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ABSTRACT.

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

High temperature corrosion, at 730° C, by combustion gases produced by
burning liquid fuels in a2 laboratory combustor has been investigated.

‘ A selected range of steels and slloys (mild steel, stainless steel
type 347, Nimonie N90, N105, and IN657) have been tested in the combus-
tion gases using fuels containing varying amounts of impurities in the
range of 0 - 6% sulphur, 0 - 60 ppm sodium, and O - 300 ppm vanadium.
On the basis of the comprehensive results a computer programme was
written to predict corrosion rates of mild steel by combustion gases

- produced by burning fuels éontaining impurities such as sulphur,-
sodium and vanadium. The programme was tested, and the predictions
which included the change of fuel were experimentally verified. 0il
soluble additives have been used to show the effect on corrosion rates
of the materials tested. By usiné X-ray diffraction analysis of the
oxide layers, and with the help of electron microscopy, an attempt was
made to investigate the mechanism of corrosion in the individual and
collective presence of sulphur, sodium and vansdium. supplied by the
test fuels. It is shown, for -example, thst the presence of sulphur in

the fuel helps in the formation of Fe0 in the surface oxide layers.,

The ignition delasy time or simply the ignitien delay, which is the time
lapse betweén the introduction of & fuel droélet into a heated atmos-
phere and its eventuzl ignition, was measured for all the test fuels.
It is shown that the addition of elemental impurities such as sulphur

soedium and vanadium have no significant effect on the ignition delay

of the fuel but the eddition of oil soluble additive makes the,-ignition

delay - temperature, curve’ steeper at the operating temperature and
also reduces. corrosion of materizls. Light hydrocarbon fuels having
lower ignition delay than Kerosene at the operating temperature can be
used as an additive to reduce the formation of sulphur trioxide in the

combustion gases.
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CHAPTER 'ONE'

GENERAL INTRODUCTION,

Corrosion generally 1mpligs the deterioration or destructionrof a
material, usually a metal, by reaction with its environment (193)+ .
Corrosion in the normal sense involves loss of electrons from the
metal to the environment and the formation of corrosion products

such as oxides.

Metal - Gas
Mz+ Oxidation : M= Mz+- + zZe
pe ) . . E je
0 O2 Reduction b Oé—ize + > 0
za Combined : M + 0,—>MO
_ 2 2/2
Anode Cathode

where z is the number of electrons in the oxygen transfer process.

Corrosion of metals is influenced by their environment. The degree
of this influence is ;elative to the physicsl state of the environ-
ment, 'its temperature, concentration and wgrking condition (e.q. yime
of exposure, effect of cycling). Figure 1(1) shows different
corrosive environments. Corrosion oflmetals is also influenced by

their metallurgical composition and microstructure (193).

Corfosion of cil-fired boilers can convepiently be divided into two
temperature regions as shown in figure 1(2). Corrosion of surfaces
operating above temperatures where ash components tend tc become
liquid (at approximately 600° ¢ and above) are referred to as High
Temperature Corrosion; and corrosion of surfaces operating at or below
temperatures where, aqueous condensate are produced i.e. below the
acid dew point of the gases"(approximately 150° ©) is.called Low
Temperature Corrosion (3,52). For practical purposes corrosion is not
a sericus threat to surfaces operating between the two limiting

* The numbers in brackets refer to selected entries from the references
of literature survey. '
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temperatures given above (52).

In boilers and gas turbines, the corrosive;atmosphere often may be
quite complex depending on the fuel burned, the impurities present
‘and the combustion conditions. Alkalies, chlorides, sulphur oxides
and vanadium compounds, resulting from combustion of the fuel will
cause severely corrosive conditions, particularly at temperatures
above about 650° C. The intergranular penetration of metals by
ferrous oxide - ferrous sulphide complexes, and the accelerated
attack by vanadium—-containing compounds such as Navd3 and Na20.V204.
5V'205 are examples of corrosion by molten salts, but 503 &nd nascent
oxXygen also are suggested as being potentially severe corrodents

(88, 164).

Research workers using various test procedures including crucible
tests, rig tests, oxygen consumption tests, have found that most of
the ordinary 8lloys are corroded at a rapid rate, particularly at
temperatures above 700° C. Specific effects have been reported for
V.,0. and Na, S0

275 2774
ash contains sulphur (164}. Iron and nickel alloys containing over

High-nickel. alloys suffer severe attack if the oil-

50 per cent chromium have shown better resistance to ash attack.
Also, aluminium or beryllium alloying additions seem to give improved
performance, perhaps because of the formaticn of more resistant oxide

films (88}.

A éreat deal of effort has been directed to the study of oil additives
which will combine with the corrosive components to form high melting
point compounds. Magnesium oxides, dolomite, calcium, aluminium and
silicon compounds seem to have the desired effect,'but'the selection
of .one or another of these appears to depend on the tempersature of
operation, the composition of the oil and the resulting formation of
deposits (186).

" The present trend towards the construction of very large generating -
units in new power stations places increasingly stringent demaﬁds on
their availability. This in turn requires & continuous improvement

in the reliability of the various boiler components, and thus in the



performance of their constructlonal materials under operational con-
ditions. The ability of these materigls to withstand corrosion is of
particular importance in this context. The rate at-which-corrosiOn
occurs in a plant influences.the maximum superheater metal temperature,

and hence the maximum steam temperature and thermel efficiency (99).

The importance of understanding the mechanisms whereby corrosion takes
place, so that it may be combated and plant performance improved, has
long been recognised. The associated problems have been the subject

of intensive research for many years. Industria; research engineers
like Rosborough (90, 92, 172), Baker (24), Hart (105), Cutler (41),
Jacksen (127}, and Mortimer (224) have carried out plant trisls and
research to improve the performances of boiler tubes and turbine blade
materials in presence of impurities generated by the fuel. Such work

is necessarily restricted by every day demands of the plant.

Alongside these industriel efforts, academic research has been carried
out, e.g. by Coates (33}, Elliot (60), Hills (11) and Penfold (179), on
the stteck on-steel specimens by specific corrodents such as fused

vanadates and sulphates.

My mein consideration was to set up a simulation of the combustion
conditions - of the industrial plant in the laboratory, and to examine
the individual and collective corrossive effects of the impurities
present In the fuel upon a selected range of steels and alloys in
actual use jin the industry.

It has long been known that the presence of sulphur, sodium and

vanadium in residual fuel oil is mainly responsible for the corrosion
of heat exchange surfaces in boilers, and for the rapid deterioration
of gas turbine blades (60). A review of the work done in this field

(99) gives a3 general outline of the present understanding of the

corrosion process, but the individual and collective effects of corro-

' - sion due to the presence of the three major impurities has not been

studied in detail. The range of impurity contents studied was dictated
by the type of fuels and their impurity levels that an industriel
combustion engineer might expect to meet (185).

-3 -



A fully detailed exposition of the present state of work in this area
and the relationship of my work to it is given in the comprehensive

literature survey which follows.
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2.1 Introduction

Corrosion, such as deposits on the fireside surfaces of boilers
or gas turbines, presents enormous problems in industry, as
evidenced by the vast amount of technical literature on this

-important subject.

Interest in the corrosion of high temperature slloys by petroleum
fuel oil ash deposits rezlly dsates from Amgwerd's classic inves-
tigation in the late 1940'sy originally published as & University
thesis, and later in the open literature(i). This type of cor-
rosion is essentially a reacticn involving molten fuel ash.
Boiler tube surface temperatures were at that time too low for
the boiler to be seriocusly troubled with the problem. The re-—
search activity which occured in the period 1950—1975 in & number
of countries, in Government research establishments, ¢il compan-
les' laboratories, research associations and in industries has
been'extensively reviewed (3,7,25,40,50,62,65,66,88,92,101,126,
142,156,164,172,210,212). These works have resulted in a fair
understanding of the problem of corrosion by fuel ash in the
presence of 2 large excess of oxygen, and have attempted to give
an empirical description of the nature of the problem, means of
combating it, and also & reasonable working hypothesis to des-
cribe the underlying mechanism. In spite of this, the fuel-burn-
ing gas turbine has found only a token applicetion, using
selected fuels of restricted ash content and composition. Boiler

users still face the same problems with boiler tube surfaces, in

" trying to raise the maximum steam tempersture (156).

The study of the causes of deposits, of their composition, and
of their -corrosive effect is not simple. The impurities in the
fuel, the temperatures reached owing to the combustion system
employed, and the serodynamic behavicurs of the gsses fixed by
boiler or turbine design are the imposed variables subject to

verying degrees of control. Additional knowledge should be



2.2

useful regarding the interactions between these variables which

cause deposits, (164).

Mechanism and Kinetics of Oxidation at High Temperastures.

The mechanism of oxidation of various metals and alloys has been
studied extensively, and excellent reviews by Kubashewski and
Hopkins (136}, Hauffe (117) and Evans (64) ere available. Wagner
(219} has pointed out that the reaction between a solid metal and
an oxidising gas seems to be one of the simplest chemical reac=-
tions, but that actually the mechanism is highly complex. Gener-
ally, the first result of a metal-gas reaction is the formation
of 2 s0lid reaction product, or £film, on the metal surface. At
elevated temperatures, this film does not prevent the continued
oxidation of metal because both the metal and gas can diffuse
through the layer of reaction product. However, the rate of
reaction will decrease in most cases. Lewis (150) has demonstra-
ted that "the rate of oxidation of materials which are oxidation
resistant is generally governed by the rate df diffusion of icns
through the partially protective oxide film formed. As the thick-
ness of the film increases, the rate of diffusion becomes slower,
and the familiar parabolic law is follewed (Fig. 2(1)). The phase
equilibrium diagram of the binary system Fe-0, is shown in
fiqure 2(2).

The mechanism by which metal diffuses through oxides has been
studied by many investigators. A simple, brief summary of some
of these studies was given by Corey (33). Metal ions can diffuse
through oxlde in two ways: (1) they can go into solution at the
metal-oxide interface moving interstitally between the atoms com-
prising the oxides, or (ii} they can move into vacant bositions 7
in the oxide lattice. The second mechanism can occur because‘
some oxides and sulphides contain less metal than corresponds to
the stoichiometric formula. This results in vacancies in the
lattice and the metal ions at the metal scale interface can move
into them (87).

- 10 =



Kubashewski and Hopkins (136) have reviewed the progress of
various investigators in developing a theory that will explain
the oxidation of alloys. The broad picture appears to be that
alloys based on the high melting point metals such as niobium,
tantalum, tungsten and molybdennum, have satisfactory strength
at high temperatures. They are, however, unsuitable for high
service in oxidising atmospheres due to excessive oxidastion, and:
appear feasible only with protective coatings. On the other
‘hand, satisfactory alloys based on nickel and iron -have been
developed for -stress carrying applications under oxidising con-
ditions. Generally these alloys rely on additions of chromium
and sometimes aluminium, for their oxidation resistance. Leslie
and Fontana (151) found 'catastrophic oxidation' in a maolybdenum-
containing stainless steel because cf the formation of volatile

molybdic oxide (M003) which disrupted the protective scale.

. Bradbury, Hancock and Lewis (28) found -that vanadium aditions to

a carbide hardened alloys based on the nickel-chrome-~cobalt system
also caused serious attack. - The results of the vanadium additions

are shown in Table 2(1), where it can be seen that the effect of

.- the vanadium additions is to cause highly localised attack, prob-

"ably associeted with pockets of liquid phase.. This means that the

actual loss in some areas is much greater than the overall Qeight
gain measurements would indicate, thus illustrating the danger of
using gravimetric results without microscopical examination or

other supporting techniques (88).

The effect of stresses in the oxide scale during growth is

-important in determining the service life of components operating

in oxidising atmospheres because these stresses influence scale

- adherence and resistance to cracking (115). Hancock and Fletcher

- (118) have shown that, when nickel is oxidised, the mechanism of

oxidation is by cationic diffusion through the oxide scalé, and
the effect of this mechanism is to supersaturate the underlying
metal with vacancies which sericusly modify the subsequent creep
behaviour. The effect is demonstrated by Figure 2(3) which shows
the difference between creep testing specimens which have been
previously: (a) oxidised at 1,000o C and (b) vacuum annealed for

the same time at the same temperature. The amount of surface

- 11 -



oxidation is negligible.(below 0.001") on a quarter inch diameter
specimen, but the cxidised specimen has a high vecancy supersatur-
atien and this is reflected in the creep behaviour. The effect
becomes more pronounced if thin specimens are used and indicates
that when using sheet material at high temperatures, oxidastion

is impertant even if it appears to be superficial and of
"negligible'" thickness (885.

- The complexity of high-temperature corrosion mechanism, whether
by gases or salts, is clearly evident from the results of these
few fundamental studies. For practical reasons, the objective

of many cther investigaticns has been to observe the behavicur ~

of materizls in actual or synthetic.products of combustion, to

- guide in the solution of pressing corrosion problems.

2.2.1. Corrosicn in oil-fired boilers and turbines.

Corrosicn by fuel-oil ash was not considered a pressing
problem in steam power plants until the advent of the
mercury boilgr. Fuller (73) refers to the corrosion of steel
in an oil fired mercury boiler having been observed some

.35 years ago. However, it is only within the last 20 years
that the problem has received much attention. Collins (47)
discussed the problems connected'with ocil«fired beiler
operation, pointing out the marked effect of temperature on
cocrrosion. Metal loss is increased tenfold by increasing -
the metal temperature from 500° C tc 600° C. . At the higher
temperature, measurable corrcsion occurred quickly, even at

low vanadium concentrations.

Most of the published literature on oil-ash ¢orrosion

is concerned with the problem as related to gas turbines.
The obvious reasoné are that operating temperatures are in
the high range where corrosion by molten ash becomes severe.
Several good general reviews have been written deaiing with
the problem as & whole, including a discussion of corrosicn

effects, behaviour of commercial and experimental materials,

al? -



and the use of additives to overcome corrosion difficul-
ties (88, 164). Most of the research has been concerned
with & comparison of the resistance to corrosion of the
various known alioys which might be used as materials of
constructions. Some investigators, having concluded that
the prospects for s metallurgical solution to corrosion
problems are not good, have therefore investigated metheds
of slleviating the harmful effects. '

A series of corrosion - rig tests using an oil-fired burner
end plant trisls using operation boilers, have demonstrated

the scceptability of the decision to apply the limit to

-steam outlet temperature to 540° c. Typicel characteris—

tics of oil-fired boilers are shown in Table 2(2). The
plant trials were carried out at Marchwood and Bankside

Power Ststions, and rig tests were cgrfied out at Marchwood

" Engineering Laboratories and at the Central Electricity
'Research Laboratories. The primary objective 6f the tests

‘was to establish the corrosion rates of ferritic and

austinitic steels over the typical opersting temperszture
range of superheater and reheater tubes, for different flue

gas temperatures.

Concerning the corosion probiems in superheaters and re-

heaters, Mortimer (224) discussed that the courses open

1. Reduced metsl temperatures

2e Reduced gas temperstures

3.  Shield tubes from aggressive stmosphere

4. Use thicker tubes

5. Better selection or blending of fuel

6. Use improved slloys for example as co—extruded Eubes.

For a given steam temperature of 570° C the metal surface

temperature is 650° C (224).

- 13 -



steam outer { Fe/Cr/Ni molten Fe, 0 Ash

5700 C }jwall spinel containing sulphate 23
nominal of lamellae of o ° Na/K o
max. tube | sulphide 650°C. 680°C. ‘ 780°% | wl1000°C

The formation of the oxides is influenced by dissolution
+in the sulphate and precipitation at the hot end of the
gradient. The molten sulphate has a significant partial
pressure of 803 which -dissolves the oxicde to form complex
sulphates which decompose at the higher temperatures

( 780° C). This produces a corrésion rate dependant upon
the temﬁerature gradlent. Above a temperature of about- 680° C
the sulphate is no longer capable of dissolving the oxide and
the corrosion rate returns to the level of normal oxidation
reaction (224).

2.2.2.. Reaction of Metals and Alloys with products of combustion.

Much .of the early experimental work was designed to cbtain
an indication of the effect of individual components of
cémbustion atmospheres on various alloys used in steam

power plants. It is obvious that the presence of free
oxXygen in a gas mixture will result in oxidation of metals.
Laboratory oxidation tests by Marson and Cobb (163) on mild
steel specimens exposed for 3 hours at 650o C showed that
the relative scaling effect decreased in the order dry air,
80 N2 - 20 H20 CO2 The welght of oxides formed in the dry
air was approximately twenty times that in C02. The CO2 and
H20 in the products of combustion not in equilibrium with

CC and H, over iron and iron oxides are also oxidising in

2

effects. The proportion of CO2 and'H20 in the combustion
gases is dependent on the carbon and hydrogen content of

the original fuel.

2.3 Fuel Contaminants.

Residual fuel oil contains the residues of crude oil refinery pro-
cesses diluted with distillate hydro-carbons, and therefore, con-
tains most of the harmful impurities present in the initial crude

oil (164).
- 14 -
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The high temperature corrosion problems with residual fuel o0il
are generally worse than with sclid fuel combustion for, although
the ash contents rarely exceeds 0.1%, it contains considerable
quantities of vanadium and it is the presence of this vanadium
that produces the principal differences between corrosion in coal
and oil fired boilers (164). The corrosion behaviour is complex,
depending upon the analysis of the fuel used and a2lso upon the

location of the installation, for example, high temperzture cor~

. rosion is invariably worse in marine environments. Table 2(3)

shows the typical impurities in oil used in power stations and

Table 2(4) shows the ash elements in crude oil.

5.3.1. Ash Constituents in Residual Fuel 0il,

The combustion of a single atomised droplet of oil begins
with the eveporastion and ignition of the lighter hydro-
carbons. This is followed by decomposition of the heavier
hydrocarbons and, finally, the combustion of the residual
carbon matrix. Because the temperatures reached during the
decompogition stage are relatively high, & portion of the
inorganic compounds which have high vapour pfessures at
these temperatures are vaporised. Sodium chloride in par—
ticular, is vaporised in this manner. Its vapour pressure
is about 10 mm Hg at 800° €, and thet of vanadium pentoxide
(v205) is slightly less than 0.3 mm Hg. at the samé temper-
ature. Most of the ash-forming compounds other than NaCl
become concentrated in the carkon residue of the burning
particle. During combusticn, ash particles of the metallic
oxides are formed. The organic vanadium complexes in the
cil are decomposed, and the vanadium is oxidised first to
the stable and nonvolatile forms V,0, and V,0,, and finally

'
to V205. With other metal ash conitituentszpjesent such

as iron, nickel, sodium and calcium, wvarious reactions take
place with vanadium oxides to form a series of vanadates.
The vepour pressures of all‘these compounds are lower than
that of V205 (88). Table 2(5) shows possible constituents
formed during combustion and their melting points.

- 15 -



2.3.1.1. Removal of Ash forming constitutents.

.As problems invelving corrosicn and deposits
developed in boiler and gas-turbine units fired
with residusl oils, one of the first steps takén
was to investigate possible ways to reduce the
concentration of ash~forming constituents to a
lower and perhaps to & tolerable level. Some

- possible ways of separating and removing the ash-
forming constituents are filtration, centrifuging,
treatment'by solvents distillation, treatment ﬁy

ion-exchange and other-processes.

2.3.2. Sulphur in Heavy Fuel 0Qil..

The presence of sulphur in crude oil introduces problems in
connection with its handling and processing as well as in
utilization of the refinery products. For the lighter_re-
fined products, the problems are associated with odour,
corrosion, and the adverse effect of sulphur on the octane
- number and lead susceptibility. For the heavy fuel oils,
the presenée of the sulphur is a significant factor in
problems of combustion involving: (i) air pollution, (i)
contamination of furnace and kiln charges; (iii) low-tem-
perature corrosion of metal components in boller systems,
such as economisers and air preheaters; and (iv) the for-
mation, in combination with metsllic coﬁstituents of the
ash, of deposits and corrosive slags in high temperature

sections of the boiler.

Thé sulphur content of residual fuel oils varies with the
type and origin of the crude oil and the type of refining
process. During refining, the sulphur as well as the ash
is concentrated in the high~boiling residual fraction.
Table 2(6) shows the distribution of sulphur in the various
fractions resulting from diséillation of crude oil. The
sulphur content of the‘several petroleum fractions increase
with the boiling range, from which it can be concluded that
sulphur cdmpounds of high molecular weight predominate in

crude oil.
- 16 -
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2.4 Occurence of oxides of sulphur.

. Residual oils which may have an ash content from 0.01 to 0.1 per

cent, usually contain from 1 to 4 per cent sulphur, and during

combustion most of this sulphur is oxidised to S0, which .appears

in the gas stream. A relatively smell amount of gos is formed
during combustion or is cenverted from 802. Consequently, both
oxides appear in the flue gases in-amount which depend on the fuel
compositien, ash characteristics, the condition of the heating
surfaces, and the design of the system.

2.4.1. Mechanism of formation of Sulphur Trioxide.

Four mechanisms have been proposed to explain the formation

of sulphur trioxide in boilers (137) '

{i) The reaction of S0, with atomic oxygen in the high
temperature flame zone (2,97,110,210, etc.).

(i1) The heterogeneocus catalysis of the 502/503 reaction
on boiler surfaces (99,100,101).

(i11)The homogenecus gas phase reaction between_502 and
0, (97,99,110).

(iv) Low temperature oxidation on surfaces below the acid

' dew point (6,180). '
All four thecories are wvalid but their relative importance

varies from cne plant to another.

