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SUMMARY
The mechanism of formation of sulphur trioxide in combustion
gases has been investigated using liquid fuel firing combustor with

laminar pre-mixed flame.

The combustion chamber was constructea fromva stainiess steel
tube for ﬁinimizing any affecf of catalysis.‘ A:temperature contfolled‘
evaporating chamber was designed where liquid fue1~was>évaporated énd ‘
mixed with total combustion air prior to entering:the éoﬁbdstion zone;
The vapour mixture then péssed thréugh a siiica\sinterea disc and a
flat flame was produced. Six sampling port; at 6.304m (1 ft’ intervals
along the combustion tubexwere'used for’éampliné the gases fof aﬁalysis
and‘for the measuremeﬁt éf sulphur trioxide with respect to.residence‘
.timé.‘;Diesél 0il, Kerosine, chiohexane, n—he%ane, aﬁd n«?éhtane'wéré
usedlin the investigatioﬁf"Sulphhi conten£ of theée'fuéls were

raised to 3.4%'(wt.) By addition of éppro?riate amount of carbon

~disulphide (CSz) in.each fuel.

It ﬁas fognd that SO3 was only formed‘when'fhére was an excesé~ ;,
“oxygen in the combustion‘gases apd‘under sub—stdichiometrié épnditiqps,
no SO3 could beraetected. | | |

" An increase in the quantity of combdstion air in excess of
stoichiometric requirement lead to an increase in thé/concenfration
of SO3 in the combusfion gases.‘-However; the level of SOé—content

in the flue gases reached a maximum at about 4% excess oxygen

concentration in the flue gases.



It was estallished that ignition propepties of fuels have an
effgct‘on the oxidation of SOB. Iggition déiay V  temperature curves‘
for the fuélé employed in the reséarch pr@gramme were determined. This

‘was done witﬁ the help of Igrition-Delay apparatus (PART II). It was
found that fuels having shorter ignition aelay timés at.tempe:atures\
prevailing near flame zone produced less SO3 under identical

- combustion conditions.

The results of the effect of residenﬁé time_éf combus tion gases
in the high temperature zone showed fhat in the first instanée amount‘ ‘
of SO3 formed was in excess of those predictedifrom tﬁermodynamic
considerations involving molecular oxygen. Sulpﬂur trioxide thus
formed began'to dissociate back into sulphur dioxide and oxygén‘as
the gases continued to pass along the combustion chamber. It was
thought thét oxygen atoms, produced in the flame,”being a reactive
oxidising species ére responsib}é for the éxidation of S 2; The theory
proposed to explain the experimental résults‘appear to be that 6f‘a

consecutive reaction by

: 1 2 .
SO 4+ 0 —> 80 —> SO0 + +0
2 C 3 . =2 2
where K and Kz are specificlﬁabﬂ reaction rate constants for
1

individual reactions (unit of X = Sec—l)
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CHAPTER 1

INTRODUCTION

With the refiﬁing of crude petroleum, high grade pefrol is
obtained leaving behind a high content of iﬁpurities in the residual
fuel. The impurities contain substances¢1ike sulphur, vanadium,

‘éodium etc., and it is basically these sﬁbstances which are mostly
responsible for fouling and corrosion in oil-fired installations. The
sulphur content of the petrolepm fuel products are generally much higher

than other impurities and can vary in the range of 1.5 to 4 per cent

(wt)l.

During normal comﬂustion, in the presence of excess air the
sulphur in the fuel is oxidised to §u1phﬁr dioxidé and a small'portion
‘ to‘sulphurvtrioxidef It is generally accepted that occurrence of sulphur
trioxide in an industrial combustion system is a major contributory cause.

_to both high and low temperature corrosion of heat exchange surfaces.

- . High temperature corrosion occurs when metal surfaces are exposed

to flue gases of about‘6500C or over. In such éonditions, even high

: grade steels are attacked and corrosion Becomés a serious problem.
Organic compounds of vanadium and sédium present in the residual fuel
0il are considered to 5e worst offenders;' Vanadium present in the

fuel is converted‘during coﬁbustion to various oxides; the highest of
which is vanadium Pentoxide. The condition can be further aggravated
by the presence of other impurities like scdium sulphaté which>at‘;.

_ . : j
temperature of 630°C and above gives the following reaction®*:

Na SO + V 0 ~— 20N VO .+ S0 ,
2 4 2 5 a .’ g 3 ) .

