a based 
on f u r t h e r expérimental r e s u l t s . 

(2) I n - s i t u e l e c t r o c h e m i c a l s t u d i e s would be a va l u a b l e 
complément to the X-ray d i f f e r e c t i o n a n a l y s i s already-
c a r r i e d cut, and produce K i n e t i c r e s u l t s more d i r e c t l y . 

C3) E l e c t r o n microscopie examination of the samples a f t e r t e s t -
i n g and/or the use of other modem techniques l i k e Auger, 
LEED, would r e v e a l more abcut the mechanism of c o r r o s i o n 
and elemental d i s t r i b u t i o n of i m p u r i t i e s i n the oxide 
l a y e r s . 

(4) The différences i n i g n i t i o n delay of f u e l s already i n v e s -
t i g a t e d , could be st u d i e d f u r t h e r by using t h e i r isomers, 
change of d r o p l e t s i z e and e f f e c t of surface t e n s i o n f o r 
example. 
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CHAPTER TEN 

APPENDICES. 

-.2.1 Conversion of c o r r o s i o n r a t e s . 

The c o r r o s i o n r a t e s of metal i n terms of rate of péné
t r a t i o n (mpy) can be c a l c u l a t e d from Faraday's law i f 
the cuxrent d e n s i t y i s known. Conversely the c o r r o s i o n 
current d e n s i t y can be evaluated from the rate of pén
étration. The following,symbols and u n i t s have been 
adopted i n d e r i v i n g thèse r e l a t i o n s h i p s i n which i t i s 
assumed th a t the c o r r o s i o n i s uniform and the ra t e i s 
l i n e a r ; 

m = mass of metal corroded (g) 
M = molecular mass (g mo l ~ l ) 
z = number of électrons in v o l v e d i n one act 

of r e a c t i o n . 
F = Faraday»s constant, 96, 487 C ( l A = l C g " 1 ) 
I = current (A) 

i = current d e n s i t y (Acm""2) and i = i / S 
t = time (s) 
p = d e n s i t y of metal (g cm -3) 

S = area of metal i n v o l v e d (cm^) 
d = . th i c k n e s s of metal removed (cm) 

From'Faraday's law the weight l o s s per u n i t area i s 

§ = S& (g cm-2) 8 ( 1 ) 
since m = pSd, then from équation 8 i l ) 

e , MiSt , M i t n , n . pSd = — o r p d = — ... 8(2) 

and from équation 8(2)the rate of pénétration d/t when 
0 

i i s i n Acm ' i s given by: 

I f current d e n s i t y i ? i s i n mA cm , d i n mm and t i n years, 
then d _ 1CT 1 . MjJ_ x 10" 5 / \ 

t ~ 365 Ï 24 Ï 60 x 60 = pzF " ^ m p 7 } 

j = 3.2706 x MjJ. (mpy) 
zp 
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i . 

5 . 1 : Determination of Sulphur Oxides. 

5-1.1. Determination of Sulphur d i o x i d e . 

The major p a r t of sulphur d i o x i d e i s abosrbed i n the 
standard i o d i n e s o l u t i o n . Âs j u s t s u f f i c i e n t f l u e gas 
i s passed to d e c o l o r i s e the i o d i n e the sulphur dioxide 
concentration i n the known volume of gas can be c a l c u 
l a t e d d i r e c t l y . 

To t h i s must be added the r e l a t i v e l y small quantity of 
sulphur dioxide r e t a i n e d i n the isopropanol s o l u t i o n s e t 
aside f o r a n a l y s i s . This i s determined by analysing an 
a l i q u o t of t h i s s o l u t i o n i n the f o l l o w i n g manner. 

Measure the t o t a l q u a n t i t y of the isopropanol s o l u t i o n 
reserved f o r a n a l y s i s . Transfer e x a c t l y 20 ml of the 
measured s o l u t i o n to a 250 ml c o n i c a l f l a s k , and add 
100 ml of d i s t i l l e d water and 1 ml of s t a r c h s o l u t i o n . 
T i t r a t e w i t h standard i o d i n e s o l u t i o n (0.005 M) to the 
f i r s t permanent appearance of a blue c o l o u r . 