= (a) Atomic oxygen theory.

The flame or atomic oxygen theory was. first proposéd
by Dooley and Whittingham (53) and Gaydon (77), see
figure 2(4). Whittingham using small diffusion flames
of carbon ménoxide, hydrogen and methane, containing
502 showed that there was a marked differente in the
degree of oxidation of sulphur dioxide with different
flames (Figure 2(5)). He cbserved that the increasing
order of conversion of 502 into SO3 was in the methane,
hydrogen and then carbon monoxide flame - which is in

the same corder as that of inc:easing atomic oxygen

concentration in these flames, as cbserved by Gaydon (77).

-17 =



Dooley & Whittingham (53) arqued that if atomic

oxygen is invelved in the formation of 303 in the
flame, then the introduction te the flame of substance
known: to react with atomic oxygen will suppress the
formation of 503. On the above assumption they intro-
duced different percentages of NO tc the flame and
confirmed expgrimentally the suppressed formation of
503, figqure 2(6). More evidence of SO3 formgtiqn in
flames was offered by Crumbley and Fletcher (37) as shown in
figure 2{7) and by Hedley (97,110). - Hedley used an oil
fired laboratory furnace where- the temperature and
mixing history of the gas were known, and carried ocut

a quantitatiﬁe investigation of the oxidation of 502
and SC.. The results showed that the concentrations

3
of S0, were in excess of those that one might expect

3
from normal-thermodynamic considerations involving

molecular oxygen {Fiqure 2(8)).

25—02—A1r flat

was formed about cne-flame

Levy and Merrymem (140) working with H
flames showed that (a) S0,
length thickness past the visible flame zone, and (b)
the formation of 503 in the flame was directly related
to the oxygen concentration through the reaction zone

(Figure 2(9)).

Barrett, Hummel and Reid (12) investigated formation
of 503 in a Stainless Steel Combustor while burning
natural gas hydrogen sulphide mixture and operating at
a maximum wall temperature of 260° C. The concentra-
tion of SO3 was measured at distance of 3 to 24 inches
from burner plate with excess air levels of 1 to 12
per cent. No significant variation of.SO3 concentra-
tien was observed along the combustor at any excess
air level. It was concluded that all of the 503 was

formed in the first 3 inches of the combustor or

approximately within the visible flame.
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(b)

Halstead (99) reviewing the progress made on the subject
states that on leaving the flamé, the concentration of
atomic oxygen decreases rapidly and the formation of
additional 503 downstream—of the flame becomes depen-
dent on intermolecular reactions. He added that molec-
ular re-oxidation of S0, (SO2 + iOé—’SO3) as the tem-~
perature falls is considered to be very slow though its
rate can be increased by catalysts, both gasecus and

condensed phase. .

Ahmed and‘Zacéek {2} investigated formation of S0,
using a liquid-fuel firing combustor with s laminar,
pre=mixed flames. They found that SO3 was only formed
when there was excess oxygen in the combustion gases
and under sub-stoichiometric conditions no 503 could be
detected. An increase in the quantity of combustion
alr in excess of stolchiometric requirement led to an
increase in the concentration of SO3 in combustion
gases. The level of 503 content in the flue gases
reached its maximum at about 4% excess oxygen concen-
tration in the flue gases,(figures 2(10) and 2(11)).
The effect of residence time of the combustion gases

in the high-temperature zone showed that in the first
instance the amount of SO3 formed was in excess of that,
which could be predicted from thermodynamic considera-
tions involving molecular oxygen. Sulphur trioxide
thus formed, began to dissociate back into sulphur di-
oxide and oxygen as gases continued to pass along the

combustion chamber, figure 2(12).

The heterogenecus catalysis of $50,/50, reaction at

boiler surfaces.

The formation of sulphur trioxide in boilers by het-
erogeneous catalysis was probably first proposed by

Harlow (100,101). The use of ferric oxide (Fe203) to

promote the oxidation of SO, to SO3 is well known and

2
Harlow Suggested that the presence of 503 in the boiler

- 19 =



e mm e e ameb | eem

Bl e P T L UG S PR S A Dy TR P DU PPUUEY NE

{c)

~(d)

flue gases was due to the catalytic oxidation of 802

over hot boiler surfaces. This cannot, however,
explaiq the exdistance of 803 found by other workers
(12,97) within the combustion chamber before the gases
come into contact with catalytic surfaces. Work done

by Baerrett (12) does show that Fe 0, - covered surfaces

2

catalyse oxidation of 802 to S0, at temperatures near

3
650° ¢, figures 2(13) and 2(14). The indications are
that some 503 is formed during the passage of flue
gases through the boiler, especially at high temperatu-

res, and when excess oxyden is available.

The homogeneous gas phase reaction between S0, and 0,.

Oxides of nitrogen have been used as catalysts in the
manufacture of sulphuric acid in the lead chamber pro-
cess. This is essentially a low-temperature operation
and gases are cooled to nearly 93° C before entering
the reaction chamber. It has been suggested (53,97)
that the presence of nitrogen oxides in the flame

gases is meore likely to reduce the amount of SO3 formed

because of the removal of oxygen atoms from the system.

The low temperature oxidation of Sulphur dioxide on

metal Surfaces below aclid dew-point.

Low tempersture oxidation of sulphur dioxide is a very
commonly encountered phenomenon. Ryland and Jenkinson
(188) proposed that economiser deposits especially fer—
ric sulphates, can catalyse the oxidation of sulphur
dioxide. During-trisls at s Power Station, Alexander
et.al. (6) confirmed an increase in the conversion of
SO2 to SO3 during the passage of flue gases fhrough

the economiser-and reported this as evidence for the

hypothesis suggested by Rylands and Jenkinson (188).

2.4.2. Measurement of the extent of formation of SO..

3

To assess the extent to which the 302 in the combustion

gases has been oxidised to soa, an experimentsl method-
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is required. Two methods are available, the analysis of

a sample of the gases for 502 and 503 and the determins-
tion of the dew point of. the gases. Both are fraught with
certain difficulties but both have been developed to work-
able methods.

Corbett (47) has presented a satisfactory method for the
analytical determination of 502 and 503.
Fielder et.al.(72) deéveloped a method for the determination
of SO3 and 502 and on the basis of this CERL in collabor-
ation with Gallenkamp developed & laboratory apparatus for
the determination of SO3 and 502.

Goksoyr and Ross (79) developed a simplified method of

analytical determination of S0 "Salooja (196) pointed out

cH )
the serious errors in the methods for the determination of
802 and 803.

Recently CEGB has developed an instrument for the automatic

menitor of 503 in the flue gases.

Effects of various factors on the formation of SO3.

The following list gives some conditions which are known

to have an effect on the oxidation of sulphur:

(a2) The sulphur content in the fuel.

(b} The excess of combustion air used.

(¢) The method of introducing air into the combustion
_ zone.

(d) The nature of the fuel.

(e} The flame température.

(f) The method of atomisation.
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The ignition delay time or simply the ignition delay is termed as
the time lapse between the introduction of a fuel droplet into a

heated atmosphere and its eventual ignition (189).

In most oil-fired appliances the fuel is suitably atomized; before
combustion, into a spray of fine droplets. The subsequent processes
occuring in the chambgr are numerous.and complex and are influenced
by several factors - (e.g. droplet size, mixing, heat transfer,
evaporation, ignition, combustion). Photographic studies have
shown that in compression ignition engines, particularly those with
small combustion chambers, a large proportion of the injected fuel
strikes the combustibn chamber walls even if this is not intended.
In gas turbines employing vepourising tubes, the fuel comes into
contact with a heated surface.- The significant aspects of the
problgm are evaporation, ‘ignition and the combustion of the drop-
lets (189). Over the past 50 years or more, & considerable amount
of work has been carried out on the spontaneous ignition of liquid
fuels. Most of these work has been confined to the determination
of the minimum temperatures (spontaneous ignition temperature) at
which & droplet of the liquid fuel under consideration would under-
go spontanecus ignition when allowed to fall into a heated crucible
or vessel. Satcunanathan and Zaczek (189) investigated the spon-
taneous ignition and ignition delays of some liquid fuel droplets
impihging on & hot surface. They showed that ignition delays of
some commerclally important fuels such as Kerosene and Diesel fuel,

have a minimum velue of some particular temperature.

Ahmed-and Zaczek (2) suggested that there is a relationship between

the ignition delay and the formation of 503 in the combustion gases.

There is, therefore, a need for the measurement of ignition delays

of individual liquid fuels.
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~2.6.1. Mechanism of-denositidn._

The most seriocus deposition problem occurs when fuel oil is
used for firing bollers and turbines. There are essential
differences on behaviour between boiler and turbine prac-
tice which radically effect the type of corrosion that

oCCuUrs.

When impure fuels are burnt the combustion atmosphere will
consist of a mixture of solid, 1liquid snd gasseous products
the nature and composition of which will depend upon the
impurities present in the fuel. The deposition of these
impurities will depend upon the melting points and vapour
pressure of the impurities, the temperature of the gsas
stream; the temperature of the target ares anﬁ the flow of
combustion products around it. Figures 2(15) and 2(18)
.shcw the structure of scale and deposits and temperature

gradient within them.

In gas turbines there is little temperature difference be-
-tween the gas stream and the turbine blades. The concave
side of the blade will ke struck by &ll the nongaseous par-—
ticles in the gas stream and, if the tempersture is such
that some of these are highly viscous liquids or plastic,
solids then they will probably stick and form deposits.
This will not happen to the same extent on the convex side
of the blade where deposition from the vapour phase would

be more likely to occur (88).

In boilers the main deposition problems are in the super
heater banks. The deposition behaviour on the superheater
tubes in boilers differs from that of the blades in tur-
bines because the rates of gas flow are very much lower and
also there is a difference between the gas temperature
(1100° C - 540° €) and the surface temperature of the super-
heater tubes (590° C - 400° C). The temperature drop
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between gas and tube is sufficient to cause deposition
from the Vapour phase and impact deposition would not be
as selective due to the lower gas velocities. Thus major

deposits build up on the half of the tube facing the gas

‘stream. The deposits.will act as a heat insulator and the

surface temperature of the deposits will rise and may be-
come liquid and this would mean that larger soiid particles
may now stick to'tha surfa¢e. Deposit Corrosion will depend

upen the gas flow around the component, the position of the

component, the temperature of the gas stream and the temper-

ature of the component in addition to the melting peints and

vapour pressures of the impurities present.

2.6.2.

Sulphate Deposits.

It has been suggested that corfosion by sulphates in beoilers

occurs by means of the formation of pyrosulphates Na25207,

and K25207. The reaction suggested is that sulphur trioxide

forms catalytically on the scale and the following. reactions

take place.

F‘e203

so, + «}02 — > S0,

S0, + (Na,K)250 —_— (Na,K)25207 (licuid)

3 4

»

3(Na,K),5,0, (1iquid) + Fe,0, ————> 2(Na,K), Fe(S0,),.

27277 273

The conversion of sodium and potassium'sulphates te pyro—
sulphates has been studied by Wickert (212). Maximum con-
version occcurs in the temperature range 370 - 480° C. The
maximum temperature for this type of attack will depend upon
the maximum temperature of the stability of the phases. '
This will depend upen the 593 concentration but values of
about 5900 C and 800° C appear to be reasonable for the
potassium and sodium pyrosulphates. Wickert has also shown
that attack by_SO3 in the presence of sodium sulphate has

2 maximum value between temperatures of 600 and_'?SOo C and

which seem to agree with pyrosulphate mechanism.
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The formation of complex alkaliliron trisulphates
NaBFe(SO4i3‘and _K_3Fe(SO4)3 in ‘-boiler depcsits is studied
by Jackson (123). The reactions are considered to be as
follows:

Fe,05 -
:302 + 30, — S0
Catalyst

2MC1 + 503 + H2O —_— M2504 + 2HQ1

3M,50, + Fe,0, + 350, + 1&02—» 2M3Fe(304)3.

{scale)

where M = Na and/or K.

As the maximum generation of SO is between 600 and 700 C
it is claimed that, at the ox1de/deposit interface in boiler
deposits, where this order of temperature could be observed,
the complex sulphates decompose to give SO3 which diffuses
and attacks the metal.

Vanadate Deposits.

It has been mentioned that in residual fuel oil deposits
Vanadium oxides can be a major constituent. Wickert (212}
has shown that oxidation under such a fuel oil deposit
increases with increasing temperatures, whereas corrosion

under sulphates goes through a maximum.

The type of attack has been suggested to occur by various
mechanisms and according to a review of the subject (838)

three mechanisms appear to be possible:-

1. The Vanadium compounds acts as a carrier for oxygen.

2e The Vanadium compounds dissolve the oxide scale.

3. Vanadium enters the cxide scale on. the metal, in
'creasing the defect mechanisms and sllowing acceler-
ated attack. '

- 25 -
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In practice 1.1.5. sodium vanadyl -vanadate kNa20.V2O4.5 Véos)
is frequently found in boiler deposits as reported by Small,
Strawson and Lewis (199) and they consider that this is the
most aggresive of the sodium/vanadium oxide mixtures.

The oxygen carrier mechanism 1s postulated as:-
SO2 + Air —>» SO3

+ Na,0. V 04.5V 0s — Na20. 6V20 + SO2

S0, 20- Y 5

2

Na20.6V2O5 + metal -— metal oxide + Na20.V204.5V205
From the literature it is known that a great deal of work

has been done on the resistance of conventional allcoys to
vanadium pentoxide slags. It is alsoc known that the slags

are only particularly aggressive when meclten and that the
reaction seems to be determined by the rate of oxygen arri-

val at the metal surface diffusion through the slag. More

work is_obyiously needed on the mechanism.of vanadium slag

attack (88).
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2.7 Methods of Reducing Correosion.

It is impossible to prevent some degree of interaction between a
metallic component and high temperature gases but a reduction of
fhe interaction to a low value may be possible. There are many
ways by which this could be attempted in e contaminated qombustion
atmosphere and the approaches used depend upon either (a} changing

the environmental conditions .or {(b) changing the material.

. There are three basic ways in which the environmental conditions

can be modified to reduce the corrosion problems and these are:-
(i) Removal of harﬁful impurities presént in the envircnment.
(ii) Addition of a compound to counteract the harmful inpurities.
tiii) Changing the combustion conditions to minimise attack.

The selection of materials to withstand corrosive attack is the
ultimate problem which is never going to be completely solved and

it is considered together with the possibilities of protecting

existing alloys by coatings of corrosion resistant materials.,

2+7+1. Changes in Envirommental conditions.

2.7.1.1. Removal of harmful impurities.

The corrosion prablems in atmospheres arising
from the combustion of fuel o¢il would undoubtedly
/ be reduced if contaminants such as chlorine,

) sulphur and the ash—formiﬁg elements could be
removed. The possibility of removal has been re-
viewed by Edwards (65), Williams and Crawly (219)
and Samms and Smith (188). The canc<lusions
reached are that the removal of harmful constitu-
ents, particularly sulphur, from fuel oil is not
economically possible. Water washing of fuel oil
however can reduce the sodium concentration
appreciably. . Water washing and centrifuging of
fuel oil used in marine boilers has been found

to reduce ' the sodium concentration by about 75-
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-and a 20% Na,0/V,0

80% with consequent reduction in Supherheater

deposition (188, 201).

Water washing however does not. remove vanadium
5 mixture was found to be most

corrosive (171).

The use of -fuel additives.

The effect of additives on combustion conditions
has been extensively reviewed (6,52,69,88,120,121,
122,158;212). Fuel additives had been developed
mainly to resist the vanadium pentoxide type of

- attack that occurs with residual fuel oil (24,39,

49,56,62,89,133,168,182,186,203,211).

According to Jenkinson and Zaczek‘(120} the ideal

additive should:-

{a) Contain no metal radical to increase deposit
bulk.

{b) Be soluble in fuel oil.

{(c) Improve combustion conditions, especially

ataomisation.
{d} Reduce the ignition time lag.

(e} Reduce sulphur trioxide in the gas stream to

less than 5 ppm in spite of excess air present.

(f) Prevent the formation of as much vanadium

pentoxide as possible.

But non of the common inhibitors cobey these

conditions.

One type of additive works by forming stable van-

adate of higher melting point than the vanadium

. compounds originally present, thus preventing

formation of a liquid phase at the operating
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temperature. MacFarlane (156) has reviewed the
effect of such additives and particularly calcium,
magnesium and zinc compounds are~discussed.

These elements can all form stable vanadates of
the form 3 MO. V205. However, sulphur trioxide
will alsoc be present in combustion systems and
this may sulphate the addition elements and des-
troy théir;éffectiveness. Tt was found that
éaicium additions were fully sulphated in depos-
its up to 750° C and 90% sulphated at 800° C and
corrosion rates were little better than in un-
treated fuel. Under similar conditions maegnesium
was only 30% sulphated in deposits at temperatures
above 700° C but fully sulphated at 600° C. Ash
deposits from fuel containing zinc were completely
unsulphated. With either zinc or magnesium add-
itive it was shcwn.possible to reduce the corrosion

rate at 700° € to similar proportion to that ob-

- served using distillate fuels. However, when zinc

was added below the stoichiometric quantity required
to form 32n0.V’20S little benefit was observed as

the melting point of the wvanadium compounds formed
did not increase significantly until encugh zinc

is presen? to form 22n0.V205. Magnesium addition,
however, raised the melting peint of the deposit
appreciably from 680° for #g0.V,0 and 3Mg0.V,0,
to-1100° C and has been found to be effective.
The magnesium can be added to fine dispersions

of oxide or carbonate as the oil-scluble naphthe-
nate and acetste or as aquous selutions of sul-
phate and chloride. The oxide addition appears to
be least ;uccessful whilsE all others are equally
effective, but the effectiveness decreases with
increasing sulphur content of the fuel due to

sulphation (65).
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The succe;sfgl use of solid Mgl addition has been
reported (49) for a boiler cperating at 565° C.

It is claimed that the additive cuts down the
corrosion experienced_by_GS-?O% and that deposits,
instead of being hard, tenacious and insoluble, as
in the case with untreated fuel, are soft, powdery

and easily removed. One problem with magnesium

‘ addition is that they usually cause increased

fouling by deposits and as the melting-points of
the compounds formed are far in excess of the
operating temperatures used, it is not obvious'why
this sheould be so.

The addition of calcium and bariuﬁ salts have
shown (168) that both are highly sulphated and
not recommended.
Dolomite fCaCOB, MgC035 has been widely used as

an additive with mixed success (188). It is clai-
med that the dolomite additions give less corro—
sion on higﬁ chromium alloys but cause increased
attack of 1cwlchromium alloys. One disadvantage
with dolomite, as with all solid additives, is
that it is difficult to disperse uniformly in the
combustion system and that streaming can occur,
giving uneven.corrosive conditions through the

installation.

The inert additives such as Kaolin (A1203.251 02.
2H20) to swamp the effect of vanadium pentoxide

has been discussed (156, 202). The idea was to add
sufficient high melting point inert material to the
fuel to swamp the low melting point ash character-
istic so that any deposits which do form are easily
blown off. -This type of gdditive is primarily of
use for turbine practice where the high gas flows

would tend to remove such deposits.
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The possibility of using a dual inhibitor which
contain both magnesium and an inert additive
appears to be fessible but the limitations of this
type of approach become more economical than met-

allurgical.

Opersting procedures (controlled combustion).

Detailed deéign in boilers and trubines can do a
great deal to minimise corrosion problems (214).
The poiﬁtS'such as avoiding ‘direct impingement of
the flame on super heater tubes and design of
burners to give uniform cﬁnditions throughout the

installation can overcome localised problems.

0il droplets burn by stages and droplet size can
affect the corrosive products produced, e.é.
coarse atomisation has been shown to be advanta-
geous in redqcing deposition from high wvanadium
fuels (19,50). . It is clsimed that the increased
carbonaceous mstter in the larger droplet - reduces
the oxides of vanadium so that they pass through
the turbine rig as the high melting peint V,0

273
and V204 and this causes reduction in deposition
and corrosion. This approach may not be quite so
ef fective in boilers where the gas flow is much

slower.

Eisenklam (66} suggested that in boilers a two-
stage process might be advantageous. In the first
gtage combustion is made with a 30% deficiency of
oxygen. The temperature may reacﬁ‘about 2000° C
and half the energy is removed in- the superheater
tube bank. The gas leaves the tube bank at about
900° C and further air is added to bring the oxygen
level to stoichiometric. The temperature rises

during combustion to about 1400° C and the rest of
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the heat is removed in ahother part of the boiler.
The advantage of this method is that it limits
. maximum teméeraturesland delays the formation of

the aggressive oxides of vanadium.

It has been shown (6,37;155;156i that nearly stoi-
chiometric quantities of oxygen reduce the amount
of sulphur trioxide fqrmation and, from free
energy considerations, they should also restrict

vanadium pentoxide formation.

Glaubitz (83) reported that burner developments
have made it possibie to burn oil under conditions
of less than 1% excess air. A boiler with such a
burner has been operating for 40,00C hours with

reduced fouling and corrosion problems.

2.7.2. Surface Coatings and New Materials.

The use of corrosion resistant coatings for existing alloys
has found widest application in the gas turbine field.
Metallic coatings have been applied by electrodeposition,
high temperafure diffusion and plasmz arc spraying. The
effect of ceramic coatings has also been investigated. The
metallic coatings applied have been principally those of
silicon, chromium, aluminium, zirconium and beryllium {88,
116).