- 16 -



Ozxides of vanadium have relatively low melting point and there-—
fore the ash is iikely to be in a plastic state in the gases and will
adhere tc colder metallic surfaces. In case of éuper heater tubes of
0il-fired boilers, fhe ash deposit will insulate the tubes and heat
transfer will be reduced. Eventually the deposits will restrict gas<
passages and fouling will occur.A In the molten staté, fhese oxides of
vanadium will attack even stainless steel alloys and will cause sevefé'
corrcsion. It is therefore a major problem if the operating tempera;
tures are above the sintering or softening temperatures of ash deposits

when corrosion occurs through the fluxing action of vanadates.

Low temperature Ccrrosion :

Wren flue gases containing sulphur trioxidé pass through coolerj
parts of boiler, the sulphur trioxide react with water vapour to form
. sulphuric acid and condenses on metallic parts which are near or below

acid dew-point temperaturg of the combustion gases. Flue gases
conteining even traces of sulphur trioxide héve high acid‘dew—point
temperature, up to 17COC(3500F). The condensed liquid on the cold .
metal surfaces Contaiﬁ high conqentration of sulphuric acid. Thus
"low temperature corrosion is mainly a sulphufic acid~corrosion and
occurs in case of oil-fired boilers, mostly in economisers, air
heaters and flue stacks where temperatures are relatively low and

may fall below acid dew-point temperature of the flue gases.

It is evident that in order to reduce 1ow”témperature corrosion,
the formation of sulphur trioxide has to be suppressed and therefore,
ar understanding of the mechanism of formation of SO and factors

3

influencing it has to be studied.

_17_



This thesis is mainly concerned with this problex and an attempt
has been made to investigate factors affecting the formztion of SO
, 3

in a non-catalytic combustor with laminar pre-mixed flzme when only .

chemical aspect of reaction can be investigated with the exclusion of

other variables.

- 18._ : S



2.1

ITERATURE SURVEY

+]

rre pehaviour of oxides of sulphur during combustion

Intrecduction

It is important first to consider impuritieslpresent in
crude oil. ‘This'contains a number of elements othér than
carbon and hydrogen, but the majority of them occur ohly.in
trace quantities® (See Table 2.1). A mino?ity of crudes

contain less than 0.5 per_cent‘sulphur, but the majority . -

. contain 0.5 - 3.0 per cent and in some cases it may contain

a3 wuch as>7 per cent. Scdium, chlorine and vénadium'conéen-
trations in the crude oil are generally up to 100 ppm. Table
2.2 gives a comparison of the ash, sulphur and asphéitene »
contents of variéus crude oils. The fﬁéee elements present in
greater concentration, sulphur, sodium and Vanadiﬁm are mainly

resyonsible for most of the corrosion and fouling encountered

irn oil-fired installations.

Trhe need for the understanding of mechznisms of corrosion

ard the associated problems have been the subject of intemsive

resezrch for many years and a great number of publications

R 2,3,4,5,23.
12ve appeared reviewing the progress©?®’%:>»

. Here in the
litersture survey an attempt is made to study the behéviour:'

of sulphur present in the fuel during‘combustioh, in the light

of the published data.A

_19_
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2.2.1

‘ne formation of SO .
a
A number of mecharisms have been proposed to explain the
ormaztion of sulphur triozide in the flue gases when fuel

centaining sulphur as an impurity, is burned.

Laxton’ has listed four possible theories which are as

follows:~

2) 'The reactiorn of sulphur dioxide with atomic oxygen in a

kigh temperature flame zone®?°71° .

b) The heterogeneous catalysis of the SO /SO reactions on
=2 3
the boiler surfaces '

c) The homogeneous gas phase reactions between SOE and 0 *?
2

a) The low temperature oxidation of sulphur dioxide on metal

surfaces below acid dew-point®*’'®

Urdoubtedly all four theories are valid but their relafive
importance vafies?%roonné plant to énother.. However, one can
reke one general statement that the mechanism (a) is the most‘.A
impértant becauée if the formation of SO3 in the flame is
requced then the catalysts necessary for the mechanisﬁs (b)

and (d) will be reduced.

Atomic Oxygen theory.

The flame or atomic oxygen theory was first proposed by"
Dooley and Writtingham® in 1946 and Geydon and "v.’hittin.ghamla
in 1947. (Fig. 2.1). Further work by Whittingham using small
diffusiorn flames of carbon monoxide, hydrégeﬁ‘and methéne,

corteining SO showed thzt there was a marked difference in
2 .