The t o t a l sulphur dioxide c o n c e n t r a t i o n may be c a l c u 
l a t e d from the equation: 

Where Y i s the concentration of sulphur dioxide i n the 

m i s the mass of sulphur dioxide equiv
a l e n t to the amount of standard i o d i n e 
s o l u t i o n placed i n the i o d i n e absorber 
wash b o t t l e (mg). 

n i s the mass of sulphur dioxide i n the 
t o t a l volume of the isopropanol s o l u t i o n 
reserved f o r a n a l y s i s (mg). This i s 
c a l c u l a t e d from the t i t r a t i o n . 

r i s the r a t e of flow of f l u e gas ( l i t r e s / 
min at s . t . p . ) . 

Y 

f l u e gas (p.p.m. v / v ) , 
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i l . 

t i s the time from starting the absorp
tion to decolorisation of the iodine 
solution (min). 

d i s the dead-space of the apparatus for 
sulphur dioxide ( l i t r e s ) . 

The calculation can be simplified provided 20 ml of 
0.05M iodine solution are always used in the wash bottle 
and 20 ml are always taken for iodometric ti t r a t i o n from 
the isopropanol solution reserved for analysis. 

In this case the equation reduces to: 
o i j . . * / / \ 224 + 0.056aV Sulphur dioxide (p.p.m. v/v) = (rt - d ) — X 

where a is the total volume of the isopropanol 
solution reserved for the analysis"(ml). 

V is the volume of 0.005M iodine solution used 
in t i t r a t i o n . 

,2. Determination of Sulphur trioxide. 

Sulphur trioxide is determined also on the isopropanol 
solution reserved for analysis. 

Measure the total volume of solution reserved for analy
sis. Transfer 20 ml of the test solution and add 5 drops 
of thoron indicator and titrate with standard barium 
Perchlorate solution ( 0 . 0 0 2 5 M ) u n t i l the solution retains 
a pink colour. 

Sulphur trioxide may be calculated from the equation: 
Y _ 22-4.an 
A " 80.1 b (rt-d) 

Where X is the concentration of sulphur trioxide 
(p.p.m v/v). 

a is the total volume of isopropanol test 
solution reserved for analysis (nil). 
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i i i . 

b i s the volume of the a l i q u o t of the t e s t s o l 
u t i o n s e l e c t e d f o r t i t r a t i o n ( n i l ) . 

p i s the mass of SO^ i n the a l i q u o t of volume b 
(ug). This i s c a l c u l a t e d from the t i t r a t i o n . 

r i s the ra t e of flow of f l u e gas ( l i t r e s / m i n at 
s . t . p . ) . 

t i s the time from s t a r t i n g the absorption to 
d e c o l o r i s a t i o n of the iodi n e s o l u t i o n (min), 

d i s the dead space of the apparatus f o r sulphur 
t r i o x i d e ( l i t r e s ) . 

This equation can be s i m p l i f i e d provided a 20ml a l i q u o t 
i s always taken from the i s o p r a n o l s o l u t i o n reserved f o r 
a n a l y s i s . 

I n t h i s case the above equation reduces t o ; 

sulphur t r i o x i d e (p.p.m v/v) = ^ 
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g«2. ; A n a l y s i s of X-ray D i f f r a c t i o n Powder Photography. 

Specimen : G r i n d - i t as f i n e l y as p o s s i b l e w i t h the morter and p e s t l e , 
and use a f i n e wire to pack i t t i g h t l y i n t o a Lindemann 
glass tube. Fine g r i n d i n g and t i g h t packing prevent 
" s p o t t i n e s s " of the l i n e s on the f i l m . Seal the tube 
w i t h a l i g h t e d match, to produce a specimen 1-2 cm. 
long, which can be mounted i n the camera w i t h a l i t t l e 
p l a s t i c e n e . 

Camera ; The specimen mount can be centred by means of the l a r g e r 
of the two knobs on the camera. The mount i s moved down 
when t h i s knob i s screwed i n . There i s no e f f e c t when 
the knob i s unscrewed. 

The smaller knob moves one of the two short pins seen 
i n s i d e the camera at the top. The f i l m i s placed i n the 
camera w i t h i t s ends against these p i n s , so t h a t move
ment of the s l i d i n g pins presses i t f i r m l y i n p o s i t i o n 
against the i n s i d e w a l l of the camera. 