In the late 1950's, the U.S. Navy boiler turbines laboratory
and the U.S5. National Bureau of standards, following studies!
of a large number of alloys in oil ash environments, sugges-
ted 50/50 and 60/40 chromium-nickel cast alloys as being
potentizlly suitable for super-heater supﬁorts in ‘marine
beilers fired by heavy residual fuel and extensive ship-
board trials showed these alloys to be vastly superior to
the 25Cr/12Ni and 2§Cr/2Ni alloys in standard use. The 50/
50 chromium-nickel alloys was incorporated in ASTM. AS60 and

in the 1960's was extensively used in refinery heaters,
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marine and- land based boilers; experience from the corrosion
point of view was generally good, showing 2 marked improve-
ment compared with the usual tube support alloys. In its
earliest application of oil refinery heaters, the 50Cr/SONi
alloy showed quite satisfactory in replacing 25Cr/12Ni and
25Cr/20Ni and its relatively low, high temperature strength
did not cause any particulaf problems; at that time, tube
supports tended to be designed by 'rule of thumb' methods
"and were excessively thick, which masked the significantly
-lower strength of SOCE/SONi alloy relative to the alloys it
was replacing. In the late 1966’5, furnace designers gen—
erally started designing)the fuﬁe supports rather more crit-
ically te minimise cests, and subsequently, direct S0Cr/
50Ni alloy replacements for standard 25Cr/12Ni and 25Cr/20Ni
tube supports with unchanqu section thickness f;equently
failed by creep d%stortion, cracking and rupture, rather
than by corrosion, egphasising the need for a strengthened
S0Cr/SONi alloy (18S).

Extensive research resulted in the development in 1971 of a
niobium coating SOCr/50Ni alloy designated IN657 with con-
‘siderably improved high temperature strength and somewhat
better retained ductility, after prolonged high temperature
exposure, than the standard 50Cr/SCONi alloy (185).
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Corrosion monitoring may be defined as the systematic measurement
of the corrosion or degradation of an item of equipment, with the
objective of assisting understanding of -the corrosion process and/
or cbtaining info;mation for use in controlling corrosion and its

consequences:{113,160,193).

The concept of corrosion monitoring has developed from two distinct
areas, plant inspection techniques and laboratory corrosion-testing
techniques, with the original aim of assessing or predicting the
corrosion behaviour of plant and equipment between shutdowns. There
are, equally, twq gets of objectives which are essentially distinct

although related, and to an extent overlspping. The first is to

- obtain information on the stage of operational equipment - to permit

the better scheduling of maintainance work to ease the inspection
load during shutdowns and to -avoid unplanned shutdown occuring be-
cause of unforseen deterioration of plant. The second objective is
to obtain information on the interrelation between corrosion pro-
cesses and operating variables, -~ to help diagnogéis of the problem
and to allow improved centrol of corrosion and more efficient
driving of the plant. ‘Figure 2(17) summarises the use of corros-

ion monitoring.

Many techniques can be used for corrosion monitoring, and it is
clearly possiﬁle to develop others. Any monitoring technique can
provide only & limited amount of information and the techniques
should be regarded as complementary rather than competitive.
Table 2(7) shows the characteristics of the different monitoring

techniques available.

The most obvious method of assessing the corrosivity of an envi-
renment to a specific material is to expose a specimen for a given
time, and to measure the resultant effects. This is the basis of
coupon testing which is the coldest form of corrosion monitoring.
It can be adapted to meet the requirements and capabilities of
both staff and plant. The tests are usuzlly long term, they are

very specific with respect to specimen location, and the corrosion
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rate is a composite value for the total exposure time.

The major measurement .is weight-loss, and to improve accuracy a
large surface area to mass ratio is desirable. The coupons can

be in the form of discs, rods, plates or any convenient shape,

but the edges should be machined and polished to avoid preferen—
tial attack due to residual stresses from the cropping operation.
All traces of grease, oxide and other contaminants must be removed
prior to installation, and to improve reproducibility, the surface
finish should approach that of the proposed plant material, usually
polishing on a grade of metallographic paper, or light sand blast-
ing, is preferred but a pickled surface can be more representative.
Specimen identification marks are essential and should be position-

ed where they will be protected by the coupon holder or insulations.

In general, the corrosion rate of fréshly exposed material de-
.creases rapldly with exposure time, and the test must be long |
enough to ensure that the determined corrosion rate is not solely
representative of the initial high corrosion rate unless this is
specifically required. A useful guide to the duration of a test is
given by the relatiénship:

50
T = R
where T = time in hours, and
CR = corrosion rate (mm per year).

After exposure the coupons should be carefully examined and a
complete record made of the appearance of corrosion products
before cleaning and weighing. All accﬁmu}ated corrosion products
and fculing'should be removed either mechanically by scrubbing,
scraping, sand-blasting etc. or chemically by washing in solvents,
or pickling in inhibited acids or alkalis. Errors may be intro-
duced during this stage due to the loss of "sound metal” or the
incomplete removal of corrosion products. This error will be
magnified on short corrosion tests when it will represent a reas-
onable percentage of the total weight loss. From the weight loss

results and knowledge of the original dimensions and density of the
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metal under test the corrosion rate can be readily determined from

the following equation:
Corrcsion rate (mm per yesr)

Weight loss (hg) x 87.6 '

3 x metal density (g per cms)
area {(em”) x time (hours)

The ccnversicon of corrosion rates is shown in Appendix 2(1).

The establishment of thé corrosion rate using the simple weighing
technique sssumes that the metal loss has occurred uniformly, and
a2 visual examination aided by the use of metellurgical microscopes
will be fequired toldetect the presence of lqcalised corrosion in
the form of pitting, intergrasnular corrosion, stress corrosion

cracking etc, (193).

The coupon testing techniques is still widely used despite the

advent of rapid response instruments its main advantage being that
many  different materisls can be expcosed at one site and unambig-
uous data cn the form of corrosion on the specimen can be- obtained.
The main limitations on the technique are its inability to detect

short range changes in process variables, and that the behaviour

of the specimens may not be truly representetive of the plant. If

these limitaticns are unimportant in the c¢ircumstances it can be

used as the only monitoring techniquey (193).

Coupon testing proved tc be very suitable for the work described

here (see secticn 6).
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Table 2(1),

Oxidation Resistance of a carbide
hardened alloy based on the Nickel-
Chromium-Cobalt .system (88).

Vanadium Weight gain after 100 Hour
Addition oxidation at 9002 C,
: ' ng/cm?.

0 0.35

.53 1.8

1.06 3.3

2.03 5.75

2.97 3.1

3.82 6.3 -
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0 . .10 20 30

Time Hours,
Fig. 2(3). Influence of oxidation on creep tests at
725° C at 1.5 tons/m2, (88).
A, As received condition
B. Vacuum annealed 24 hours at 100° C

C. Pre-oxidised 24 hours at 1000° C.
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TABLE 3(2) TYPICAL CHARACTERISTICS OF OIL-FIRED BOILER (52).
/

' - - Steam Condition Temp

Country Operoting  Capacity Pressure Superheater  Reheater
stotions mw Kg/ecm?2 oc °c
U.K. Kingsworth 500 - 160 540 - 540
Fawley ond
Pembroke
5
France Porchville 600 160 565 565
: Nante Chevire 250 163 565 565
"Holland  Amer 184 - 570 540 540
Y .
ltaly Lo Spezia 400 250 565 565
japon  Owaose-Mita 375 77 570 540

Ll L]
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* TABLE 2(3) TYPICAL "IMPURITIES IN OIL" USED IN POWER STATIONS (105).

S "Impurities in Qil"

(Parts per million by weight)

Sulphur - 20,000 ' Zinc 4
Nitrogen 1,500 Phosphorus 4
Silicon 300 7 Chromium 3
Vanadium 150 ‘ Cobalt 3
Iron 100 Manganese 2.5
Nickel - 50 - Copper 2.5
Calcium 100 . Lead 2
Potosium 50 : Selenjum 1
Aluminium - 75 - Cadmium 0.2
Sodium ' 50 Antimony -0.02
.Chlorine 25 | “Arsenic 0.01
. Magnesium 12 Mercury 0.01
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TABLE 2(4) ASH ELEMENTS IN CRUDE OIL (218).

In Parts Per Millian

B e TV S

- Al

Element U.S.A. - Venezvela Coalumbia = Eaost Indies  Middle East
.3 1.0 .3 6.0 7
Ca 1.2 1.4 nil .2 .1
Cr .1 .4 nil .2 1
Ca 1.6 nil nil 1.9 nil
Cu .5 7.3 7 1.0 3
Fe 4.6 30.0 4 61.0 5
Pb 7 2.1 nil 7 .1
Mg 2.0 1.7 1.2 1.7 7
Mn nil nil nil trace trac.e
Ma .1 .3 nil -3 .2
- Ni 1.2 6.0 10 1.0 30
K 2.9 C 2.1 nil nil 7
. §i .5 1.7 .8 6.9 1
Na 38.0 33.0 9.4 15 .5
Sn N .5 .3 .9 nil
Ti .2 3 nil 4
\% 1.9 30.0 72 nil 100
Zn 2.1 3.0 nil .6 2
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TABLE 2(5) MELTING POINTS OF MATERIALS THAT POSSIBLY OCCUR

IN COMBUSTION DEPOSITS. (88).
Compound Melting Point °C Occurrence
Alumina AL, 2050
Amuminium Sulphate Al (50,), 770
Calcium Oxide ~ Cal ' 2572
Calciumn Sulphate CaSQ, 1450 Possible in both
Ferric Oxide Fe, O 1565 coal ond oil
Magnetite Fe, 0, 1538 fired installations
Ferric Sulphate Fe,(S0,), 480
Magnesium Oxide MgO 2500
Magnesium Sulphate MgSO, 1124
Nickel Oxide NiO 2090
Nickel Sulphate NiSO, 840
Silica _ S0, 1710
Potasium Sulphate | K;S0, 1069
Sodium Sulphate Na; SO, 884
Sedium Bisulphate NaHSO, 250
Sodium Pyrosulphate Na, S, G, 400.
Potassium Pyrosulphate  K,S5; @, 300
Vanadium Trioxide Va0, 1970
Vanadium Tetraoxide V.0, 1970
Vanadium Pentoxide V.0, 690
Sod. meta Vanadate Na, 0.V, 0, . 430 Most important
Sod. Pyrovanadate | 2Na, 0-.V8 05 640 in oil fired
Sod. Orthovanadate 3Na, 0.V, 0, 850 installations .

Sod. Vanadyl Vanadates Na, 0.V, 0, .5V, 0, 625
Sod. Vanadyl Vanadates 5Na,0.V; 0, .11V, 0, 535

Nickel Pyrovanadate 2Ni0.V, 0, 900
Nickel Orthoranadate 3Ni0.V,0, 200
Ferric Metavanadate Fe, 0,.V, 0, 860
Ferric Vanadate Fes0, .2V, 0, 855
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Tahle 2{6). SULPHUR CONTENT IN FRACTIONS OF KUWAIT CRUDE OIL (164).

Fraction Distillation Range, - Total Sulphur
oc, weight Per cent.

. Crude oil - 2.55

Gasoline 51 - 123 - 0.05

Light naphtha 125 ~ 149 0.05

Hgavy n;phtha 153 - 197 6.11

Kerosene o 207 - 238 ‘ 0.45

Light gas oil 247 - 269 0.85

Heavy gas Pil 281 - 300 1.15

Residual oil 309 -~ 408 3.70
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% Oxidation

—

4 6 8 10 12 14

-Distance from Bunsen Burner Rim, cm.

Figure 2(4).

Variation of % oxidation of SO, with
distance from Bunsen burner rim.
(after Dooley and Whittingham 53).

- 46 =



% Oxidation of S0, to 504

A CO flame

30 r
A Hg flame
ad CHQ {1 ame
(luminous)
20

[y
S

=]

% 802‘ in flue gas.

Figure 2(5)_ Oxidation of S0y in flames from
different flue gases (after
Dooley and Whittingham (53)).
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% Oxidation of 302 to 503
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21 A CoH0H
O Celg

6} W C,HSONO,
A CsHg N

5t O Cely

% Reagent Added.

" Figure 2(6). Effect of various substances: on

oxidation of S05 in a Bumsen flame.
After Dooley & Whittingham (53).
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1 2 3

Sulphur in oil, %

Figure 2(7) ' Variation of flue gas 303 with sulphur content
of the oil ( after Crumley and Fletcher' 37 ).
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Figure 2( 8 )

105 -1 l15
time, seconds

Variation of % oxidation of SO2 with time in a

homogeneous plug flow reactor ( Hedley, 97 ).
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Figure 2( 9 ) O - atom profiles ( 140 ).
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- 0 & 'y a
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Figure 2(10) Effect of excess oxygen on the formation of 50, for

Kerosene and Diesel fuels (2).
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A Kerosene + 3.4% sulphur
] Cyclohexane + "
¢ &0 - Hexane + "

n - Pentane + "

50 b

ppm

0 3 3 [

0 2 4 6 8 10
Oxygen concentration, % vol.

Figure 2(11) Variation of SO3 content with excess oxygen in the
combustlion gases for various hydrocarbons doped
with same amount of sulphur (3). -
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Figure 2(13) 803 concentration downstream of bare and coated
mild steel specimens ( 12).
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Figure 2(1L) 803 concentration downstream of an Fe203 coated

surface at several temperatures ( Barrett ' 12 ).
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Protective ~ oxide scale formed in oxidising conditions .

Non-protective fast growing scales caused by reducing

Temperature gradient through the oxide scale and deposited ash.
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1. Assist diagnosis of a problem.

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

3. Provide operational and management
information.

WHAT CAN CORROSION |,
MONTTORING DO?

4. Provide basis of control system.

S. Provide part of basis of
management system.

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

2. Simplifies or speeds solutions
to problems.

HOW DO WE KNOW THAT.
CORROSION MONITORING
IS SUCCESSFULY . - -

3. May lead to solutions not
otherwise attainable.

4. Proven large economic benefit
in many cases.

Figure 2(17}, - Summary of the use of Corrosion Monitoring.(193).
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TABLE . 2(7). Characteristics of Corrosion. Monitoring Techniques {193)
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umple
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{cioeed access of astack N plant ’ umple
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iighttuben, . otherwizs

L sHow
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CHAPTER THREE.

OBJECTIVES OF INVESTIGATION.

With modern'methods of refining of cru@e petroleum, high grade petrol
is obtained leaving behind & high content of impurities in the resid-
ual fuel. The impurities contain substances such as sulphur, sodium
and vanadium etc., and it is basically these substances which are
mostly responsible for fouling and corrosion in oil-fired installa-

tions.

In order %o increase thennal.cyéle,efficiency of .power generatidn the
trend in modern plant is towards higher metal temperatures. The use
of heavy/residual fuel oil for this purpese offers the beiler oper—
ators the possibility of reduced investment and operating costs as
well as simpler storage and handling_of the fuel and fewer problems
with flue-gas solid burden. However, there afe several problems which
may be severe in oil-fired boilers. Among them are air pre-heater
corrosion by SO3 in flue gas and Superheater slagging and corrosion

by vanadium and sodium ash in the fuel.

2

fired laboratory combustor énd_the individusl and collective effects

at different ratios of sulphur, sodium and vanadium present in the
fuel were proposed for study. '

From an.assessment of the literature, the present knowledge on the
subject may be related to the cbjectives of the inﬁestigationnby the

following triangular diagram.
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Na

Fuel oil

Distillates_
Beiler coﬁdition.

Gas turbines condition
Transgranular corrosion Intergranular c¢orrosion
by molten Vanadates.

(Na20.VéO4.5V205)

by Sglphidation.
(Na2304 deposits).

Sodium and vanadium are present in the fuel olls used in the
power station boilers. The corrosion mechanism reported is
‘by the formation of 1.1.5 Secdium Vanadyl Vanadates
(Na20.V204.5V205) according to the following reactions:

502 + Air =—> 503'

503 + Na20.V204.5V205 ———————%-N320.6V205.+ 502

Na2 + 6V205 + metal metal oxide + Na20 V204 5V20
Transgranular corrosion occurs by the interaction of the

~vanadates and the metals.

In practice the second axis (Na - S) situaticn is observed
in gas turbines conditions where distillates containing

sodium.and sulphur are used.

Metals exposdd to this kind of environment suffers intergran-

ular corrosion by sulphidation.

- B2 -
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i ~Sulphur (1 - 5%)and Vanadium (up to 250 ppm) are present
in the residual fuels depending on the origin of the
Crude oil.

The nature and mechanism of corrosion by these two ma jor

impurities are still not ¢lear.

It was therefore, intended to carry out an experimental programme

© which would give some specific information on the high temperature
corrosive properties of the flue gases produced during burning of the
liquid fuels containing variocus impurities like sulphur, sodium and
vanadium and study their individual and collective relationships at
different ratios viz. S:Na:V on a selected range of alloys. The
objective of the investigation was to provide relative corrosion
data at high temperature-(?BOo C) from which a theory of nature and
mechanism of corrosion and/cr. an empirical practical prediction
method be presented. The relationship of ignition delay of liquid
fuel with the formation of sulphur trioxide and hence the corrosion

rate were also proposed for investigation.

" The purpose of the entire investigation was to discover methods of
controlling corrosive properties of combustion gases due to the

presence of impurities.
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CHAPTER FOUR.

PROGRAMME OF EXPERIMENTAL WORK.

8.

1cC.

'fServicing‘énd installation of 30

Literature survey of the Work done on the Subject.
Design and construction of the burner and laboratory combustor.

Design and construction of specimen holders for corrcsion rate

measurements.

Preparation of apparatus for temperature messurements.

59 303 gas analysis apparstus.

Servicing and instelletion of CO, CO2 gas analysis instruments.
Servicing of oxygen measurement apparatus.

Preparation of metal specimens in the form of 2 c¢m diameter and

4 mm thick discs of the following materials:

a) Mild Steel.

b) Stainless steel type 347.

c) Nimonie 90.

d) Nimonic 105.

e) IN&57.

£f) G619 Steel (proposed but not obtainable).

Testing the laboratery combustor, measurement of corrosion rate
of different metals using Kerosene and Diesel B to perfect the

methods of measurement of corrosion rate and gas analysis.

Experiments to measure corrosion rate over different time to

establish relationship between time and corrosion rste.
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12.

13.

14.

15-

16.

17.

11, Introduction of sulphur, vanadium and sodium (added in the fuel

in the form of chemicals socluble in oil) in different concen-

trations in the following order and study corrosion rates by

combustion gases.

a)
b)
c)
d)
a)

£)
g)

Sulphur alone.
Vanadjum alone.

Sodium aleone.

S5:v

S:Na
V:Na
S:V:Na

Identification of -oxide layers

produced on

diffe:ent metal surface

by the combustion gases, while using above fuels, by X~ray dif-

fraction and scanning electron microscopy.

Hence try to astablish

the mechanism of the formation of oxides and-their relationship/

dependence on the impurities present in the fuel.

On the basis of the results obtained from (11}, write a'computer

programme to predict expected corrosion rate when using any other

fuel, e.g. Light fuel oil containing different concentrations of

impurities.

al)

Test the programme practically by using Light fuel oil.

Measurement of corrosion rate at different excess air condition.

metals in combustion gases.

‘Study the effect of thermal cycling and continucus exposure of

Introduction of fuel additives (primarily oil soluble chemicals)

and study their effects on corrosion rate.

Measure ignition delay property of all the individual oil samples

used and study any relationship between the corrosion rate and

ignition delay time.
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5.0 DESCRIPTION OF APPARATUS : in detsil.

5.1.The Léborétofy Combustor.

The. laboratory combustor designed and constructed for the investiw

gation is shown in figure 5(1) which consists of four main parts:

(i),  the fuel tank,
(ii)  the burrer,
(iii) the combustion chamber, and

{(iv) the combustion products exhausts pipes.

The fuel tank is of 8 litre capacity metal cylindrical type, which
is fitted with a thermostatically controlled hester. The heater
will allow the'heavﬁ residual fuel oil to be heated to s suitable

temperature for better flow.

The burner consists of two concentric tubes and is arranged in
such 2 way that commercially available stainless-steel hypodermic
needles can be used and replaced if necessary. The inner tube
carries oil and the other tube introduces compressed air to

produce atomisation.

The combustioﬁ chamber consists of twe stainless steel concentric
pipes. The inner one is of 7.5 cm diameter and the outer pipe is
of 11 cm diameter. The atomised fuel is. burnt inside the inner
pipe and secondary air is introduced froam the outside pipe into

_ the inner pipe at 4 different calculated points so that good com-

bustion is achieved.

The <ombustion producés pass through a long pipe of 7.5 ¢m diameter
to the exhaust. The sampling peints for gas analysis, temperature
measurements and probes for corrosion rate measurement are located

at different points of the pipe.

5.1.1. Starting procedure.

a) Ensure all the valves are shut.
b) Warm up the combustion chamber bﬁlbunsen burner.

s
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5.1.2.

c) Open the valve for compressed air for atomisation.
d) Purge the combustion chamber with secondary air.

e) Pressurise the fuel tank with nitrogen, sattlng
pressure of the tank to 3 psig.

£) Switch on the Switch of Sparking plugs.

g) COpen the valve for oil and set the flow.rate according
to the oil used (20 cc/min for kerosene, 40 cc/min for
Diesel B).

h) Open the secondary air valve and increase slowly unt11
the combustion starts.

i) When the combustion starts adjust, secondary air and
0il flow rate very slowly to required condition by look-
ing at the flame through the mirror.

j)} If combustion stops and excessive unburnt atomised fuel
is seen, stop fuel flcw and purge the combustion chamber
with air.

k) To stop; stop the fuel flow, stop spark plug switch, let
the air flow for about 10 minutes to coel the apparatus,
then stop all valves. clone ol Tt Sller veliro.

Specimen preparation.

The metals received in the form of. 20 rmm diameter re;d.
Mild steel and stainless steels were cut:to 4 mm thick.discs
using the electric saw in the workshop. Harder metals like .

N9O and N105 were cut on the wheel in the metallurgy labor-

atory. All specimens.were marked for identification and

polished in the surface grinder in the project workshop.

After making the specimens a seven step specimen preparation
was used to ensure constant initial surface conditions.

1. Polishing : -surface grinding and polishing on emery

papers.
2. Degreasing : 5 minutes in beoiling alkaline solution.
3. Rinsing : 5 minutes in cold tap water.
4, Drying : Dipping in alcohol/acetone, (this
* removed water and dried the specimen
quickly).
© 5. Dew-oxidising: 1 min in 10% HCl.
6. Rinsing : 1 min in distilled water.
7. Drying : dipping in alcochol/acetone.
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‘Steps 1 through 4 were usually performed several days

before the tests, while steps 5 through 7 were performed
just prior to tests to ensure an oxide free surface. The
specimens were stored in dessicators et 211 times to prevent

access of water.

5.1.3. Specimeh holder.

Several designs of.specimen holders were considered and
constructed. For practical difficulties most of them had
to be abandoned. The specimen holder ised for the experi-
ments is shown in Figure 5(2).. The sepcimen holder for low
temperature corrosion measurement is shown in Figure 5(3).

Figure 5(4) shows the general arrangement of the laboratory
/ combustor.

5.1.4. Air supply.
The atémising sir wes supplied from the main compressor
through a pfessure controlled valve to keep pressure con-
stant at 80 psi (5.6 kg/cm?). | |

Secondary air was supplied by a blower through a U-tube

manometer.

The manometer reading was calibrated tc give air flow rate
in litres/min by disconnecting the air inlet.pipe to the
combustion chamber. and measuring eir flow for known'time
by a flowmetef._ The calibrztion results are shown in
Table &(4).

5.1.5. Fuel supply.
The fuel was supplied from the tank as described before.

The fuel tank wag pressurised by nitrogen gss from e cyl-
inder for easy fuel flcw. The pressure of the tank was
kept constant at 3 psigq.

A secondary tank was connected above the main fuel tank to
refil while the combustor was on. Otherwise it was necess-

ary to stop the combustion to fill the tank. This wey the
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5.2

combustor could be run continucusly for longer periods.

Fuel flow rate was measured and controlled by & rotameter
manufactured by G.E.C. Elliot's, model 1100, range 0 -

100 cc. The rotameter was calibrated for every fuel used
by cutting off the oil supply and collecting it in & meas-
uring cylinder for a known time and flow rate was

calculated.

Temperature measurement.

The tempersture was measured by using Atkinsons Suction Pyvrometer
Type M 1100 of the Gas Council, Midland Research Statieon and the
electronic thermocouples were calibrsted to measure flue gas tem-

peratures at different peints.

Oxygen Measurement.

The excess oxygen of the flue gas wes measured by using the Servo-

mex Portable oxygen analyser type 0OA.101. Mk.11. The principle of

operation of this equipment is that oxygen is unique amongst common
gases in being relatively strongly paramsgenic. Apart from nitric

oxide the nitrogen peroxide, most gases are weakly diamagnetic,

and consequently measurement of the susceptibility provides a

specific indicetion of the oxygen content of a gas mixture.

In all servomex oxygen analysers, a light:dumb-bell shaped test
body is suspended on a platinumeiridium wire in & non-uniform mag-
netic field. It experiences & torque proportional to the magnetic
susceptibility of the gas -surrounding the test bo&f. This torque
is bslanced against a restoring torque due to current flow in a
ceil wound on the dumb-bell the balance condition being achieved by
manual adjustment of & calibrated socurce to attain the "Zero" poé-
ition of a beam of light reflected from the dumb-bell. The zero
position is initially determined by passing pure nitrogen into the

measuring cell. Before introducing the test gas the output dial
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is set to 21% oxygen by drawing air into the cell and the span is
adjusted to give balance. Since.the device is linear, this single

adjustment'is sufficient to set up the instrument.

CO and CO2 coricentrations were measuréd-by-Hilger and Watts Infra-

red mobile Gas ‘Analyser, G.A.T.8.,

The equipment is designed to sample continuously and analyse the
concentration of carbon monoxide and carbon dioxide in a gas stream
within the ranges 0 - 0.5% and"0.03 - 0.25% Carbcn monoxide and

0 - 3% and 2 - 15% Carbon didxide. The equipment consists of two
Infra-red Gas Analysers, Type SC/F2_coup1ed to & sampling unit, the
completg unit is being mounted on a four wheel trolly. Figqures 5(5)
and 5(6) shows the view of the CO and Co, analyser. '

Sulphur Oxide Measurements.

The concentrations of both sulphur dioxide and sulphur trioxide is
measured by the Gallenkamp, CERL sulphur oxide anzlyser GAS.850.G.
Figure 5(7) shows the general arrangement of the sulphur oxide

analyser.

The flue gas is sampled through a stainless steel probe suitable
for flue gas tempteratures of zbout 500 - 600° C which is so arran-
ged that the temperature of the flue gas does not drop below 250° ¢
before it enters the anaslyser. In the analyser the solids are
removed from the hot gas by & silica wool filter and then the gas
is saturated with cold 80 per cent isopropancl {(aqueous). This
promotes the formation of sulphuric acid mist and at the same time,
inhibits the oxidation of the sulphur dioxide present in the gas.
The sulphuric ascid mist is collected by passage through a sintered

glass absorber and is retained together with excess iSOprOPanoi,

" in a collecting vessel. Some sulphur dioxide is alsc dissolved at

this stage and is retained in the collecting vessel but most of it
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passes on with the gas stream and is absorbed in standard icdine

solution.

The residusl gases then pass tﬂroﬁgh an empty wash bottle to trap
any water carried over ffcm.the iodine sblutiqn, through & tube

of 'SOXAZORB' absorbent and then are propelled by s diaphragm pump
into & reservoir serving as a pulsation damper. The rates of flow
of iéopropanol-and flue gas sre indicated by flow meters and con-

trolled by needle valves.

Flue gas is passed thfough the analyser'until the iodine solution
becomes decolorised. Immediately this occurs the flows of the
flue gas and isoporpanol are stopped. The concentration of sul=-

phur dioxlde is determined from the time taken, for the iodine to

become- decolorised {(the rate of flow of flue gas is known) and to

this is added the small gquantity of sulphur dioxide retained in
the isoproponoi. The latter is determined by idiometric titration
of an aliquot of the iscpropanol solution from the collecting

vessel.

The sulphuric acid in the isopropancl sclution 'is determined by
titration of an aliquot with barium perchlorate to the change
point of thoron indicator; the concentration of sulphur trioxide
in the flue gas can then be calculsted. Appendix 5.1 gives the

calculation of sulphur.dioxide and .sulphur trioxide.

Measurement of Igniticon Delay;

The apparatus to measure the ignition delay is shown in Figure 5(8).
This consists of & small electric furnace heating a quartz disc on
to which was allowed to fall droplets of fuel under test. The time
intervel between the droplet entering the epparatus through the
central hole in the cover and the ignition was measured by a Cintel

microsecond counter triggered by two phototransistor circuits.

The tempersture of the disc was raised at a fairly rapid rate

initially and droplets of the liquid fuel under test were allowed
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to fall on to the hot surface, until ignition was obtained. Having
located this temperature approximately, the current supply to the
heater was rgised very graduzally and z droplet was.admitted. After
each draplet, whether ignition was cbtained or not, the iénition
space was scavenged by means of the hand bellows shown in Figure
5(8). When ignition occured the surface temperature was recorded
against the reading of- the microsecond counter. The procedure was
repeated at frequent igtggyals both for increasing temperature .and

decreasing tempersture of the disc.

Electron Micrographs.

The International Scientific Instruments.Super 3 Model Scanning
Electron Microscope with a magnification of 200,00C times is used
to obtain the micrographs of mounted section of the specimens.

The instrument has the facility for X-ray energy spectrum investi-
gation. This is supplied by a link system 2010 pulse processor
which can be programmed for element detection. - The sample under
detection ¢an also be scanned on the Cathode Ray Tube of the micro-

scope and there are facilities for taking photegraphs.

X-Ray Diffraction.

X-Ray diffraction is a very powerful and versatile. technique for
identifying solids and giving information about their structure
(119, 170).

The structure of a material is determined by the types of atoms

- present and their arrangement. The diffraction pattern produced

when that material is bombarded with & beam of X-rays is unique.
Thus the X-ray diffraction patterns can be used to fingerprint

materials.

" X-ray diffraction tells us the compounds present in a sample.

For example, it is possible to distinguish between the corrosion

products of iron, haematite ( - Fe203) which gives a very
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different pattern from magnetite (Fe304).

The detailed analysis of a Powder Photograph using Xeray Diffrac-

tion is given in Appendix 5.2.

Figures 5(9) and 5(10) show the X-ray. generator for powder photo-

graph analysis and X-ray diffractometer respectively.

5.9.Measurement of Sulphur in fuel.

The concentration of Sulphur in the fuel was:determined by Flask
Combustion method IP242/69T. In this method, the sample absorbed
on a pellet wrapped in a piece of filter paper, is rapidly and'

completely burnt in a closed flask filled with oxygen at atmos-

-pheric pressure. The combustion products are absorbed in a hydro- -~

gen peroxide solution and the amount of sulphuric acid formed is
determined by titration with standard barium perchlorate solutiocn,
using Theron as an indicator. The assembly of the combustion

flask is shown in-figure-ﬁ(ii).

The concentration of sulphur is calculated by means of the

following equation:

Sulphur, % W =

w

where V 1s the volume of barium perchlorate solution
used for the sample titration.

is the volume of barium perdhlorate solution
used for the blank titration.

is the normality of barium perchiorate solution,

is the weight of sample in milligrams.

A corning EEL Scientific Instruments Flame photometer made by
Evans Electroselenium Ltd. Pat.No. 712700, Reg.No. DES 866150

was used to measure sodium concentration in oil.

n
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Figure 5(1). Section of the overall assembly of the Laboratory Combustor.
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General arrangement of the experimental rig.

Figure 5(4)
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Figure 5(5). Front view of the CO, €05 gas analyser.
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gure 5(6). General arrangement of the CO, C02 gas analyser
- 80 -




MARRIOTTE
""" TUBE

ISOPROPANOL
RESERVQIR

SILICA WOOL 1SOPROPANOL
SAMPLE FILTER SATURATOR

CONNECTOR

COLLECTING
VESSEL

SAMPLE PROBE
JOINT CLIP

RESERVOIR
TRANSIT RING

VACUUM
GAUGE
SOXAZORB _
ABSORBER
: FLOWMETERS
WASHBOTTLE - ISOPROPANOL
HEAO - _

x FLUE GAS
WATER TRAP —

10DINE
ABSORBER

FLDW CONTROL
NEEDLE VALVES

PULSATION DAMPER

DIAPHRAGM
PUMP

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

- 81 -



FUEL OROPPER :

~

THEAMOCOURLES

TITFITIT TS
e fr S S
” ey q
. ”, \
A N
- J 2 Y maed
Ve gt et
. .- - -
LY P
Vi §
Sty

Y’

L7
/,,
. —

=N )
~ . .
- - Ny .
) S
J- - eSO HEATER  COnt

ANWOTD TRANSISTCR

Figure 5(8). Diagramatic view of the Ignition Delay measurement
apparatua, .



Figure 5(9)

a) X-Ray generator for powder photagraph
analysis,

b) One camera in position.
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Figure 5(10) X- Ray diffractometer
a) Camera

b) Controls and chart recorder.
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Figure 5(11) Combustion flask assembly to measure sulphur in fuel.
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6.0.EXPERIMENTS AND RESULTS - in detail.

6.1. Analyéis of fuels used..

Test fuels used for the investigation contained the following

impurities:
Sodium o - 60 ppm.
Sulphur 0 - 6%

Vanadium 0 - 300 ppm.

It is recognised that in practice crude oll and residusl fuel
o0il obtained from different parts of the world contains impur-~
ities of wide range and variety. Table 2(3) shows typical
impurities found in fuel used in power stations.

The experiments were carried ocut by using Keroéeng, Diesel B
(received from Shell UK Ltd.) and Light fuel oil (received from
Esso Research Laboratory). The reports for chemical analysis
and physiecal cénstants were given by the suppliers and shown in
Table 6(1). For different experiments sodium, sulphur and
vanadium were added to the fuels'to make upto the required can-
centration: The samples were then analysed in the chemistry
laboratory to check the actual sodium and sulphur in the test

fuels.

. 6.1l Measurement of Sulphur in fuel.

The sulphur concentration of Kerosene and Diesel B received
from the supplier were_analysed'followinq the method des-
cribed in Section 5.9. Then Kne'wn concentration of

sulphur as carbon disulphide (CSé) was added and sulphur
concentration measured. The results of these tests are

summarised in table 6{(2).

6.1.2. Measurement of Sodium by. Flame Photometer.

Sodium was added in the test fuels as Nuosyn Sodium
{received fram Durham Chemicals Ltd.) which is an oil

) soluble compound containing 5% sodium as metal. The
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6. 3.

actual sodium concentrations were analysed by EEL flame
photometer with the help .of Dr.J.R. Penney. In this
particular flame photo-meter, sodium concentrations of

up to 5 ppm could be detected. Therefore fuels with
higher sodium contents were diluted accordingly. A
Known volume of oil sample was washed thoroughly with an
equal volume of distilled water. The extracted sodium-
water mixture was introduced in the flame photometer and
sodium concentratien read off. The oil sample was washed
several times until no sodium was detected in the extrac-
ted water. The commulative results are shown in table
6(3).

‘Measurement of combustion Qas éomposition.

Concentrations of 0,, C0, CO, and 30, in the combustion gases

2! 2 3
were messured at sampling point at different eir flow rates.
The fuel flow rate wes kept constant throughout the run. The

results and operation conditions are given in Table 6(4).

Sulphur trioxide wes measured using Kerosene containing different
sulphur concentration and keeping all other combustion conditions
constant. The results are shown in figure 6(1). The method of
measuring sulphur trioxide was calibrated to give an indication
of sulphur trioxide just by noting the time to decolorise iodine

solution as shown in figure 6(2).

Temperature measurement.

The temperesture of the combustion ges et sampling points was
measured by means of Ni-Cr/Ni-Al thermocouples. This was
checked and calibrated by a Suction Pyrometer.

6.3.1. Rate of te@ggrature rise of a8 Specimen.

The rate of temperature rise of a mild steel specimen was

measured by drilling s hole in the gpecimen and putting
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‘'the thermocouple tip inside it and introducing the assembly
in hot combustion gas. Time and temperature rise was noted

and shown in figqure 6(3).

6.3.2. Thermal cycling and continucus exposure.

An attempt was made to show the effect of thermal cycling
of mild steel specimens. For this experiment four speci-
mens were introduced in hot combustion gas at 730° C for
successive one hour eﬁposures. Specimen number one was

- exposed for one hour, specimen number 2 for three hours,
specimen number 3 for six hours and specimen number 4 for
twenty hours. All the specimens were observed mounted in
plastic, cut a seétion,polished and photograph taken in
the electron microscope. FPigure 6(4) shows the metallo-

graphic section of metal/scale interface.

6.4 Corrosion rate measurement.

The major measurement was weight loss. The establishment of the
corrosibn rate using simple weighing technique assumes that the
metal lossz has occured uniformly. To minimise error in obtaining
similar surface finish a proper sample preparation technique was
followed as described in section 3.1.2. After the exposure the
coupons were carefully examined and all accumulated corrosion
products and fouling were removed by mechanically scrubbing,
polishing in fine emery papers and chemically by washing in’
solvents. To minimise error due to loss of 'Sound metal' or in-
complete removal of corrosion products the specimens were weighed
a number of times during progressive treatment in the abrasive
techniques and in pickling solutions. When the change in the
weight was @ minimum and visual appearance seemed to be perfect,
that weight was taken into consideration. For example a typical
mild steel specimen weighed about 8 gms; after scrubbing the hard
oxide layer the weight loss was around 90 mg. First polishing
took about 40 mg., second polishing took ebout 25 mg. and S

seconds in pickling scolution tock about 20 mg. Therefore, the
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cummulative weight loss was about 175 mg. This of course, varied
with time of exposure and fuel impurity contents. In the case
of some mild steel specimens, small pits were observed and pol-
ishing and pickling had to be stopped at a stage which depended
upon the experience gained from previous experiments. For exam-
ple pickling times of 10 sec. to 60 secs. gave clear evidence that
underlying metal was beiﬁg removed as well. For Nickel alloys
scrubbing and pickling were not necessary. Just polishing in
fine wet emery paper gave a weight loss of about 30 mg. and the
surface finish appeared to be free of oxide withoﬁt removal of
underlying metal. '

6.4.1. Personal accuracy in welghing.

To determine the pesscnal error/éccuracy of weighing indi-
‘vidual test coupons, a number of selected specimens were
weighed on s chemical balance up to four decimal figures.
The samples were put in the combustion apparatus and only
cold air was passed through. After a few minutes the
specimens_were weighed again. The results are shown in
table 6(5) and figure 6(5). Theoretically there should
not be any change in weight. The change observed is con-
sidered to be the personal error in weighiné in the par-
ticular chemical balance. ’

6.4.2. Relation of corrosion rate to thickness of specimen.

Although it is mentioned earlier that the specimens were
20 mm diameter and 4 mm thick dises, in practice, while
preparing the specimens, all of them could not be made
exactly of same thickness. Therefore, it was considered
that the dependence on corrosion rate on the thickness of
specimen should be measured. Specimens of four different
thicknesses were intreoduced in the ecombustion gas and
corrosion rate measured. The results are plotted and
shown in figure 6(6). From the results it appeared that
there is no-significant difference in corrosion rate due

to small change in thickness.
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6.4. 3.

‘6.4.4.

6.4.5.

Dependénce of Corrosion rate sglong tube diameter.

The specimen holder for high temperature corrosion meas—
urement could take four coupons at ocne time as shown in
figure 5(2). Mild steel specimens were placed in each
slot of the holder and corrosion rate measured to see the
effect of position along the pipe diameter. The results

are shown in fiqure 6(7}.

Relation of corrosion rate to time of exposure.

Mild steel specimens were exposed in combustion gases and
corrosion rate was measured at one hour intervals up to
six hours.  The results are shown in figqure 6{(8). It can
be seen that after about two hours the rate of increase of
corrosion rate decreases. Therefore, it was considered
that for mild steel three hoﬁrs exposure time would be

sufficient to get apprecisble amount of deposits.

Corrosion rate at different excess oXyden.

-Corrosion rate of mild steel were measured at different

excess oxygen concentration of combustion gases. The

results are shown in figure 6(9).

§.5 Measurement of corrosion rate of mild steel using Kerosene at

different concentrations of Sulphur, Sodium and Vanadium over

three hours exposure time.

Mild steel specimeqs were exposed for 3 hours in combustion gases

. produced by burning Kerosene and corrosion rates were measured.

To the Kerosene, sulphur as carbon disulphide was added to make

- sulphur cencentrations of 1, 2, 3, 4 and 5 per-cent. Corrosion

rates were measured for each concentration. Vanadium as Nuodex

Vanadium (received from Durham Chemicals Ltd) was added to each

of the above concentrations to make vanadium concentrations of

50, 100, 150, 200, 250 and 300 ppm and corrosion rates were meas-

ured.

Sodium as Nuosyn Sodium (received from Durham Chemicals

Ltd) was added to each of the above sclutions to make sodium
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concentrations of 20, 40 and 60 ppm and corrosibn.rate of mild
steel were measured. - The results are shown in figures 6(10),6(11),
6(12), 6(13), 6(14) and 6(15).

of sulphur, sodium and vanadium within the range under the defined

condifions.

A computer programme is writien based on the results obtained from
section 6.5.0, assuming that all the combustion conditions remain
constant and the corrosion rate due to eddition of impurities
follows the pattern obtained by the experimental results. The
programme is written in basic conversaéional language. Corrosion
rate by combustion gases produced by burning fuel containing eny
combination of sodium up to 60 ppm, sulphur up to 5% and Vanadium
up to 300 ppm would be predicted. On running the pregremme the
computer will ask the question - "what is the concentration of
Sulphur, Sodium and Vanadium®? On feeding the information, the
computer gives the corrosion rate for those particular conditions.
If the data supplied aré out of range the computer will print
which concentration is not walid. The example is shown at the
end of the programme. The programme is shown in Appendix 6(1).
6.6.1. Prediction éf corrosioﬂ fates and écfual/experimental
corrosion rates with Light fuel oil.