Two c o l l i m a t o r s are provided, an entrance c o l l i m a t o r 
with a s l i t to admit a f i n e beam of X-rays and an e x i t 
c o l l i m a t o r w i t h a y e l l o w i s h f l u o r e s c e n t screen (being 
lead g l a s s f o r sa f e t y ) to show when the beam i s on. 
These c o l l i m a t o r s are not interchangeable. 

Centring the Specimen : ( i ) Remove the e x i t c o l l i m a t o r , mount the 
specimen i n i t s holder w i t h a l i t t l e p l a s t i c e n e , and 
place the eyepiece over the entrance c o l l i m a t o r . Leave 
the camera l i d o f f . ( i i ) place the camera on the cen
t r i n g stand and switch on the i l l u m i n a t i o n . The specimen 
should appear as a dark h o r i z o n t a l l i n e across the 
c i r c u l a r f i e l d of view. Rotate the specimen holder slow
l y , and adjust the specimen by hand u n t i l i t does not 
wobble as i t r o t a t e s , although i t may s t i l l move b o d i l y 
up and down i n the f i e l d of view. ( i i i ) Rotate the 
specimen u n t i l i t i s at i t s highest p o i n t i n the f i e l d 
of view, and screw i n the a d j u s t i n g knob u n t i l the dark 
l i n e appears c e n t r a l . Unscrew the knob and r o t a t e the 
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specimen again. Repeat i f necessary, u n t i l there i s no 
movement of the dark l i n e as the specimen r o t a t e s . 

Loading the Camera : ( i ) Remove the entrance c o l l i m a t o r and take the 
camera, l i d , and both c o l l i m a t o r s i n t o the darkroom. 
Lay these out, together w i t h the box of f i l m and the f i l m 
punch, so t h a t they can be found e a s i l y i n the dark. 

( i i ) I n t o t a l darkness, take a f i l m from the box, punch 
c o l l i m a t o r holes,, and cut i t to length. Taking great 
care not to knock the specimen, place the f i l m i n the 
camera w i t h i t s ends against the clamping p i n s . S l i d e 

.. __ "the movable p i n to the r i g h t and lock i t i n p o s i t i o n . 
Replace the camera l i d and screw i n the two c o l l i m a t o r s . 

X-ray tube and s u p p l i e s : The X-ray tube has a water cooled c o b a l t 
t a r g e t . The water i s c i r c u l a t e d by a separate pump w i t h 
a pressure switch to prevent a p p l i c a t i o n of H.T. to the 
tube i f the water flow i s inadequate. The tube has four 
windows, to a l l o w the use of four x-ray beams simultan
eously, i f r e q u i r e d . Over each window there i s a r o t a t -
able metal d i s c c a r r y i n g s e v e r a l d i f f e r e n t absorbers. 
The absorber to be used (as a f i l t e r , to produce mono
chromatic x-rays) depends on the t a r g e t m a t e r i a l . 

Tube voltage and current can be v a r i e d independently by 
the two l a r g e knobs on the c o n t r o l panel. 

Making an Exposure : ( i ) L i f t the s a f e t y s h i e l d and place the camera 
i n p o s i t i o n , making, sure t h a t i t i s close enough to 
operate the microswitch mounted on the arm. ( i i ) Use 
the second_camera_to-close the microswitch•on the other 
arm. ( i i i ) S e l e c t the f i l t e r , ( i v ) Mount the small 
motor ( f o r r o t a t i n g the specimen) on the camera, making 
sure t h a t the p i n engages p r o p e r l y i n the s l o t , 
(v) Switch on the pump, and the key switch on the i l l u 
minated s i g n above the machine, ( v i ) Check that the 
voltage and current c o n t r o l s are at zero, and press the 
"on" switch (marked — ) on the c o n t r o l panel. Set tube 
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voltage to 40 kV and current 30 mA. ( v i i ) There should 
be a small, rather faint, greenish fluorescent spot on 
the screen of the exit collimator vhen the X-ray beam i s 
on. 

Exposure time may be 1 to 4 hours depending on the 
specimen. 

Theory : For any type of X-ray diffraction, Bragg's équation 
applies:-

X = 2d Sin8 (1) 

For cubic structures, i t can be shown that 

a = d(h 2 + k 2 + 12)* (2) 

Where a = - length of the unit c e l l 

d = separation of the set 
of crystal planes of 
which h, k and 1 are 
the Miller Indices. 