The anealysis of light fuel oil is given in table 6(1).
The concentration of sulphur is 3.2%, sodium 10.5 ppm and
venadium 100 ppm. These figures were fed to the computer
to give a corrosion rate at the specific conditions. The
corrosion rate as given by the computer is 12.6 mg/cmz/h
(Appandix 6(1), page 226). To the light fuel oil 1%
sulpﬁur, 10 ppm sodium and 100 ppm vanadium were added to
make final concentrion of 4.2% sulphur, 20.5 ppm sodium
and 200 ppm vanadium. These figures were also fed to the
computer gnﬁ the corrosion rate was shown‘to be 14.58.
mg/cmz/h. (These predicted results are of course for mild

steel only).
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The sctual corrosion rate was measured for both of the

light fuel oils described above. The results are shown

Fuel - Imggrities p;gsgﬁﬁ - Corrp;ioﬁjﬁate mg/cmz/h
' s N 'V Mild steel *S5347 *N105 *IN657
Light
fuel oil .

1 3.2 10.5 10.0 15.0 - 1.0 Q.6 1.5
Light
fuel oil - : .

2 4.2 .. 720.5.20.0. .. 17.5-. .- 1.1 0.7 2.0

* These samples were included only to complete the spaces

in the specimen holders. They are of general interest.

Measurement of corrosion rate using Diesel B.

For this set of experiments Diesel B was used with different com-
binations-of sulphur, sodium and. vanadium concentrations and
corrosion rates were measured over three hours exposure time.
Figures 6(16), 6(17) and 6(18) compares the results of corrosion
rate obtained by using Kerosene and Diesel B at different concen-
trations of Suiphur, sodium. and vanadium. Along with mild steél,
corrosion rate of stainless steel type 347, Nimonic N30 and N105.
were also measured for some soﬁiuﬁ, sulphur and vanadium combin-
stions in Diesel B. Figures 6(19), 6(20) and 6(21) compare the
results of different alloys at different sulphur, sodium and
Vansddium concentrations. Figures 6(23) and 6(25) show the com—
parison of corrosion rates of different alloys at 5% sulphur with
varying sodium and vanadium concentrations and figure 6(27)

compares the results at 25 ppm vanadium with varying vanadium con-

- centrations. Figures 6(22), 6(24) and 6(26) show the corrosion

rate of mild steel at different venadium concentrastions with

increasing sulphur and sodium concentrations.
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Corrosion rate'of differsot materisls after exposing for 20

hours LD combustion gases by u51ng,Kerosene Wlth different

concentrations of Sodium, Sulphur and Vanadium.

It was considered to expose Nickel alloys for a longer period to
obtain a reasonable amount of deposit. For comparison mild steel
specimens were also used.’ Eighr'specimens,_two each of mild
steel, sfainless steel type 347,N105 and IN657 were exposed

in the combustion gases produced by using Kcrosen31 The samples
were exposed for two 7 hour and one 6 hour .period, making the
total exposﬁre time to be 20 hours. In between the exposures the
samples were carefully taken ocut of the combustion chamber and
kept in the dessicator. Corrosion rate was msasured using one
set of the specimens and- the second set was stored in the
dessicator for X-ray analysis. The experiment was repeated for
different combinations of sulphur, godium and vanadium concen-
trations selected by using the triangular diagram. The compo-

sition and results are shown in Table 6(6).

Corr051on rates using additives.

One iron—based additive (ferrocene) was added Wlth Diesel B to -
see the effect on corrosion rate of mild steel. The results are
shown in figqure 6(28).

Econsol D was added to Kerosene with & percent sulphur and 300 ppm
vanadium to see the effect on corrosion rate of mild steel. The

result is shown in figure 6(29).

The corrosion effect of emulsification of oil with small amount
of water was briefly investigated. Water was added to Kerosene
and Diesel B and corrosion rate of mild steel was measured. The

results are shown in figure 6(30).
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The composition of the materials tested are shown in Table 6t75.
Vickers Hardness Numbers (VHN) ware measured before and after
exposure in hot combustion gas. The results are shown in table

. 6(8). - Selected specimens reserved from corrosion experiments
were mounted in plastic, a section was cut, polished prcperly
in up to 6ne micron diamond wheels, etched and photograph taken
in‘electron.microscope. The metallographs of all tha materials'
bafore and after exposure in hot gas are shwon in figures 6(31),
6(32), 6(33), 6(34), 6(35) and 6(36).

6.11.Identification of oxide layvers by X-Ray diffraction.

X-ray analysis of the oxide layers were carried out in the London
Research Station of the British Gas Cofporation. Sémples from
selectad experiments were taken to the London Research Station
and analysed by X-rays in twe batches and results interpreted.
Firstly al} mild steel: specimens exposed for 3 hours using

Riesel B with different concentrations of sulphur, sodium and
vanadium were taken for analysis. In the second batch steels

and alloys exposed for 20 hours using Kerosene with different
concentrations of sulphur, sodium and vanadium were analysed.

In the case of mild steel specimens cutside layers were scraped
off and analysed hy 6ehye-Scherrer powder photograph method;

The ingide layer was analysed by putting the whole sample in. the
diffractometer and the results interpreted from the traces.
Appendix 5(2) gives the datailad method of X-ray analysis by
powder photograph. The experiment number, experimental conditions
samples, method of X-ray analysis and results are shown in Tables
6(9) and 6(10).

The Powder photographs of the various samples ére shown in
figures 6(37), 6(38), 6(39), 6(40), 6(41) and 6(42).

" The diffractometer traces are shown in figures 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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The ignition delay experiments were carried out in three sections:
1) To see if the fuels used for corrosion experiments had
the similer ignition delay property efter the addition of
the impurities and additives.

2) To check the ignition delay of hydrocarbons as an additive

with Kerosene.

3) To see the relationship between ignition delay and for~
mation of sulphur trioxide.

.For the first section the ignition delay of Kerosene alone and

Kerosene with different concentrations of sulphur, sodium,
vapadium_ahd ferrocene were measured up to 750°,Cf The results

are shown in Table 6(11) and plaetted in figures'6(57), 6(58), 6(59)
and 6(60). '

For the second section the ignition delay of hydrocarbonss

' cyclohexane, n-Hexane, n~pentane and benzene were measured -and

compared with Kerosene in figure 6(61). Then 20% of the hydro-
carbons were mixed with Kerosene seperstely and ignition delay ,
measured. The results are compared separately in figures 6(62),
6(63), 6(64) and 6(65). All the ignition delay results of the
hydrocarbons and Kerosene - hydrocarbon mixtures are shown in
Table 6{12). Table 6(13) shows the properties of different fuels
used for ignition delay. Figure 6(66) shows the varistion of
ignition delay of hydrocarbens with time in a log-linear graph.

For the third section the concentrations of sulphur trioxide in
the combustion gases produced by burning the different Kerosene-
hydrocarbon mixtures were measured. The results are shown in
Table 6{14).
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KEROSENE DIESEL B LIGHT FUEL
OlL
Viscosity, Kinematic 28 sec. 33 sec. . 220 sec.
Sulphur Content. %. 0.2% 1.0 3-.—2—-”“
Water Content ")o vol. - 0.02 1 0.50
Sediment. %. - '0.01 0.10
Ash %, | - 0;01_ min™. 0,05
Cetane Number - 35 min.imum- -
Smoke Pt, 25 mm, min™ - -
Gross calorific value,
M/l " 36.7 38.4 40.1
Mi/Kg - - 46.5 43.3
. Pour Point. °C. - - -
Flash Point ©C. 38 minimum 66 close - 66 minimum
150 open
Density at 150 C Kg/I 0.820 0.825 0.96
Char value ma/Kq i5 - -
.Boiling Point 0C... | 300 - -
Distillation @ 200° C 15% minM. - -
Vénadium. ppm. - | 39 ppm. 100 ppm-
Sodium. - - 10.5 ppm.

- 98 -




TABLE 6 { 2 ) MEASUREMENT OF SULPHUR IN FUEL.

Sample, fuels . .| . 5% = ‘va{ ; N x ?593}. Average 5%
Kerosene 0.14
0.15 0.13
010 - .. e
Diesel B 1.1
0.9 1.2
- 1.6
Kerosene + 1%S 1.2
: 0.9
1.1 1.1
Kerosene + Z%S 1.9
' 2.2 2.06
2.2
Kerosene + B%S 3.3
’ 2.9 3.1
. 3.1 .. N
Kerosene + 4%$ 3.9
: 4.1 4,05
4.2
Kerosene + S%S 5.1
: 4,9 5.03
5.1
Kerosene + 6%S 6.0
i 5.9 6.0
6.1 o
: ~ Diesel B F 5% 675
i 6.1 6'3
- S P
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TABLE 6 (3) MEASUREMENT OF SODIUM BY FLAME PHOTOMETER.

Sample Photometer Concentratioﬁ Average
A Readings. ':"fdf'Nd;'ppmg' Na,Conen.
5+142+0 1
Kerosene 6+1+1+1 1 : 1
.................... .442¥1412JT¢:5._.......i...... .
10+5+3+42 1 ppm- :
Diesel B 12424241 1 : 1 ppm
e s T e -
50+25+20+1 5 ppm%
Kercsene + Sppm ‘ _ : :
Na. 45+20+10+1 ‘4 -ppm 4.5 ppm
‘ 45425+15+3 - “4.Sppm {
55+25+1045 4.5 x 2
Kerosene + 10ppm 30+20+545 4 x2 ]
Na (diluted to 5}| 55+20+10+10° 5 x2
. ) 45+20+2045 4.5 x 4
Kerosene + 20ppm |- 60+75+15+5 5 x 4 19
" Na (diluted to 5) | 55+25+10+10 5 x4
.| 4542541045 4.5 x 6 :
-Kerosene + 30ppm 55+25+1045 5 x 6 28 - -
"NA (diluted to 5) | S0+25410+5 | 4.5 x 6 o
o | 454254545 4.5 x 8
Kerosene + 40ppm 45+20+10+10 4.5 x 8 38
Na (diluted to SY | 50+15+10+10 | 4.5 x 8~ '
| 50+20+10+7 4.5 x 10 -
Kercsene + SOppm 55+20+10+5 4.5 x 10 "47
" Na (diluted to 5) | 60+15+10+10° " |~ 5 Tx10 |
| 4542042045 4.5 x 12
Kerosene + 60ppm 55+22+11+7 5.0 % 12 57
Na (diluted to 5) | 50+20+15+5 .~ {.... . . 4.5 x 12
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TABLE 6(4)

COMBUSTION GAS ANALYSIS.

( Fuel : Kerosene + 5% sulphur )
Manometer | Secondary Average Average Average Average
pressure Alir rate, 02 . B 002 , B CO‘, % 803 , DDR.
diff. inch| litres/min
3

2 33.0 - - - -

L .5 1.0 13.8 0.Co 137

6 36.0 - - - -

8 38.5 2.5 11.9 0.01 43

10 Lo.o - - - -

12 3.5 4.4 - 11.2 0.02 Lo

1L 1#4-‘.0 - - - -

16 4s,0 5.5 10.0 c.02 4s

18 46.5 - - - -

20 49.0 6.8 9.6 0.00 28
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Sulphur trioxide ppm.

100

90},

80

70

60}
50,
40,
3q
2.

14,

0 3 . . . - .
2 3 4 5 6

Fuel Sulphur Concentration, %

Figure 6 (1 ) Relation of Formation of sulphur trioxide to fuel sul phur
concentration.
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Fuel sulphur trioxide concentration, ppm.

10Q

90}

-801

. 70k

60 ?

50|

40

30

20}

10 |

20 .40 60 . . 80 . 100. 120
Time taken to decolo-rise lodine Solution, min.

Figure 6 { 2). Relation of concentration of sulphur trioxide to time to
decolg-rise iodine solution.
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Temperéture, Sc.
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o
800 p
L ]
! L
700
600 p
5
00?
a00p
3o0¢
Fuel = Kerosene
Excess G, : 4,5%
200 e Specimen : mild steel
100p
= A A A el s
20 40 60 80 " 100 120
Time, seconds.
FPigure 6 ( 3 ) The rate of temperature rise of the metal
specimens on introducing into hot combustion
gas at 730° C.
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TABLE 6 ( 5 ) PERSONAL ACCURACY OF WEIGHING IN CHEMICAL BALANCE.

A £ e et s 2Tl i, £m T mm ik et mm ey ety me AT MR MR cmGerees Le e e 4+ ke e e

SAMPLE . ... .{... INITIAL WEIGHTS ..|. FINAL WEIGHTS .|.. DIFFERENCE

MILD STEEL 7.7010 7.7013 .0003
J7e70as o f 7. 7011 0 L0004

STAINLESS | -
STEEL 8.2110 : 8.2105 .0005
TYPE 347 8.2103 : 8.2100 .0003
N9O 5 9.6355 | 9.6350 | .0005
9.6450 : 9.6454 .0004
N105 10.5830 : 10.5836 | .0006
: 10.5755 - 10.5760 .0005
NGS7 g 12.8775 5 12.8770 | .0005
$ 12.7811 : 12.7808 .0003
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Difference in weight, i.e. Personal error, gmé.

e i 2 o et L B e i e B i ok h ke mommim e 1

0.0020p

0.0018p

0.0016p

0.0014p

0.0012L

0.0010

0.0008k,

0.0005}»

0.0004p

0.0002)

0.0000

Figure 6 ( 5 )

4

Persona
chemica

A ol e
=] 8
Sample numbers.

1 Accuracy of Weighing Samples on a
1 Balance.
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Corrosion rate, mg/cm>/h.

20 @

Fuel +: Kerosene

Temp. : 730° C.

18 |
Excess 02 : 4.5%
Specimen : mild steel.
16 te
14 L
12 B
10 B
T
5 >
4 le
2 .
i ] ) 1 1
r 1 | l
[ ] . Y . ., -
1 2 3 4 T 5 6

Figure 6 ( 6 )

Thickness of the metal specimens, mm.

Relaticn of Corrosion rate to the thickness of
the metal specimens.
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Corrosion rate, mg/cm2/h,

201°
Fuel : Kerosene.
Temp. : 730° c.
18 Excess 02 1 4.5%.
Specimen : Mild steel.
16L
14/.
12¢
10}
8.
6p
4L
2L ,
L [l
—_ ! _1\
1 2 3 4

Sample numbers along tube diameter.

Figure 6 ( 7 ) Relation of corrosion rate to sample position along
tube diameter.
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Corrosion rate,

20

18

16

14

wg/cn2/h
1 -
® © o

[+

Poel : Eerosene

3 : * Temp. 3 730° C

Excess Op : 4.5%
Specimen : Mild Steel.

1 2 3 s .5 6

Time, hour.

Figure 6 ( 8) Relation of corrosion rate to time

- of exposure.
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Corrosion rate, mg/cm?/h.

209

18 p

16 b

14 F

12 b

10}

Fuel : Kerosene + 5% Sulphur.

Specimen : Mild steel.

A o A o - -
1 2 3 4 .5 6
Excess Oxygen, %.
Figure 6 ( 9 ) Relation of corrosion rate to excess
gases.

oxygen. Concentration of combustion
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20¢p¢

Corrosion rate, mg/cm?/h.

Fuel : Kerosene.

Temp. T 7300 C.

Excess 02 : 4.5%

A No sodium added.

B 20ppm sodium added.
| 40ppm sodium added.
A 60ppm sodium added.

| — - A £ -
50 100 150 200 . S 250 300
Fuel Vanadium Concentration, ppm.

Figure 6§ (10 )Relation of Corrosion rate of mild steel to fuel
vanadium concentration at different concentrations
of sodium with no sulphur added.
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.1 R Fuel : Kerosene.

Temp : 730° C.
Excess 02 : 4.5%.
A No Sodium added.
a 20 ppm sodium added.
ped of a 40 ppm sodium added.
A 60 ppm scdium added.

5 100 150 200 250 300
Fuel Vanadium concentration, ppm.

Figure 6 (11 ) Relation of corrosion rate of mild steel to fuel
v anadium concentration at different concentrations
of sodium with 1% sulphur added.

- 113 -

b b e i i b e e e weme = - Py

el mmim e e ek ee e A R A e b e S A e n k4 i A e mn = e mn e w om avamDe ei me



e A 1 nm i ot b s = 4 it wh = Rt = e 2D s ke e e S LT T et

Corrosion rate, ngcmth.

er Fuel : Kerosene.
Temp. : 730° C.
Excess 0 1 4.5%.
A No scdium added.
4P 20ppm Sodium added.

»
s 40ppm Sodium added.
A 60ppm Sodium-added.

. . [ 1 - E 1
50 100 150 200 - 250 300

Fuel Vanadium Coﬁcentration, PPmM.

Figure 6 (12 } Relation of Corrosion rate of .mild steel to fuel
vanadium concentration at different concentrations
of sodium with 2% sulphur added.
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‘Corrosion rate, mg/ em® /he

14

uy
N

Y
[

Tl Fa

S NI UR LU IO S o e B PR EY R . R e

+
A gAY —)
h
Fuel Kerosene.
Temp. : 730° c.
o Excess 02 4.5%.
A No Sodium added.
[ ] 20ppm Sodium added.
. O  40ppm Sodium added.
A  60ppm Sodium added.
_
50 100 150 200 - 250 300

Fuel Vanadium Concentration, ppm.

Figure 6 (13) Relation of corrosion rate of mild steel to fuel

vanadium Concentration at different concentrations
of godium with 3% sulphur added. '
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Corrosion rate, mg/cmz/h.

20 p B 1
I |
a[ )
— =
. ' |
18
16 p
14 r
AN
=—
2 pr
10 p
Fuel : Kerosene.
8 r Temp. : 730° C,
Excess 02 :t 4,5%.
A No Sodium added.
S ) m 20ppm Sodium added.
O 40ppm Sodium added.
A 60ppm Sodium added.
4 b
2P
e - Y F [ — Y _.7
50 100 150 200 . 250 300

Fuel Vanadium Concentration, ppm.

Figure 6 (14 ) Relation of Corrosion rate of mild steel to fuel
vanadium cohcentration at different concentrations
of sodium with 4% sulphur added.
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mg/cm2/h.

Corrosion rate,

16 p
D
14 To—)
12
10 -
. ' Fuel : Kerosene.
Temp. : 730° C.
8p
Excess 02 : 4,5%.
A No Sodium added.
&r B 20 ppm Sodium added.
] 40 ppm Sodium added.
ab A 60 ppm Sodium added.
2h

50 100 150 200 250 300
Fuel Vanadium Concentration, ppm.
Figure 6 (15) Relation of corrosion rate of mild steel to fuel

vanadium concentration at different concentrations
of sodium with S% sulphur added.
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20 Fuel l :

4
Temp.
1% Excess 0;:
164
14}
12p

C orrosion rate, mg/cm®/h.

Diesel B .
Kerosene

7300 C -
4.5%

5 10 15 20 .25

Fuel Sodium Concentration, ppm.

Fig. 6(16) Relation of corrosion rate of mild steel to fuel sodium

concentration.
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Corrosion rate mg/cm?/h,

18§

16}

Fuel : | : Diesel B
A Kerosene

Temp : 7309C

Excess 0_: 4.5%

Fuel sulphur concentration, %.

Fig. 6i(t7). Relation of corrosion rate of mild steel to fue! sulphur

concentration.,
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2C : ‘ Fuel :.  Diesel B -
& ;  Kerosene
Excess 02: 4.5%

18 Temp. : 7300

>

16}

14}

Corrosion rate, mg/cm*/h.

50 100 150 200 250

Fuel Vanadium Concentration, ppm.

Fig. 6(18). Relation of corrosion rate of mild steel to fuel vanadium
concentration .
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Corrosion rate mg/cm*/h.

20

18

16

14

12

10

Fig.

Fuel : DieselB
Temp. : 730°C
Excess 02:4.5%

| :  Mild steel
v : §5.S. 347
0 : N90

L N105

Fuel Sulphur Concentration, %

6(20). Relation of Corrosion rate of various metals to fuel Suiphur

Concentration.
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‘Fuel : Diesel B

20 F Temp. : 7300C
_ Excess 0, :  4.5%
18 b | :  Mild steel
' \4 SS 347
0 NGO
16 } * N105
14 |
12

Corrosion rate, mg/cm®/h. "

=

5 10 15 20 25

b

Fuel Sodium Concentration, ppm.

Fig. 6:(19). Relation of Corrosion rate of various metal to fuel sodium concentiation.
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Corrosion rate, mg/cm®/h,

U SN S

: Fuel
20 Temp,
Excess 0 :

18} o '

: v

0

16} ®
14}

Diesel B
730°C
4.5%

‘Mild Steé!

$S 347
NSO
N105

-

100 - 150 200 250

Fuel Vanadium Concentration, ppm.

50

Fig. 6(21). Relation of Corrosion rate of various metals to fuel vanadium

Concentration,
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Corrosion rate, mg/cm?/h.

Fuel
Temp.

Excess D, :
5% S Present

2% S Present
1 % S Present

Diesel B
730°C
4.5%

. Ja
2 b ® 37 S Present
0
I

S 10 15 20 25

Fuel Sodium concentration, ppm.

Fig.6 (2 2). Relation of corrosion rate of mild steel to fuel sodium concentration

at different concentration of sulphur present.
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Corrosion rate mg/cm?/h.

20 )

18}

Fuel : Diesel B
Temp. : 730°C
10} Excess 03 : 4.5%
| : Mild steel
v SS 347
8t o : N9O
® - N105
64
¥
@
i »e
5 10 15 20 25

Fuel Sodium concentration.

"Fig. 6(23) Relation of Corrosion rate of different metal to fuel sodium
concentration in presence of 5% sulphur.
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Corrosion rate, mg/cm’/h.

20 }

—t
o

0

o

Fuel . Diesel B

Temp. : 730°¢C
4 Excess 0_:  4.5%
l . : 1% sulphur
' 0 : 2% sulphur
> 1 ® : 3%  sulphur
A : 5% sulphur
56 100 150 200 250 ]

Fuel Vanadium Concentration, ppm.

Fig.6 (24 ) Relation of Corrosion rate of mild steel to fuel Vanadium
Concentration in presence of sulphur.
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FaX
{.,
o Fuel : Diesel B
.
E, Temp. : 7300 ¢C
3 Lob Excess 03: 4.5%
E Py :  Mild steel
= v SS 347
@ .
5 gl - 6 : N9
Q
. o N105
6}
¥

R

.

50 100 150 200 250

Fuel Vanadium concentration, ppm.

Fig.6(25) Relation of corrosion rate of different metal to fuel vanadium
' Concentration in presence of 5% sulphur.

- 127 -




20 p

18 }

16

Corrosion rate, mg/cm>/h.

Fuel : .Diesel B
. Temp. 7300 C
Excess Oa: ' 4.5%
] : No sodium added
0 :10ppm sodium added
- . m . :25 ppm sodium added

50 100 150 200 250

Fuel Vanadium concentration, ppm.

Fig.6 (26 ) Relation of Corrosion rate of mild steel to fuel vanadium
concentration in Presence of sodium.
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Corrosion rate, mg/em“/h,

20

18

16

14

12

10

Fig

o b e e AT

Pt o

Diese! B

.6(27)

Fuel Vanadium concentration, ppm.

Temp. 730°C
Excess 05: 4.5%
| ] Mild steel
v SS 347
0 NGO
| . N105
{ —
) -y
j::‘{o—&: o
50 100 150 200 250

Relation of Corrosion rate of different metal to fuel vanadium

Concentration in presence of 25 ppm sodium,
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mg/cm2 /h.

Corrasion rate of mild steel,

Fuel : Diesel B
20 } Temp. : 7300
Excess 0, : 4.5%
18 ¢ : No sulphur added
i A : 5% S added.
16}
14 |
12
10}
81
6 »
4 3
2 .
I
.01 .05 1 .15 .2

Concentration of Ferrocene, %

Figure 6 (28). Relation of Corrosion rate of mild steel to fuel additive

concentration.
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Corrosion rate, mg/cm /h.

U PUPRNPE ST S

28 P

26 L

24

22

20 |

18 fe

16 b
Fuel Kerosene + 6% Sulphur

300 ppm Vanadium.

Temp. : 730° c.

14 P Excess 0, : 4.5%.
Time : 20 hours.

12 |o

'10 F'y - - - . -

1 2 3 4 .5

Econsol D, %.

Figure 6 (29) Relation of .corrosion rate of mild steel to fuel
additive (Econsol D) econcentration.
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20

18

16
14

12

Corrosion rate, mg/cm®/h.

Fig. 8(30) Relation of Corrosion rate of mild steel to emulsification of oil.

- 10

Fuel : , :. Diesel B .

4. . Kerosene
"Temp. 7300 C -

Excess 0a : 4.5%

& A A

5 10 15 20 25

Emulsifiable waters in fuel, ppm.
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TABLE 6(6) CCRROSION RATE OF DIFFERENT ALLOYS AFTER EXPOSING IN
COMBUSTION GASES FOR 20 HOURS USING KERCSENE.

Explanatory diagram’
of selectlion of

0,60 ¥ g0, 0

concentrations.

6, 0 £ . . . . 0,300
s 6 5 b 3 2 1 0 Vv
0 50 100 150 200 250 300
Impurities added, ppm Corrosion rate, mg/cmz/h
Na S vV Mild S8 Ni0s5 IN657
Steel 347

0 0 4.5 1.5 0.8 1.1
60 0 11.0 1.8 0.9 2.5
0 6 13.0 2.0 0.9 2.8
0 0 300 11.0 2.1, 0.9 2.9
60 6 0 18.5 2.5 1.2 3.0
0 6 300 20.5 2.5 1.1 3.5
£0 0 300 15.5 2.4 1.2 2.6
60 -6 300 24.0 3.0 1,5 4.0
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TABLE 6( 7 ) COMPOSITION OF ALLOYS TESTED.

....... S’::S 1. i;’] . Na.mgglc . .Ni.‘;g;‘.l.c. .{.. mN657
c 0.065 0.045 0.085 0.13 0.10
si 0.012 0.57 0.05° 0.21 - 0.50
Mn 0.318 1.60 0.08 0.06 0.30
Cy 0.044 17.68 - 19.40 14.90 48.00
Ni 0.032 9,15 - 59.32 52.29 Bal.
Mo 0.017 : - 5.0 -
'S 0.044 0.003 0.003 0.004 - -
P 0.008 0.032 - - -
T4 0.013 - 2.40 1.30 -
Nb 0.018 0.77 - - 4.10
Cu 0.092 - 0.05 0.06
Fe Bal. 70.15 - 0.93 - 0.58 1.00
Al 0.039 - 1.43 4.63 -
Co - - 16.00 | 19.8 -
Zr 0.005 - 0.055 : 0.095 ° -
Pb ppm| =~ - 1.9 0.8 -
Mg : - - - - -
Bppm | - - 40 51 -
Bi ppm| - - 0.1 .1 -
Ag p:pm - C - C.2 0.1 -
v 0.005; - - - -
Sn 0.00-7:-‘“" - — - - -
Tungls-

ten | 0.025 - - - -
Nitro- : ; . : :

gen. | - . o= oo ] 018
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TABLE 6 (8 )

MEASUREMENT OF VHN (Vickers Hardness Numbers)

OF MATERIALS USED BEFORE AND AFTER EXPOSUREZIN
HOT COMBUSTION GASES (By Vickers Pyramid Hardness
testing machine load 20 Kilos.).

MATERIALS

VHN

. Before Exposure;..

VHN

- .. After 5 hours Exposure

208

Mild Steel 220, : 121, 119 _
210, 218 213 118, 127 % 122
211, 214 : 122, 126
Stainless Steel 187, 201 : 200, 207 :
Type 347. 199, 182 Y 191 204, 202 % 203
191, 189 - 205, 203) .
N9O 355, 360 a 361, 359 :
© 351, 358 & 356 366, 365 » 363 : -
35, 359) o 363, 366 :
N105 362, 358 : 367, 370 :
360, 365 Y 361 368, 366 % 368’
.38, 386 369, 367,
INGS7 234, 232 : 194, 211 3
228, 239 L 233 208, 195 » 203
235, 230 210, 199)
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Figure 6(31). Micrograph of mild steel ( x 400, etched )
a) before exposure in hot gas '
b) after exposure in hot gas for five hours.
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Figure 6(32). Micrograph of mild steel ( x 400, etched )
a) structure before exposure in hot gas

b) structure after five hours exposure in hot gas.
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Micrograph of stainless steel type 347 ( x 400 etched )

Figure 6(33)

a) before exposure

b) after five hours exposure.
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Figure 6(34),

Micrograph of Nimonic NSO ( x 400 etched )

a) before exposure
b) after five hours expcsure
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Figure 6(35).

Micrograph of Nimonic N105 ( x 400 etched )
a) before exposure

b} after five hours exposure.
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Figure 6(36).

Micrograph of IN657 ( x 400
chloride for ten minutes )
a) before exposure

b) after five hours exposure.
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TABLE 6(9)} IDENTIFICATION OF OXIDE LAYERS BY X-RAY DIFFRACTION.

Time of exposure : 3 hours.
Temperature : 730° C.
Materisl : Mild steel.
P Powder photograph.
D Diffractometer trace,
0 : Outside lavyer.
I : Inside i.e. second layer.
A Additive (Ferrocene)
Sample Expt. X-Ray Oxide Fuel Oxides * +
No. No. Method layer identified
Kerosene
1/1 K1g p 0 (no sulphur). Fe,0,, trace Fe0
' Diesel B(DB)
1/2 D1g P . .0 (1% s). FeOD, little Fe304
1/3 D1D P 0 DB + 5% S Fe304, FeQ
1/4 D2E P 0 DB + 25 ppmNa Fe304, FeQ
1/5 D3E P 0 DB +2S0ppm V Fe304, Fel
1/5 D3E D I DB +250ppm V  Fe,Fe0,Fe 0,
1/6 DSE P 0 DB+5%S+25ppmNa Fed
1/7 D13E P 0 DB+5%5+250ppmV Fe0
1/7 D13E D I DB+5%34250ppmV ~ Fe, Fed
DB+2Sppm Na
1/8 D18E p 0 + 250ppm V Fe304
_ DB+25ppm Na
1/8 D18E D I + 250ppm V Fe304, Fe
DB+25Na + 250V
1/9 D140E P 0 + 5%S Fe304, Fel
DB+25Na + 250V
1/9 D140E D I . 5%S Fe0, Fe, tr.Fe304
1/10 Di1g/A P 0 DB + A Fe304, Fel
1/11 D1D/A P C DB + 5%5 + A Fe304, tr.Fel

. No order of occurrence can be implied from & single entry.-:

+

any oxide present at

- 142 -

2% could not be identified.



- €Vl -

TABIE 6{(10) - IDENTIFICATION OF OXIDE LAYERS BY X-RAY DIFFRACTION......

. Time
E - N T -
Sample *xpt of S X-Ray Oxides Identified.
.No.. -....... No. .. ..o D EXpOoSUre - - O -y .- - o~
h.

“2/1 T K101 Kerosene FTMs Y 207 730 P 'F'e'3'04;,' tr,Fe0 '

"2/2° T TUKA01 T Kercsene T USS347 TR0 U730 OB Fe,0, T T
2/3°° K101 Kerosene ~C° N105 T 20 730 D ".'F'e'2'0'3',' tr.Ni.oxide

2/4 T K101 Kerosene =~~~ T INGS7 T 20730 D '.'Fé20'3',‘ tr.Cr.oxide

..2./5......K.1.08.._..K.+.6.%S,4:300V__....Ms..............2.0.......73.0..........P.........Fe.d’..Fe.a.dd......_.....

"2/6 T K108 K+6%S+300V° 88347 20 730 D7 ,Fe,0,, FeO

C2/7 7777 K108 T Ks6%S4300V T UN10S TR0 T 730 D Fe 0,, tr.NiQ

$2/8 7 K108 T K+6%S4+300V T INEST T T 1o R 730 T D T .Fe, 0, (may contain 'C:‘2U3' )

"2/9 77T K108 T K+6%S+300V T T INES T 20 200 P Fe 0_, tr.v0so

0 K114 T K+60Na4654300V T Ms T 2077730 TP FeO, 'ﬁr’.'Néé'S'Otl',t'r'.'F'é30‘4' o

55347 20 730 D .Fe 0 Fe0O, tr..Na2SO4
2712 T K114 T K+60Na+6S+300V "' N105 20 30 T 'F'e203, fr'.'Na'éS'O'q' o
""" 2/13 777 K114 T K460Na+6S+300V T INesT7 200730 T DT 'F‘_é2'0'3',' 't'l:".'N::iz'VO'B,'tr'.'Na'z'ﬁ'O' 4
2/14 . K114 . ... K+60Na+6S+300V. . . IN657 . . ... . ... 20...... 200 ... ... .. P ... .. .(.14.90..5.9310,3)(%3,;3 A10_44)
. R S S S g CoHY, 0, £ N,V O,
0, 't'f.'F‘e'Zl'Os .

"2'/1'5""'""K1'2'2"""K"+"S"+'"V'+"A'X5'I':N'G'S'?"""""'2'0"'""'2'0'0"""'"P""'""'Na'Z'V('SU‘l')'z’ '4'H'2

_2/16 Mixed Mixed. INe57 0 e0° 7730 D Fe203' Fe0

* AX = additive (Econsol D)
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Figure 6 (37) X-Ray Powder Photograph (19 cm camera, Co K& radiation) of outer oxlide layer formed on mlld steel
after exposing for 3 hours at 730 C in combusticn gases,
when using - (a) Kérosene, (b) Diesel B.
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Figure 6 (38) -

X-Ray Powder Photograph (19 cm camera, Ca Ka(radiation) of outer oxlde 1ayer formed on miid
after exposing for 3 hours at 730° C in combustion gases,

when using, (a) Dlesel B with 5% sulphur, (b) Dilesel B with 2% ppm sodium, .

(c) Diesel B with 250 ppm vanadium.
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Plgure 6 (39)

¢ K, ; ! .
sl 3 LA ¥ h A “» g e

'ﬂ.\ o Ly
AR PR Ly AT

X~Ray Powder. Photograph (19 cm camera, Co K« radiation) of outer oxide layer ‘formed on mild
steel after exposing for 3 hours at 730° C in combustion gases, ..

- when using (a) Diesel B with 25 ppm sodium and 5% 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..
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Flgure 6 (40) . k—Ray Powder Photograph (19 cm cameré, Co K& radiation) of outer oxlde layer formed on mlld steel

after exposing for 3 hours in combustion gases, - when using (a) Diesel B with 0.1% Ferrocene.
(b) Diesel B with 5% sulphur and 0.1% Ferrocene.
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Figure 6 (41)
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‘X-Ray Powder Photograph (19 cm camera, Co K radiation) of outer oxide layer formed on mild steel

after exposing for20 hours at 730° C in combustion gases, - when uslng, (a) Kerosene,
(b) Kerosene with 6% .sulphur and 300 ppm vanadium, {c) Kerosene with 60 ppm sodium, 6% sulphur
and 300 ppm vanadium, (d) Mixed slag deposits. :
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Figure 6 (42)

ks

X-Ray Powder Photograph (19 om Camera, Co K¢ radiation) of oxide layer formed on IN657 after
exposing for 20 hours at 200° C in combustion gases, - when using {a} Kerosene with 6% -

and 300 ppm vanadium, (b) Kerosene with 60 ppm sodium, 6% sulphur and 300 ppm vanadium,

(¢} Kerosene with 6% sulphur, 300 ppm vanadium. and 5% FEconsol D.
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Figure 6 (43 ) X-Ray Diffractometer trace of the second oxide layer formed on mild steel after exposing for
3 hours at 730 C in combustion gases, — when using Diesel B with 250 ppm vanadium.
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Figqure 6 (44 ) X-Ray Diffractometer trace of the .second oxide 1ayér formed on mild steel after exposing for
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Figure 6 (45 ) X-Ray Diffractometer trace of the second oxide layer formed on mild steel after exposing for
3 hours at 730° C in combustion gases, ~ when using Diesel B with 5% sulphurang 250 ppm vanadium.
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X-Ray Diffractometer trace of the second oxide layer formed on mild steel after exposing for

3 hours at 730° C in combustion gases,
and 250 ppm vanadium.

- when using Diesel B with 25 ppm sodium

5% sulphur
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Filgure 6 (47} X-Ray Diffractometer trace of the oxide layer formed on Stalnless Steel type 347 after exposing
" for 20 hours at 730° C in combustion gases, - when uslng Kerosene.
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Figure 6 (48.) X-Ray Diffractometer trace of the oxide layer formed on N105 after exposing for 7g hours at
o
7307 C in Combustion gases, - when using Kerasene.
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Figure 6 (49) X-Ray Diffractometer trace of the oxide layer formed on IN657 after exposing for 20 hours at
730° € 1in_ combustion gases, - when using Kerosene.
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Figure 6 (50)

X—-Ray Diffractometer trace of the oxide layer formed on stain&ess steel type 347, after exposing

for 20 hours at 730° C in combustion gases, ~ when using Kerosene with 5% sulphur and 300 ppm
vanadium, - . '
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730° C in combustion gases, when using Kerosene with 6% sulphut and 300 ppm yanadium.
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Figure 6 (52) X-Ray Diffractometer trace of the oxide layer formed on IN657 after exposing for 20 hours at
7300 C in . 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 oxlde layer formed on stainless steel type 347 after exposimj
for 20 hours at 730° C in combustlon 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 formed on N105 after exposing for 20 hours at

730° dg in combustion gases, - when using Kerosene with 60 ppm sodium, 6% sulphur: and 300 ppm
vanadium.
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X-Ray Diffractometer trace of the oxide layer formed on IN657 after exposing for 20 hours at
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Figure 6 (56) X-Ray Diffractometer trace of -the oxide layer formed on ING57 after exposing for aver 60 haours
at 730° € in combustion gases, — when using mixed fuels,
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Ignition Delay, seconds.
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Pigure 6(57). Variation of Ignition Delay with surface temperature

using Kerosene with different concentration of sulphur.
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Ignition delay, seconds.
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Figure 6(58). Variation of Ignition delay and surface temperature using

Kerosene with different concentration of sodium.
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Figure 6(59) Variation of ignition delay with surface temperature using
Kerosene with different concentration of wvanadium.
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Figure 6(60). Variation of Ignition delay with surface temperature using

Kerosene with different concentration of Ferrocene.
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Figure 6(63) Variation of Ignition delay with surface temperature

using Kerosene with n- Pentane.
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Figure 6(64) Variation of Ignition delay with surface temperature

using Kerosene with n- Hexane.

- 173 -




seconds.

Ignition delay,

SN U R Sy

nms meemaamd + e e mmememmtis o sed = e imermemms e o am faes 8 e e W s e n aps s F e e tmsameoaemtds ' e w1r cwrntm e

2-0 of
® Kerosene + 9% sulphur ( K + 5% 5 ) ~
1.8 I O K+ % S + 20 % Benzene
o Benzene
1.6 >
1.4 |,
1.2 >
1.0 |
0.8
0.6 p
0-4 el
0.2 P
0-0 - A - e e
300 400 500 600 700 750
Surface temperature °C
Figure 6(65) Variation of Ignition delay with surface temperature
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TAELE 6(13) PROPERTIES OF FUELS

USED FOR IGNITION

EF: T PR

DELAY EXPERIMENTS,

Fuels Formula Molecular Mass| Specific| Boiling
gravity | range

Q o

@ 15°C c
Kerosene - - 0.79 160~290
‘Cyclohexae- CH, (CH,) ,CH, 86.14 0.776 | 80- 82
n- Hexane CHj(CHZ)acHQ 86.18 0.670 { 67~ 70
n- Pentane CH3(CH2)BCH3 72.15 0.625 35~ 37
Benzene Celg 78.12 0.87 80- 82
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TABLE 6(14)

'SULPHUR TRIOXIDE CONCENTRATIONS IN COMBUSTION GASES
PRODUCED BY BURNING DIFFERENT FUELS. '

Sulphur trioxide concn., ppm.

| K + 5% S

Fuels
Kerosene . : 1, 2, 1, 1, 2 -~
Kerosene + 1% sulphur ( K + 1% s) 7, 12, 9, 8 9 .~ 9
‘Kerosene + 3% sulphur ( K + 2% 5.) 125, 31, 38, 36, 36 ~ 35
. Kerosene + 5% sulphur ( K + 56 S ) 5%, 49, 51, L8, 47 ~ 5
K+ 3% S + 2% cyclohexane 28, 33, 27, 235, 33 -~ 3l
+ 3% S + % cyclohexane 13, 17, 18, '1_9, 17 %
+ 3% S + 20% cyclohexane 10, 13, 11, 13, 14 ~ 12
K + 5% S + 20% cyclohexane 29, 57, 31, 35, 3k o~ 23
+ 3% S + 2% n-hexane 22, 21, 22, 20, 24 ~v. ¥
+ % S + 5% n-hexane 12, 15, 19, 18, 14 .~ JI&
+ 3% S + 20% n-hexane 7, 9 9, 11, 8 ~ 9
K+ 5% 5+ ZO%.n-hexa.ne .23, 25, 28, 25, 24 ~ 2%
K+ 3% S+ 2% n-pentane 17, 25, 22, 22, 27 o~ *3
K + 3% S + 5% n=pentane 20, 22, 17, 16, 19 ~ 15
K + 2% S + 20% n-pentane 11, 9, 14, 13, 16 ~ 13
K + 5% S + 20% n-pentane 25, 28, 27,29, 27  ~ 27
+ 20% Benzene 36, 43, Qé, Lo, 48 ~ W3
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DISCUSSIONS AND INTERPRETATION OF RESULTS,

The experimental results discussed in this chapter follow the order in

which they are presented in the previous chapter.

7.1 Test fuel analysis. -

Test fuels were analysed for their sulphur and.socdium concen-
trations before and after the addition of these elements taking
into considgrgtiog the amounts already present in the fuels.

See table 6(1). Sulphur was added in the form of carbon disul-
phide, and sodium as Nuosyn sodium, an oil soluble compound
contéining 5% scdium as metal (received from Durham Chemicals
Ltd. ). The theo;etical sulphur and. sodium concentrations agreed
reasonably well (within 6%) with the experimentel results shown
in tables 6(2) and 6(3). Vanadium was added as Nuodex Vanadium,
a vanadium soap of naphthenic acid dissolved in white spirit,
with a.metal conteﬁt of 3%. The vanadium coneentrations in the
test fuels were not measured experimentally. Additionzl mater-
ials present in the compounds other than sulphur, sodium and
vanadium were not taken into consideration-in the final corrosion
measurements. ‘These additional materials are taken to be

constant.

7.2 Combustion gas composition.

The combustion flue gas ccmposition was measured initially for
different air flow rates as shown in table 6(4). ~For corrosicn
rates measurements, the air flow and fuel flow rates were kept
constant to reduce the possibility of error due to variation in

flue gas composition.