From (l) and (2) 

-Sin 2 e = \ 

or 

or 

i . e . 

S i n 2 9 

Sin 2 e 

S i n 2 e 

4a* 

4aJ 

4a' 

(h 2 + k 2
 + I 2) 

(h 2
 + k 2

 + I 2) 

. N where N i s an integer 

C.N since X is constant. 
4a 2 

Thus 20 rings on the.film w i l l give 20 integers, each 
integer being equal to h 2 + k 2 + l 2 for a particular 
set of crystal planes. The integers are therefore char
acteristics of the type of crystal structure, according 
to the following rules:-
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(1) For a face-centred cubie s t r u c t u r e h, k and 1 must 
be e i t h e r a i l even or a i l odd. 

( 2 ) For a body centred cubie s t r u c t u r e (h + k + l ) 
must be an even number. 

Interprétation of the photograph : 

( l ) Place the f i l m on the V e r n i e r measuring scale and 
measure the diameters "S" of a l i the r i n g s around 
the e x i t hole (the dark r i n g ) . Tbe r i n g s are not 
true c i r c l e s but from the diagram. 

s = r .4 9 

where 
r = camera r a d i u s 
6 = Bragg angle 
The camera r a d i u s i s 57.3 non 
so t h a t s i n mm = 4 9 i n angle. 

( 2 ) Measure the diameters s' of the 
ri n g s around the entranee hole 
( f a i n t l i n e s ) . 
From the diagram 

s ! = 46 

4 e = 360-4 9 ' 

Therefore, Bragg angle 6= (90 - 91 ) 

(3) Tabulate a l i values of 9 and s i n 8 

By t r i a l and e r r o r , f i n d a constant C v h i c h vhen 
9 

d i v i d e d i n t o each of the values of s i n 9, always 
gives an i n t e g e r . 

, 2 since C = 
4a' 

'a" , the length of t h e . u n i t 
can be found. 

(4) F i n d from t a b l e s , the type of c r y s t a l s t r u c t u r e 
corresponding to the values of N obtained. 
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6.1 Conrouter Programme to p r e d i c i c o r r o s i o n r a t e s . 

LIST 

CORRSN 10 :04 15-DEC-80 

5 REM PROGRAM T0 FINO CQRR0SIQN RATE AT A GIVEN CONCENTRATION 
10 REM SQDIUM, SULPHUR AND VANADIUM. 
15 REM COHBUSTION CONDITIOHS ARE CONSTANT 
20 REM ATOMISING AIR FLOU 6 KG/SQ.CM. 
25 REM SECQNDARY AIR FLOU 43 LITRES / MINUTE 
30 REM PIPE DIAMETER 7ÓCM. 
35 REM FLUE GAS TEMPERATURE AT SAMPLE PGtNT: 720 -740 DEG C 
40 REM 
45 REM EXCESS OXYGEN 4 . 5 PER CENT. 
50 REM 
55 REM 
60 REM 
100 DIM A ( 2 4 , 7 ) 
200 MAT READ A 
300 PRINT "TO END PROGRAM TYPE - 1 , - 1 , - t " 
400 PRINT "CONCENTRATION OF SULPHUR, SOBIUH, VANADIUM ARE" ; 
500 INPUT S, N, V 
000 . I F S <> - 1 THEN 1000 
?oo IF N <> - 1 THEN 1000 
800 I F V <> - 1 THEN 1000 
900 . STOP 
1000 IF S < 0 THEN 1400 
1 100 FOR I = 0 TO 5 
1 200 IF S <= I THEN 1600 
1300 NÉXT I 
1400 • PRINT "SULPHUR CONCENTRATION IS NOT VAL ID" 
1500 GO TO 400 
H 0 0 I F N < 0 THEN 2000 
1 700 FOR J = 0 TO 60 STEP 20 
1800 I F N <= J THEN 2200 
1900 NEXT J 
2000 FRI HT "SODIUM CONCENTRATION IS NOT VAL ID" 
2100 GO TO 400 
2200 I F V < 0 THEN 2600 
2300 FOR K = 0 TO 300 STEP 50 
240.0 <=..K...THEH.280.0 _ — • -