7.3 Effect of temoerafﬁre and thermel cycling.

The combustion conditicns were adjusted to keep the temperature

at the sampling point at 730 £ 10° C. Temperatures were
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measured by thermocouples calibrated by & suction pyrometer,

using & comparative measurement'method, thus reducing the

- possibility of error. The rate of temperature rise of a mild

steel specimen is shown in figure 6(3). The specimens reached

the final temperature in about 60 seconds.

From figure 6(4) it can be seen that the thickness of the oxide
layers increases over a period of three hours exposure time.
After three heours the oxide layers break and, due to the blast

of hot combustion gases, the oxides flake away. A fresh oxide
starts forming. Although the oxide layers gradually continue

to increase in tﬁickness, over 20 hours, the flaking-off process
leaves some gaps containing sof ter carbonaceous meterisls between
the harder oxides. Unfortunately, it was not possible during
this programme to examine the different parts of the oxide layers

by scanning electron microscopy. V//
. D "

Corrosion rate measurement.

- Coupon testing, used in this experimentsl programme, is the

traditional method for the study of general corrosion prcblems.
Its advantages have already mentioned in chapter 2.8. All
possible precéqtions were taken to minimise errors in obtaining
results by weight-loss methed. The similar treatment given to
the materials for corrosion rate measurement justifies the

results of the weight-loss method.

Perscnal accurecy in weighing.

The maximum error due to personal accuracy in weighing is 0.6 mg
as shown in figure 6(5). In the case of mild steel specimens
the error in the weights of the oxidés were well within 5% but
in the case of Nimonic alloys the maximum error was within 15%
for three hours exposure. On increasing the time of exposure to
20 hours the maximum error in the weight .of cxides was brought
down to less than 10%.
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Small changes in the thickness of the specimens did not have
any significant difference in corrosion rate as shown in figure
6(6).

7.8

The effect of corrosion on the position of the coupens along the
tube diameter is shown in figure 6(7). Tt can be seen that the
corrosion rate of specimens placed in the centre slots were sli-
ghtly higher than those in the slots nearer to the pipe wall.

This was possibly because of the slightly higher temperature at
the centre of the pipe. The error in the corrosion rate due to
the position was minimised by qlways putting samples of scme

materials in the same slots.

Time of exXposure.

7.9

The effect of time of exposure on corrcsion rate is shown in
figure 6(8). It can be seen that after about twc and a half
hours ﬁhe ratelcf increase'in corrosion begins to decrease.
Rasborough (90, 185} pointed cut that cérrosion.rates are sié—
nificantly higher within the first hour, after which the depos—'
ition rate becomes stea¢y. The expéri@ental results seem ts con-—
firm this statement. Marson and Cobb (165) also exposed mild
steel specimens for three hours at 650° C for their laboratory
experiments. Accordingly mild steel was exposed for three hours.
For steels and alloys some:tests.were carried out for 20 hours
exposure time. As expected, the deposits increased significantly,
but still longer exposure time is necessary to obtain results

comparative with boiler and gas turbine conditions.

Effect of excéss.dxygeh.

‘Rosborough (185) and Ahmed (2,3,4) suggested that corrosion rate

e e c————— e

is highest at about 4.5% excess oxygen conditiong in the combus-

tion gases. Some.tests were done using different excess air, and
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the results are shown in figure 6(9), As expected the corrosion
rate is highest at about 4.5% excess oxygen conditions. Accor-
dingly all the experiments were carried out at 4.5% excess

oxygen conditions in order to maximise corrosion.

Computer Programme.

The computer programme was writtenron therbasis pf the experi-
mental results shown in figures 6(10), 6(11), 6(12), 6(13),
6(14) and 6(15),;pbtained'by using.Kerosena fuai-undar the spec-
ified conditions. This was done to show the usefulrness of the

programme as a prediction method. The programme can be used for

‘other criteria bynéalibrating and changing the appropriate data

to. suit particular conditions. The small differences in the pre-

- dicted and experimental rééults shown on page 94 can be due to

‘the fact that light fuel oils are more complex than Kerosene.

Comparing. the corrosion rates of mild steel using Kerosene and

-Diesel B of figures 6(16), 6{(17) and 6(18), it can be seen that

without the addition of sédium, sulphur and vanadium, corrosion
rates are slightly h;gﬁe; using Diesel B ( 2.5 mg/cmz/h) than
when using Kerosene { 1.5 mg/cmz/h). On addition of sodium or
sulphur the corrosion curve alters, and_cofrosion is slightly
higher with Kerosene than with Diesel B, but the addition of van-
adium makes Diesel B more corrossive than Kercsene. The differ-

ences are small but the reason is not clear. Corrosion rate

increases rapidly on addition of upto 4% sulphur, 150 ppm vanad-

ium, and 25 ppm sodium. After these concentrations, the rate of
increase tends to stabilise. Comparing corrosion rates of mild
steel, 585347, NS0 and N105 it can be seen that the ccrrosion rate
of mild steel is much higher than the other materials. The ccr-
rosicn rate of 55347 is slightly higher, and tﬁat of NOC is
slightly lowgr-Fhan:that of N90 alloy. See fiqures 6(19), 6(20),
6(21), 6(23), 6(25), and 6(27). Figures 6(22) and 6(24) shows

-that on increasing sulphur concentration in presence of sodium
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and veanadium respectively, corrosion rate increases. Figure 6(28)

shows that on increasing sodium concentration in presence of van-
adium, corrosion rate also increases up to a certain concentration

of vanadium, after which the rate of increase levels off.

Twenty hours exposure time.

Lengthening the exposure time to 20 hours the corrosion rate of
all the msterials incressed but the increasse was not very high
when compared with the results of three hours exposure time.

See table 6(6). This would be expected if one takes into account
the formation of protective oxide layers. The corrosion rate of
INES7 steel type 347, after 20 hours exposure.

Effect of additives.

The addition of Ferrocene which is & compounded form of two
cyclopentadienyl anions and one ferrous ion, reduces corrosion
rate; Looking at fiqure 6(28) it can be seen that at a concen-
tretion of 0.1% Ferrocene, the corrosion rate reduces to a mini-
ﬁum, gfter which the reduction rate remains steady. It is
possible that ferrous ions become attached to the metal, forming
a more protective oxide layer. Visual 'inspection also showed an
orange coloured solid material on the surface of the test cou-
pons. Furthermore X-ray analysis of the oxides showed that the
addition of Ferrocene helped to reduce the formation Fel as shown
in table 6(9).

The addition of up to 3% Econscl D reduced corrosion rate, as

shown in figure 6(29)..

" Emulsification of the test fuel with small amount 6f atomised

water slightly increased the corrosion rate, as shown in figure
6(30). This confirms the experimental findings of research

workers in Sweden, as discussed by Rosborough (185).
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7.15

The qomposition of steels and alloys tested are hiown in table
6(7). The materials used for corrosion investigation have been
regarded as a single feed stock considered from the engineering
point of view, and_detai;ed metallurgical investigations into;
for example, grain sizes, heat treatment, etc., are outside the
scope of this programme. It was considered that as the materials
were operating at high temperatures attaining these temperatures
in a short time (figures 6(3)), any metallurgical differences
would be neutraslised by the methods of corrosion testing used in

this programme.

A simple index such as Vickers Hardness Number (VHN) can teil s
physical metallurgist much about the conditions of the metals.
The hardness range before and after the exposure in hot combus-
tion gases are shown in table 6(8). These results confirmed the
expectations of the Senior Lecturer in Material Science,

Mr. M. Evans. Mild Steel; for example, softened after exposure
to hot Qas, whereas stasinless steel and Nimonic alloys slightly
hardened. IN657 softened slightly possibly because of fhe high

niobium content in the alloy. Measurement of hardness after
exposure could provide an index of tendency to corrosion-erosion.
Grits or particles in the combustion gases would be expected to

do more damage to the softer materials.

Michrographs of different materials taken before and after the
exposure in hot combustion gases are shown in figures €(31),
6(33), 6(34), 6(35), .and 6(36). The structures did not (nor were
they expected to) change significantly. As mentioned in the
preface, it was not possible to anslyse the oxide layers by

scanning Electron microscopy.

Tdentification of oxides by X-ray diffraction.

Examination of the X-ray diffraction results shown in tables 6(9)

and 6(10) raises the following comments:

- 183 -



In table 6(9), comparison of the powder photographs kP) with
diffractometer results (D) of samples 1/5, 1/7, 1/8; and 1/9,
shows no significant differences. After the outside layer had
been scraped off, one would expect the inner layer to include
metallic iron together with any oxides which might be present,

and this is in fact the case.

The most significant aspect of table 6{9} is the relationship
between the presence of sulphur and the type of oxide. Sample
1/1 suggests that in the absence of sulphur (Kerosene has no
sulphur) the dominant oxide is magnetite (Fe304) with only a
trace of wiistite (FeQ). When the sulphur content is 1% or more
(Diesel B contains 1% sulphur) wijstite becomes a significant
component. With 1% sulphur but no sedium or vanadium present
wiistite is infact the dominant phase and there is only & litktie
magnetite (sample 1/2). In sample 1/3 (5% sulphur), 4 (25 ppm
gsodium), and 1/5 (250 ppm vanadium) wiistite, .iz"present toget-
her with magnetite. Therefore. inergdsing sulphur, sodium and
vanadium. individuallv-h2ips~the formetion of magnetite. 1In
:S2ampie~ 176, both 5% sulphur end 25 ppm scdium were added, and
wiistite was again the main oxide present, while the magnetite
completely disappeared. A similar result was obtained after
adding 5% sulphur and 250 ppm vanadium {sample 1/7). But on the
addition of 250 ppm vanadium and 25 ppm sodium, magnetite became
the only oxide phase, and wiistite disappeared (sample 1/8).

The addition of all three impuritiés together in the above con-
centrations {(the maximum amount of impurities used in these
experiments), once again led to the appearance of wiistite
(sample 1/9), so proving that sulphur assists in the formation

of wiistite.

Ferrocene was added to Diesel B, whereupon magnetite became the
prominent oxide formed (sample 1/10). In sample 1/11, both 5%
sulphur and ferrocene was added to the fuel but magnetite was
again prominent, whereas wijstite, which might have been expected
because of the sulphur present, dissppeered. Therefore, it is
reasonable to believe that Ferrocene helps to suppress the forma-

tion of wiistite.
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Comparison of corrosion rates of the above gamples; shows that
the maximum individual aqditions of sglphur, sodium and vanadium
to Diesel B (samples 1/3, 1/4 and 1/5) heve the corrosion rates
of 12, 9 and 11 mg/cmz/h respectively (figures 6(19), 6(20) and
6(21)). Collective maximum additions of sulphur-sodium and
sulphur-vanadium (samples 1/6 and 1/7), give the corrosion rates
of 18 and 17.5 mg/cm2/h respectively (fiqures 6(22) and 6(24)).
On the other hand, maximum addition of sodium and vanadium give

lower corrosion rate of 14.5 mg/cmz/h (figure 6(28)).

‘Table 6{(10) gives the X-ray results of steels and alloys after

20 hours exposure. Sample 2/1, which gave magnetite with only

a trace of wiistite on mild steel after 20 hours exposure, con-
firms the similar result cbtained after only 3 hours exposure,

as seen in table 6{(9). In sample 2/5, where maximum sulphur and
vanadium were added, increasing the exposure time ;o 20 hours
caused the formation of magnetite. In sample 2/10, where all the
three impurities were present st maximum level, the oxide layer

shows traces of sodium sulphate (Na 504),_1eading one to expect

2
a predominance of Wiistite, confirmed by the fact that magnetite
is only found in trace quantities.

The exposure of stainless steel--tvna A47=For=20

et A

hours (sample 2/2)
produced haematite (Fe203) almost exclusively. With the addition
of sulphur and other impurities wiistite appears at a similar
content level as haematite. When all impurities are present as

maxima a trace of Na»3S0, appears as well (sample 2/11). With

4
stainless steel, as in the case with mild steel, sulphur is

linked with the appearance of wiistite in these longer exposures.

With nimonic N105 alloy (sample 2/3 and 2/7), without the addition
of impurities in the fuel the resulting oxide is identified as
haematite with & trace of nickel oxide. This pattern is un-~
changed with the maximm additions of sulphur and vanadium.

When 8ll three impurities are present as maximapthe trace of
nickel oxide is no longer detectable, but & trace of NaySo, is
found (sample 2/12). The corrosion rate of N105 is the least of
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all those materials investigated. It is somewhat surprising,
however, that for an alley such as Nimonic 105 (Table 6.7), in
which the iron content is as low as 0.58%, the resultant oxide
should be almost entirely haematite (Fe203).

After exposure to 20 hours, without any additions (sample 2/4);
the specimen of IN657 showed haematite with a trace of chromium
oxide. With the maximum sulphur and vanadium additions the
results are the same (sample 2/8). With all the three impurities
at maximum concentrations the trace of chromiﬁm oxide dissppears,
and traces of Na2VO3 and Nast4 {(sample 2/13) are found. At

200° C with sulphur and vanadium additions at maximum leval
haematite is the main oxide, there is no trace of.chromium oxide
but there is a trace of VOSO, (sample 2/9). When all three
impurities are present at maximum level, and the sample at 200° ¢
a specific complex compound was identified (hydrated basic sul-
phate of magnesium iron and aluminium) togethar with a trace of
Na2V03. Sample 2/15 was exposed in combustion gas with the
~addition of Econsol D at 200° C. This produced a hydrated sodium
- vanadium ‘sulphate with a trace of haematite. - A specimeﬁ of

INE657 exposed to a variety of coditions for more than 60 hours

at 730° C gave haematite and wiistite as the oxides identified.
Although this alloy  contains 1% iron, samples exposed to 730° ¢
show a predominance of haematite in the oxide layer. At 200° ¢
the complex hydrsted sulphate is. very interesting since neither
magnesium nor aluminium is listed as being present in the compo=-

sition of the alloy.- These metzals, present in the hydrated

sulphate, may have come from the fuel, see table 2(3).

Finally the specimen exposed to varied conditions shows hzematite
and wilstite. " The latter is not surprising since both oxidising
and reducing conditions were prevailing,-and over such a long
exposure ( 60 hours) one has also to consider the possibility

of contamination of iron oxides from the combustion chamber.

Thase, results were discussed with Dr. F. Stott (226), of UMIST

who commented that at high temperztures the formation of iron
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oxides (Fe0, Fe203, Fe304) is dependent on the partial pressure
and activity of oxygen. At high sulphur ceoncentrations, oxygen
activity decreases and it is not expected to get higher oxides.
These comments agreed with the results ob;ained by X-ray dif-

fraction 'analysis.

Ignition delay.

The purpose-of the first series of experiments was to determine
whether Kerosene-had comparable ignition delay properties after
the addition of impurities such as sulphur, sodium, vanadium and

oil soluble additives.

Figure 6(57) shows that the addition of sulphur in the form of
carbon disulphidg (csz) in Kerosene sliéhtly shifted the ignition
delay curves upwards, but not significantly. This small shift

may have been caused by the addition of C52 liquid, rather than

the sulphur content. It is therefore, reasonable to deduce that
sulphur in itself had no significant effect on the ignitien

delay .property. - Similar comments can be made in the cases of

sodium and vanadium, by observing the figures 6(58) and 6(59).

Figure 6(56Q) shows the ignition delay time vs. temperature of

Kerosene with Ferrocene as an additive. The additicn of Ferro-

cene not only causes a sharp increase in the igniticn delay

curve, but also increase the temperature required for the initial
ignition. Locking at flgure 6{28) it can be seen that addition

of 0.1% Ferrocene reduces corrosion rate from 12 to 7 mg/cm2/h.

Careful study of the ignltion delay curves of Kerosene and light
hydrocarbons in figure 6{(61) shows that after a temperature of
about 550° C the rate of decrease of ignlition delay is slower
with Kerosene than with light hydrocarbons. At 750° C, Kerosene
has an ignition delay of 0.28 seconds compared with the ignition
delays of 0.20, 0.18, 0.24, 0.55 seconds for cyclohexane,
n-hexane, n-pentane and benzene respectively. on referring to
table 6(14), it can be seen that the sulphur trioxide concentra-

tion in the combustion gas using Kerosene is 51 ppm. Using fuels
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containing 20% each of cyclohexane, n~hexane, n-pentane and
benzene in Kerosene the sulphur trioxide concentration in reduced
to 33, 25, A7 and 43 respectively at the operating temperature.
The reason behind this phenomenon is very complex, and may be
dependent on thé physical properties, and rate of reactions of
the physical properties and rate of reactions of the fuels at
higher temperatures. Ignition delay characteristics are a good
indicator of the beheviour of the fuel in the flame zone, and
the rate of- production of various oxides (4). Results described
above show that ignition delay property could 2lso be used as a
measure of determining the usefulness of a fuel as an additive.
The exact relationship of ignition delay to the reaction which
leads to the formétionlof sulphur trioxide is complex. It is
possible. that a short ignition delay would mean esrly initiation
of reaction in the flame zone; This allows greater time for
carbon monoxide to mop up automatic oxygen in competition with,
say, sulphur dioxide (carbon dioxide being more reactive than

sulphur dioxide).

From the ignition-delay curves of n-pentane and n-hexane in
figure 6(66) it can be seen that the curves diverge at a2 temper-
ature above 600° C approximately. These divergences were in
accordance with the expectations qf Dr. P. Beadle and his
colleagues at the Fuel Division of B.P. Research Laboratories,
Sunbury. They suggested that the diverging of the curves were
not likely to be caused by chemical effect, but more likely to
be due to physical causes. It is known for example, that the

" evaporation rate of n-pentate is least dependent upon temper-

ature and therefore, it was to be expected that the ignition
delay of n-pentane at hglher temperatures should be different
from n-hexane. A suggested further line of research would be

the investigation of ignition delsys of their isomers.
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Erogertieé.

(a) formation of SO3.
The mechanism of the formation of 503 in H2S flames, proposed
by Levy and Merryman (140) involved 0 atom chain operating

in the following manner:

S0 + 02 tesden. 502 + 9 vearaas 7.1
0 + ‘H.S e OH + SH cecsasa 7.2
2 —-—
OH + H.S —= H. O '+ BSH esssses 7.3
2  ememm— D
S0 + 0 —_— S0 tescsacsssssass 7.4
2 ——— 3

Gaydon (77) agreed with the view (53) that the amount of 50,
formed would depend as the compesition of the flame gases as

well as upon the concentratlon of atomic oxygen.

The most likely qverall process of formstion of Soa-was pro—
posed by Hedley (97). Oxygen atoms react with the most easily
oxidisable substance available which happens to be 502. Thisi
results in the formstion of excited sulphur trioxide which
subsequently collides with a third body (e.q. HEO) to give

normal SO.,.

3

S0, + 0 ———» S0, 7.5
so; —> S0, + h 7.6
503‘ + M e—— SO3 + M vescsaanas 77

This transient quantity of SO3 is considerably in excess of
the equilibrium concentration, and therefore begins to dis-
sociate. The dissociation continues until the theoretical
concentration is reached which will be governed by the gas
temperazture. It would asppear that if the Qases are kept at
high temperature to allow longer time for the 503 to be dis-

sociated, then the SO, will be low.

3
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Ahmed (2,3,4) confirmed this hypothesis and showed that the

theory can be represented as:

Ky R
SO, + 0 ——, SO, 5,50, + 30 sesaes 7.8
2 ’ 3 2 2
where ki.and k2 are two specific rate constants (units of
k = sec"l). On the assumption that the concentrations of

atomic oxygen and sulphur trioxide are small compared with
sulphur dioxidé, it was proposed that the Kineties of the
primary process prqducing SO3 as these of first order reaction.
On similar grounds, the dissociation of 503 was also taken as
first order reaction. Thus two consecutive first ordgr_reac-
Fion;'were obtained with the rates dependent sclely on {0) and
(503) Fespectively. From the éxperimental results it was also

shown (2) that the.rate of formation of SO, was approximately

o 3
eight times the rate of its dissociation.

ignition properties.

Processes involved in the oxidation of even the simplest hy-
drocarbon, l.e. methane has not bgen‘fuyly understood (79). In
the pre-mixed, high temperature (flame) combustion of hydro-
carbons, from that responsible for low temperature slow oxi-
dation, the majority of enthalpy of reaction is released
rapidly in @ narrow reaction zone leading to the production

of high temperatures. It i; evident that the problem of find-
ing exact mechanism of combustion of hydrocarbon is extremely
difficult. It is possible thet hydrocarbons which tend to
imitate eafly reactions bring forward the recombination region
of the flame and thus allow greater time for CO to compete

with 502 for reacting with available ztomic oxygen. It is also
known that standard free energy change for the carbon monoxide
oxidation is much grester than that for sulphur dioxide oxi-
dation. Therefore it would be expected that former reaction
would take preference over the latter, and under the circum-

stances oxidstion of 502 will be reduced.
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Ahmed (2,3) proposed that the ignition properties of hydro-
carbons have an effect on the formation of SO3. He measured
ignition delay of four hydrocarbons upto 6500 C. The
experimental result presented in this programme confirms the
extrapolated results upto 750° C. The measurement of ignition
delay at higher temperatures was not possible due to the
difficulty in minimising response time, and other technique
are under consideration for future research. The results show
that the ignition delay is critically dependent on the temper-
ature of the heated surface. It decreases 1nitially, reaching
& minimum at a temperature near maximum boiling rate point.
The igniticn delay fhen‘increases with rise in temperature of
the heated surface reaching a maximum, and then decreases with
the rise in temperature of the heated surface. This_pattern
was possible to achieve only with Kerosene droplets (2,3).