2500 NEXT K 
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2600 PRINT "VANADIUM CONCENTRATION IS-NOT VAL ID" -

27QÛ " GO f 0~4Ô0 -- " 
2800 LET P = 1 + 4 * 1 + J / 2 0 
2900 LET Q = 1 + K /50 
3000 LET R = A ( P , Q ) 
3100 IF V = K THEN 3400 
3200 ' LET RI = A ( P , Q - 1 ) . 
3300 LET, R = ( R - R D / 5 0 * ( V - K + 5 0 ) +R1 
3400 .IF N = J THEN 4000 
3500 LET RI = A (P -1 ,Q> 
3600 I F V = K THEN 390O 
3700 LET R2 = A < P - 1 , Q - 1 ) 
3800 LET R1 = CR1 - R 2 ) / 5 0 * ( V - K + 5 0 ) + R2 
3900 LET R = ( R - R 1 ) / 2 0 * ( N - J + 2 0 ) +R1 
4000 IF S = I THEN 5200 
4100 LET R1 = A (P~5 ,Q) • 
4200 I F V = K THEN 4500 
4300 LET R2 = A ( P - 5 , G - 1 > 
4400 LET RI = < R 1 - R 2 ) / 5 0 * ( V - K + 5 0 ) + R2 
4500 IF N = J THEN 5100 
4600 LET R2 = A ( P - 6 , Q ) 
4700 IF V = K THEN 5000 
4800 LET R3 = A ( P - 6 , Q - 1 ) 
4900 LET. R2 = ( R 2 - R 3 ) / 5 0 * ( v - K + 5 0 ) + R3 
5000 LET R1 = CR1-R2 Î / 20 * ( N - J + 2 0 ) + R2 
5100 ' LET R = (R-R1 ) * ( S - I + 1) + RI 
5200 PRINT "CORROSION RATE AT GIVEN CONDITION I S " , R 
5300 GO TO 400 
5400 • DATA 1 . 5 , 4 . 2 , 6 . 5 , 3 . 1 , 8 . 5 , 9 . 0 , 8 . 8 
5500 DATA 6 , 6 . 5 , 9 . 5 , 1 1 . 5 , 1 3 , 1 3 . 5 , 1 3 . 5 
5600 DATA 1 1 , 1 1 , 1 2 , 1 4 . 5 , 1 5 , 1 6 , 1 6 . 5 
5700 DATA 1 1 . 2 , 1 1 . 5 , 1 2 . 5 , 1 6 . 5 . 1 8 . 5 , 1 9 , 1 ? 
5300 DATA 3 , 5 , 6 . 6 , 7 . 9 , 3 . 6 , 9 . 1 , 9 . 3 
5900 DATA 7 . 1 , 9 . 5 , 1 1 . 2 , 1 2 . 7 . 1 3 . 6 , 1 4 . 1 , 1 4 . 2 
6000 DATA 1 1 . 2 , 1 1 . 7 , 1 2 . 6 . 1 4 . 5 , 1 6 . 0 . 1 7 . 1 , 1 7 . 5 
6100 DATA 1 1 . 5 , 1 3 . 5 , 1 5 . 6 , 1 7 , 1 8 . 2 , 1 9 . 3 , 1 ? . S 
¿200 DATA 7 . 5 . 9 , 9 . 9 , 1 0 . 5 , 1 0 . 8 , 1 1 .1 ,11 . 1 
â300 DATA 1 1 . 5 , 1 2 . 2 , 1 3 . 0 , 1 4 , 1 4 . 5 . 1 4 . 3 , 1 4 . 5 
6400 DATA 1 3 . 1 , 1 4 . 1 , 1 4 . 9 , 1 5 . 5 , 1 6 . 1 , 1 6 . 7 , 1 7 
6500 D A T A - 1 3 . 5 , 1 5 . 9 , 1 8 . 1 , 1 9 . 4 , 1 9 . 3 , 1 9 . 4 , 1 9 . 5 
6600 DATA 1 0 . 5 , 1 1 . 5 , 1 2 , 1 2 . 5 , 1 2 . 8 , 1 2 . 8 , 1 2 . 8 
6700 DATA 1 5 , 1 6 . 5 , 1 7 . 4 , 1 7 . 7 , 1 7 . 8 , 1 7 . 3 , 1 7 . 5 
6800 DATA 1 8 , 1 8 . 6 , 1 8 . 3 , 1 9 . 4 , 1 9 . 5 , 1 9 . 5 , 1 3 . 8 
6900 DATA 1 7 . 5 , 1 3 . 3 , 1 9 . 6 , 2 0 . 4 . 2 0 . 3 , 2 0 . 1 , 1 9 . 5 
7000 DATA 1 1 , 1 2 , 1 2 . 6 , 1 3 , 1 3 . 3 , 1 3 . 5 , 1 3 . 3 
7100 DATA 1 7 . 5 . . 1 7 . 9 , 1 8 . 1 , 1 8 . 3 , 1 8 . 5 , 1 8 . 5 . 1 8 . 4 
7200 • DATA 1 8 . 1 8 . 5 , 1 8 . 7 . 1 8 . 9 , 1 9 . 3 . 1 9 . 5 , 1 3 . 2 
7300 DATA 1 8 . 5 , 1 8 . 9 , 5 9 . 4 , 1 9 . 7 , 2 0 . 2 0 . 1 , 1 ? . ? 
7400 DATA 1 2 . 1 , 1 2 . 8 , 1 3 . 5 , 1 3 . 9 , 1 4 . 2 , 1 4 . 2 . 1 4 . 1 . , 
7500 DATA 1 8 . 5 , 1 3 . 6 . 1 3 . 9 , 1 9 . 1 , 1 9 . 2 . 1 9 . 2 , 1 3 . 5 • ' 
7600 DATA 1 9 , 1 9 . 2 , 1 9 - 5 , 1 9 , 3 , 2 0 . 3 , 2 0 . 5 . 2 0 . 5 
7700 D A T A J 9 . 5 . J 9 . 7 , 2 0 . 3 , 2 0 . 5 , 2 0 . 5 , 2 0 . 2 . j 9 . 5 
7 8 0 0 " " " ~ END 
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READY 
SUN : : - -