The ignition delay curves of hydrocarbons cyclohexane, n-
hexane, n~pentane; benzene, apd-Kerosene:ﬁydrocarbon mixtures
exhibit no such definite characteristics. Some of these had
been earlier predicted (189) and the results appear to be in
complete agreement. '

The purpose of the exercise was to. determine whether fuels
producing less 303 compared to Kerosene have shorter ignition
delays. It was also intended to confirm if the hydrocarbons
with shorter ignition delays than Kerosene, cculd be used as

an additive to Eeduce the formation of SC It can be seen

thet fuels, viz. cyclohexane, n-hexane, nipentane and benzene,
those that produced less 503 have steeper slope of their ig-
nition delay curves compared with Kerosene. The general shape
of the curves of different fuels can give an indication of the
likely values of ignition delays at higher temperatures. Thus
fuels having steeper slope of ignition delay curve compared
with Kerosene will be expected to have less SO, formation on

3
combustion than Kerosene.
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- CHAPTER EIGHT

CONCLUSTONS AND RECOMMENDATIONS.

8.1

Conclusions.

On the basis of the experimentsl results the following broad

conclusicns can be made:

)

(2)

(33

(4}

(5}

The individual presence of sulphur, sodium, or vanadium as
an impurity in the fuel increases corrosion rate. The rate
of corrosion increases with the amount of impurity present
up to a certain concentration, after which there is s fall

in the rate.of increase in the corrosicn.

When there is more than one. impurity present, the rate of
corrosion is increased in the presence of -sulphur as in
S-Na, 5-V, and S=Na-V. When sodium and vanddium are pres-
ent togethdr, the corrosion rate also incresses but the

rate of increase levels off after a cértain concentration.

The addition of oil soluble additives such as Ferrocene,

and Ecensol D to the fuel reduces corrosion.

The computer programme in Appendix 6.1 predicts corrosion

‘rate of mild steel for fuel contsining known concentra-

tions of impurities.

Analysis of the oxide layer by X-ray diffraction showed
that -
a) the Pel content in the surface oxide layers increases

with the sulphur content of the fuel.

k) FPerrocene inteferes with the reactions involving
sulphur and the oxide system of iron, suppressing the
formation of FeO.
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8.2

(6)

(7

Rec

The elemental impurities used in these experiments had no
effect on the ignition delay of Kerosene, but the addition
of Ferrocene made a significant change in the ‘ignition
delay.

There appears tc be a connection between the ignition delay

curve and the formation of sulphur trioxide at the operat-

ing temperature.

ommendations.

The

(1)

(2).

(3)

(4)

following recommendations are suggested for further research.

The computer programme could be expanded to cover a wide
spectrum of conditions by the addition of criteria based

on further experimental results.

Ingsitu electrochemical studies would be a valuable
complement to the X;ray differection analysis already-

carried cut, and produce Kinetic results more directly.

Elecfron microscopic examination of the samples after test-
ing and/or the use of other modern techniques like Auger,
LEED, would reveal more about éhé mechanism of corrosion
and elemental distribution of impurities in the oxide

layers.

The differences in ignition delay of fuels already inves-
tigated, could be studied further by using their isomers,
change of droplet size and effect of surface tension for

example.
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CHAPTER TEN

APPENDICES.

v, 2«1l Conversion of corresion rates,

The corrosion rates of metal in terms of rate of pene-

tration (mpy) can be calculated from Faraday's law if

.the current density ies known. Conversely the corrosion

current density can be evaluated from the rate of pen-
etration., The following.symbols and units have been
édopted in deriving these relationships in which it is
assumed that the corrosion is uniferm and the rate is

linear:

m = mass of metal corroded kg)
= molecular mass (g mol*l)
z = numher of electrons involved in one act
of reaction, .
Faraday's constant, 96, 487 C (14 = 1C™1)
= current (4)
= current density (Aem2) and i = I/S
= time {a)
‘density of metal (g cm=3)

= area of metal involved (cm

- =
I

2)

=T T~ L
[

=  thickness of metal removed (cm)

‘From'Faraday'slaw the weight loss per unit area is

m Mit

g = _-ZF (g cm—2) o LR 8(1)
since m = pSd, then from equation 8{1)

PSd = M;gt or pd = %%E . 8(2)

. and from equation 8(2)the rate of penetration d/t when

iis in Aem™2 is given by:

d Mi -

:'t" = —EE'F- (Cmsi) “e e “as 8(3)
If current density i' is in mA cm’2, d in mm and t in years,
then 3 10~1 . Mi' x 1073 (mpy)

T 365 x 24 x 60 x 60 T pzF ° TPy

AT Y

= 3.2706 x Mi' (mpy)
zp
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" 5.1 : Determination of Sulphur Oxides.

5.1.1. Determination of Sulphur dioxide.

The major part of sulphur dioxide jis abosrbed in the
standard iodine se¢lution, As just sufficient flue gas
is passed to decolorise the iodine the sulphur dioxide

concentration in the known volume of gas- can be calcu-

lated directly. -

To-this must be added the relatively small quantity of
sulphuf dioxide retained in the isopropanel sclution set
aside for amalysis, This is determined by analysing an

aliquét of this solution in the following manner.

Measure the total gquantity of the isopropancl solution
reserved for analysis, Transfer exactly 20 ml of the
measured solution te a 250 ml conical flask, and add
100 ml1 of distilled water and 1 ml of starch solution.
Titrate with standard iodine sclution (0.005 M) to the

first permanent "appearance of a blue colour,

The total sulphur diexide concentration may be calcu-
lated from the equation:

22.4 (m + n)

3
6h.1 (rt-a) * 10

Y =

Where Y is the concentration of sulphur dioxide in the

flue gas (p.p.m. v/¥).

m - is the mass of sulphnr dioxide equiv—
alent to the amount of standard iodine
solution placed in the iedine ahsorber
wash bottle (mg).

n is the mass of sulphur diexide in the
total volume of the isopropanol solution
reserved for amalysis (mg). This is
calculated from the titration.

r is the rate of flow of flue gas (litres/

min at s.t.p.).
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t dis the time from starting the absorp=-
tion to decolorisation of the iodine

golution (min).

d ’is the dead-space of the apparatus for
sulphur dioxide (litres).

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 titration from

the isopropanol solution reserved for analysis,

In this case the equation reduces to:

224 + (.056aV
(rt - d)

Sulphur dioxide (p.p.m. v/v) =

where a is the total volume of the isopropanol

solution reserved for the analysis'{ml).

V' igs the volume of 0,005M iodine solution used

in titration.

Determination of Sulphbur trioxide.

Sulphur trioxide is determined also on the isopropancl

solution reserved for analysis,

Measure the total volume of seolution reserved for analy-
gig, Transfer 20 ml of the tegt solution and add 5 drope
of thoron indicator and titrate with standard barium

perchlorate solution (0.0025M) until the solution retains

a pink colour,

Sulphur trioxide may be calculated from the equation:

29 .4 ,.a '
X =30.101 Ert—d_j

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

a is the total volume of iscpropanol test

solution reserved for analysis (ml).
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iii.

is the volume of the aliquot of the test sol-
ution selected for titration {ml).

is the mass of 803 in the aliquot of volume b
(ug). This is calculated from the titration.

is the rate of flow of flue gas (litres/min at
9.t.p.).

-is the time from starting the ahsorption to

decolorisation of the iodine solution {min).

is the dead space of the apparatus for sulphur

trioxide (litres).

This equation can be simplified provided a 20ml aliquot

is always taken from the isopranol solution reserved for

analysis.

In this case the above equation reduces to:

sulphur trioxide (p.p.m v/v) = 0;21f gg
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Specimen

Camera

-

5,2.

: Analysis of X-ray Diffraction Powder Phofographz.

[
-

Centring the

Grind it as finely as possible with the morter and pestle,
and use a fine wire to pack it tightly into a Lindemann
glass tube. Fipe grinding and tight packing prevent
"gpottiness™ of the lines on the film, Seal the tube
with a lighted match, te produce a specimen 1-2 cm,

long, which can be mounted in the camera with a little

plasticene.

The specimen mount can be centred by meansg of the larger
of the two knobs on the camera, The mount is moved down
when this knob is screwed in. There is no effect when

the‘kﬁoh ig-unscrewed.

The smaller knob moves one of the two short pins seen
inside the camera at the top. The.film is placed in the
camera with ifs ends against these ping, go that move-
ment of the sliding pins presses it firmly ino position

ageinst the inside wall of the camera.

qu cellimators are provided, an entrance collimator
with a slit to admit a fine heam of X-rays and an exit
collimator with a yellowish fluorescent ‘screen (being
lead glass for safety) to show when the beam is on.

These collimators are not interchangeable.

Specimen : (i) Remove the exit collimator, mount the

gpecimen in its holder with a little plagticene, and
place the eyepiece over the entrance collimator. Leave
the camera lid off. (ii) place the camera on the cen-
tring stand and switch on the illumination. The specimen
should appear as a dark heorizontal line across the
circular field of view. Rotate the specimen holder slow-
ly, and adjust the specimen by hand until it does not
wohble as it rotates, although it may still move bodily
up and down in the field of view. (iii) Rotate the
specimen until it is at its highesf point in the field

of view, and screw in the adjusting knob until the dark

line appears central. Unscrew the knob and rotate the
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specimen again., Repeat if necessary, until there is no

movement of the dark line as the specimen rotates.

Loading the Camera : (i) Remove the entrance collimator and take the

camera, lid, and hoth collimators into the-darkroom,
Lay these out, together with the box of film and the film
punch, so that they can be found easily in the dark.

(ii) 1In total darknees, take a film from the box, punch

collimator holes,. and cut it tollength.‘ Taking great

-care pot to knock the specimen, place the film in the

camera with ite ends against the clamping pine. Slide
the movable pin to the right and lock it in position.

Repiacé the camera lid and screw in the two collimators.

X-ray tube and supplies : The X-ray tuhe has a water cooled cobalt

target. ' The water is circulated by a separate pump with

a pressure ewitch to prevent application of H,T. to the

tube if the water flow is inadequate. The tube has four

windows, to allow the use of four x~ray beams simultan~
eously, if required. Over each window there is a rotat-
ahle metal disc carrying several different abaorhers.
The absorber to -be used (as a filter, to produce mono-

chromatic x-rays) depends on the target material,

Tube ‘voltage and current can be varied independently Ey

the two large knobs on the c¢ontrol panel.

Making an Exposure : (i) Lift the safety shield and place the camera

in position, making sure that it is close enough to
operate the microswitch mounted on the arm, (ii)} Use
the second_camera_to.close the microswitch.on the other
arm, (iii) Select the filter. (iv) Mount the small
motor (for rotating the specimen) on the camera, making
gure that the pin engages properly in the slot.

(v) Switch on the pump, and the key switch on the illu-
minated sign above the machine. (vi) Check that the
voltage and current controle are at zero, and press the

"on" switch (marked ~ ) on the control panel. Set tuhe
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iii.

voltage to 40 kV and current 30 mA. {vii) There should

- be a small, rather faint, greenish fluorescent spot on

Theory :

the screen of the exit collimator when the X-ray beam is

on.

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

specimen,
For any type of X-ray diffraction, Bragg's equation
applies:- '

X = 2d Sin® .eeeeveeeses (1)

For cubic structures, it can be shown that

L
a = d{h2 + k2 + 12)7 ... (2)

Where . a . length of the unit cell

d = separation of the sat :_L
of crystal planes of
which h, k and- 1 are
the Miller Indices.

From (1) and (2) :
. 2 = 12
.8in“ 6 = 12 (h2 + k2 4+ 12)
ba ’
.2 _ 12 ;
or S3in"8 = _.).\...é... (h2 + K%+ 12)
4a
r 8i 26 =2
o in =A_ . N where N is an integer

4a2

i.e.  Sin® @

C.N since l2 is constant,
La2

Thus 20 rings on the. film will give 20 integers, each
integer being equal to h2 4+ k2 + 12 forﬁa 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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iv.
(1) For a face-centred cubic structure h, k and 1 must

be either all even or all odd.

(2} For a hody centred cubic structure (b + k + 1)

must be an even number.

Interpretation of the photograph :

(1) Place the film on the Vernier measuring scale and
measure the diameters "S" of all the rings around
the exit hole (the dark ring). The rings are not

true circles but from the diagram.

g = r.48

where
r. = éamera radiusg >
e = DBragg angle

The camera radius is 57.3 mm

gso that s in mm = 48 in angle.

(2) Measure the diameters s' of the
rings around the entrance hole //l
(faint lines). .5’
From the diagram

g' = 4p

. /
4 = 360-48. ;
Therefore, Bragg angleB8= (90 - 8') 4

(3) Tabulate all values of @ and sin®@
By trial and error, find a comstant C which when
divided into each of the values of sin2 g, always
gives an integer. l
2

gince C = A , "a" , the length of the.upit
La2 can he found.

(4) Find from tables, the type of crystal structure

corresponding to the values of N obtained.

-223-

PP S ST J P puursupivn. S g



2500

HEXT K

-224.-

UANANTUN ARE" |

i.

6.1 Comvuter Proesramme to predict corrosion rates.
E LIST
: CORRSN 10:04 15-BEC-80
3 REN  FROGRAM TO FIND CORKOSION RATE AT A GIVEN CONCENTRATION OF
5 10 REN  SODIUN, SULPKUR AND VANADIUN.
i 15 REN  COMBUSTIGN CONDITTONS ARE CONSTANT
2 20 REN  ATOMISING AIR FLOW é KG/SO.CH.
| 25 REN  SECONDARY AIR FLOW 43 LITRES / HINUTE
i 30 REN FIPE DIANETER 74CH.
i 35 REN  FLUE GAS TEMPERATURE AT SAMFLE POINT: 720-740 LEG €
' 40 REA _
45 REM  EXCESS OXYGEN 4.5 PER CENT.
50 REH : .
55 REN
40 KEH
100 DIN A(24,7)
206 MAT READ A
300 PRINT "TG END PROGRAM TYPE -1,-1,-1"
400 PRINT "CONCENTRATION DF SULPHUR, SOUIUN,
g 560 INPUT §, N, V '
i 400 IF § <> -1 TNEN 1000
: 200 IF N <» -1 THEN 1000
! 8440 TF ¥ <> -1 THEN 1000
: 900 STOF
; 1600 IF § < 9 THEN 1400 '
i 1100 FOR I =0 T0S
1200 IF § <= 1 TNEN 1400
1300 NEXT 1
1400 . PRINT "SULPHUR CONCENTRATION 15 NOT VALIL®
: 1500 50 TO 400
; 1600 IF § < 0 THEN 2000
) 1700 FOK J = 0 TO 40 STEP 20
: 1890 IF N <= J THEN 2200
, 19040 NEXT J
: 2000 FRINT "SODIUN CONCENTRATIGN 1S NOT VALID”
- 2100 G0 TG 400
! 2200 IF v < 0 THEN 2600
; 2300 FGR K = 0 TO 380 STEF S0
e AQO_ TE_M <= KUOTHEN_2B00 ... . . . .



ii.

_ 2800 ?RINT "y4NADIUN CONCEMTRATIOM IS NOT YaALID"
2700 G0 TDTEG0 T T T T e e i L
2800 LET F =1 + 4% 1+ J/20
2900 LET G = 1 + K/50
3900 LET R = A(P,D)
3100 IFV =K THEN 3400
3200 LET Rt = A(P,0-1) .
3300 LET, R = {R-R13/50 % (V-K+50) +R!
: 3400 IF N = 4 THEN 4000
S 3500 LET R1 = A({P-1,8)
35600 IF ¥ = K THEN 3900
3700 LET R2 = #(P-1,R-1)
3400 LET R1 = (R1-R2)/50 #* (V-K+50) + R2
3900 LET R =(R-R1)/20 #(N-J+20) +R} '
4009 IF 5 = 1 THEN 5200
4100 LET R1 = A(F-5,0) -
4200 IF ¥ = K THEN 4500
4300 LET R2 = A(F-5,0-1)
4400  ° LET K1 = (R1-R2)/50 # (Y-K+50) + R2
4500 IF N = J THEN 5100
. 4400 LET R2 = A(P-6,0)
4700 1F V = K THEN 5000
4300 LET R3 = A(F-6,0-1)
4900  LET.R2 = (R2-R3)/50 # (V-K+50) + R3
5000 LET RY = (R1-R2)/20 % (N-J+20) + R2
S100  © LET R = (R-R1) % (5-I+1) + Ri
5200 PRINT "CORROSION RATE AT GIVEN CONDITION IS",R
5300 GO TO 400
5400 . BATA 1.5,4.2,6.5,8.1,8.5,9.0,8.8
5500 BATA- 6,6.5,9.5,11.5,13,13.5,13.5
5600 DATA ©1,11,12,14.5,15,16,16.5
5700 DATA 11.2,11.5,12.5,16.5,18.5,19,19
5800 DATA 3,5,56.6,7.9,8.4,9.1,9.3 ‘
5900 DATA 7.1,9.5,11.2,12.7,13.6,14.1,14,2
6000 DATA 19.2,11.7,12.6,14.5,16.0,17.1,17.5
5100 DATA 11.5.13.5.15.6,17,18.2,15.3, 1? 5 j
4200 DATA 7.5,9,9.9,10.5,10.8,11.1,11.
6300 BATA 11.5,12.2,13.0,14,14.5,14. a,14.4
5400 DATA 13.1,14.1,14.9,15.5,15., 1.15.,,1,
" 4500 DATA13.5,15.9,18.1,19.4,19.8,19.4,17.
6400 DATA 10.5,11.5,12,12.5,12.8,12.8, :-.s
4700 DATA 15,16.5,17.4,17.7,17.8,17.58,17.5
4900 IATA 18,18.4,18.8,19.4,19.5,19.5,18.8
5900 DATA 17.5,18.3,19.6,20.4,20,3,20.1,19.5
7000 DATA 11,12,12. 6 13,13.3, 13.5,13.3
7100 DATAH 17.5.17.9,18.1,18.3,18.5, 13.4.13 3
7200 DATA 18,18.5,18.7.18.9,19.3,19.5,18.2
: 7300 UATA 18.5,18.9,19.4, 19.,,.0 29. 1,1?..
7400 DATA 12.1,12.8,13.5.13.9,14.2,14.2,14.1
7500 DATA 18.5,18.6,18.9,19.1,19.2,19.2,13.5
¥ 7509 0&TA 19,19.2,19.5,19.8,20.3,20.5,20.5
o 7700 DATA 19.5,19.7,20.3,20.5,20,5,20.2.19.5 o
LT 8007 T END T o
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READY

PRI - ) -

TO END PROGRAN TYPE -1,-1,-1
CONCENTRATION OF -SULPHUR, SODIUM, -
CORROSION RATE AT GIVEM CONDITION
CONCENTRATION DF SULPHUR, SDDIUN,
CORRDSION RATE AT GIVEN CONDITION

, CONCENTRATION OF SULPHUR, S0DIUM,

¢ CORROSION RATE AT GIVEN CONDITION
R CONCENTRATION OF SULPHUR, SODIUM,

_ SULPHUR CONCENTRATION IS MOT VALID

o CONCENTRATION OF SULPHUR, SOLIUN,

' SODIUH CONCENTRATION IS NOT VALID
COMCENTRATION OF SULFHUR, SODIUN,
YANADTUM CONCENTRATION.IS NOT VALI
CONCENTRATION OF SULPHUR, SODIUN,.
SULPHUR CONCENTRATION IS NDT VALID
CONCENTRATION OF SULPHUR, SODIUM,
CORROSION RATE AT GIVEN CONDITION
CONCENTRATION OF SULPHUR, 30DIUH,
CORROSION KATE AT GIVEN CONDTTION
CONCENTRATIDN OF SULPHUR, SODIUM,
CORKOSION RATE AT GIVEN CONDITIGON
LCONCENTRATION OF SULFHUR, SOOIUN,
SONIUM CONCENTRATION IS5 NOT VALID
CONCENTRATION OF SULPHUR, SODIUM,
CORROSION RATE AT GIVEN CONDITION
CONCENTRATION OF SULPHUR, SODIUM,

TINE: 0.37 SECS.
READY

HYE
Job 3¢ User KHAN FR  £N [130629,

Y [P

i CORRSN . 10:G4 15-LEC-80

VANATILUH
IS
VANADIUN
18
VANADIUH
IS
VANADIUM

VANADIUN

VANADIUN
I
VANADIUH

VaNADIUN
1§
VANADTUN
be-
VANADIUMN
15
VANADIUH

VANADIUN

I§
YANADIUN

2]

ARE 70,0,0

1.5

ARE 71,2,3
3.5324

ARE 75,640,300
19.5 . .
ARE 7-1,60,300

ARE 70,-1,0
ARE ?0,0,-300
ARE 77,60,400

ARE 73,290,100
17.4-

ARE 73.2,10.5,100
15.0155

ARE 74.2,20,5,200
12.582

ARE 74,400,200

AKE 75,50,200
20.4
ARE 7-1,-1,-1

. lLogged-of f TTY106 =t 10:i1t:%1i on 15-Dec-80
! _ Runtime: Q:00:01, KCS:14, Connect time: 0:12:12

DIiisk Reads:141, Yrites:9, Blocks s
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