CORRSN 1 0 : 0 6 15-DEC-80 

TO END PROGRAM TYPE - 1 , - 1 , - 1 
CONCENTRATION OF -SULPHUR, SODIUM, VANADIUM ARE ? 0 , 0 , 0 
CORROSION RATE AT GIVEN CONDITION IS 1.5 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? 1 , 2 , 3 
CORROSION RATE AT GIVEN CONDITION IS 3 . 5 3 2 4 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? 5 , 6 0 , 3 0 0 
CORROSION RATE AT GIVEN CONDITION IS 1 9 . 5 . 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? - 1 , 6 0 , 3 0 0 
SULPHUR CONCENTRATION IS NOT VALID 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? 0 , - t > 0 
SODIUH CONCENTRATION IS NOT VALID 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? 0 , 0 , - 3 0 0 
VANADIUM CONCENTRATION,IS NOT VALID 
CONCENTRATION OF SULPHUR, SODIUM,-VANADIUM ARE ? 7 , ¿ 0 , 4 0 0 
SULPHUR CONCENTRATION IS NOT VALID 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? 3 , 2 0 , 1 0 0 
CORROSION RATE AT GIVEN CONDITION IS 17 .4 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? 3 . 2 , 1 0 . 5 , 1 0 0 
CORROSION RATE AT GIVEN CONDITION IS 1 5 . 0 1 5 5 
CONCENTRATION OF SULPHUR, SODIUH, VANADIUM ARE ? 4 . 2 , 2 0 , 5 , 2 0 0 
CORROSION RATE AT GIVEN CONDITION IS 1 2 . 5 3 2 

•CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE T 4 , 4 0 0 , 2 0 0 
SODIUM CONCENTRATION IS NOT VALID 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? 5 , 5 Û , 2 0 0 
CORROSION RATE AT GIVEN CONDITION IS 2 0 . 4 
CONCENTRATION OF SULPHUR, SODIUM, VANADIUM ARE ? - 1 , - 1 , - 1 

T IME: ' 0 . 3 7 SECS. 

READY 
BYE 
Job 30 User KHAN FR EN C130620,23 
L o g g e d - o f f TTY10Ó a t 1 0 : 1 1 : 1 1 on 15-Hec-SO 
R u n t i n e : 0 : 0 0 : 0 1 , KCS: 1 6 r Connec t U n e : 0 : 1 2 : 1 2 
D i s k R e a d s : 1 6 1 , U r i t e s : 9 , B l o c k s s a v e d : 3 6 
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