- 20 .



the degree of oxidation of sulphur dioxide with different flames;
(Fig. 2.25. He observed that the increasiné order of con&ersion

. of SO2 into SO3 was in the methane, hydrogenland rhen carbon
monoxide flame - which is in the same order as that of increasing
atomic oxygen concentrations in these fiames, as observed by
Gaydonle.- Gayden also deecribed fhe reaction occurring in a;

- flame when nitric oxide is injected and expressed it in the

following equation:
NO + O = -NO° + 1light energy
- ) .

Dooley and Whit'tingham8 argued that if atonic onygen is
involved in- the formation of 50_ in ‘the flame, then the
infroductien to the flame of a substance known to react‘yith
atomic oxyéen‘will euppress tne formation‘ef San‘ dn the
above assumpfien they introduced different pereentages‘ef NO
to the flame and conflrmed exper1menta11y the suppressed
formation of SOa (Flg. 2.3). More ev1dence of SO3 formatlon
in flames was‘offered ny Crumbey and»Fietcher17 (1956) (Fig.
2.4 and Fig; 2.5) and by Hecileylz (1962). _Hedley used dn oii
fired laborarory furnace where the temperature and mixing hlstory‘
of the gases were known, and carrred out a quaptltatlve
1nvest1gat10n of the ox1dat10n.of SO2 toaSO%. +The resulte
showed that tne concentrations of SO were in exeess of these
that one mlght expect from normal thermodynamlc con31derat10ns
involving molecular oxygen (Flg. 2.6; 2. 7) ' The results were

in agreement w1th those. predlcted by Whlttlngham and Hedley

thus propooed a mechanism in which atomic oxygen reacts Wlth

- 21 -



SO2 to form SO3 which then dissociates to give SO and moleculer

2
oxygen.
Levy and Merryman®® (1965) working with H S - 0 - X
2 2
flat flames (where X = N or Ar) showed that (a) SO  was
- 2 3

formed about orne flame length thickness past the visible

flame zZone, and (b) the formation of SO in the flame was
3

directly related to the oxygen concentration through the

reaction zone (Fig. 2.8 and 2.9). Fig. 2.10 shows the

0-atom profile for two different flames.

Barrett, Hummell and Reid®! (1966) investigéted formation
of SO3 in a stainless steel combustor while burning natural gas
hydrogen sulphide mixture and operating at é maximum w;ll
temperaturevof 260°C (BOOOF). The concentrétion of SO3 was
measured at distances of 3 to 24 in.'(7.6‘cm. to 61 cm.) from
burner plate %ithlexcess air levels'o£’1 to 12 per cent. No
significant variation of SO3 conceﬁtrat;on was observed along
the combustor at any excéss air level, It waé concluded that
all of the 803 was formed in the first 3 inqhes (7.6 cm) of ‘
the combustor, or about within visible flame (Fig.‘2.11).

Fig. 2.12 shows their results whén 15% excess air was added
9 inches (22.86 cm) downstream from the burner plate and SO

3

concentration were meausred at various positions.

Halstead®3 (1970) reviewing the progress made in this
field agrees that most of the SO present in the flue gases
3 : . ,

of a combustion system originates in the flame. He further

states that oﬁ leaving the flame, the concentration—»f atomic

§
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oxygen decreases rapidly, and the formation of additional 503
dcwnstrear of the flame becomes increasingly dependent on
intermolecular reactions. He adds that molecular re;oxidation )
of 802(802 + 5 02 -— SOS) as the #emperature falls is
considered to be very slow® 9, though its‘rate can be increased
by catalysts, both gaseous (i.e. nitrogen oxides)z5 and
condensed phase (i.e. iron oxides)aé.: He concludes that the
net-result is that the teady state SO concentration in the

flue gases is normally of the same order or slightly less than

that generated in the flame,

2.2.2 The heterogeneous catalysis of SO’ /SO
reaction on boiler surfaces.
The formation of sulphur trioxide in boilers‘by é hetero-
geneous cataly31s was probably first pxoposed by Farlown’z6 )
(1944). The use of ferrlc oxide (Fe O ) to promote the ox1daflon
of SOB to SO8 is well known and Harlow suggested that the presence
of SO3 in the boiler flue gases was due to the catélytic
oxidation of SOZ over hot boilér surfaces.‘ This cannot

however explain the existence of SO3 found by other workers®:®

within the combustion chamber before the gases came into contact

with catalytic surfaces.' Werk done by Barrett® does §how that -
Fezo3 - covered surfaces catalyse oxidation OfoO; to'SO3 af
temperatures near (1200°F) (650°C) ‘(Fig. 2.13) (Fig.2.14).
The indications are thot some SO3 is formed during the passage

' !
of flue gases through the boiler, especially at high- tempera-

tures and when excess oxygen is available.
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2.2.3

2.2.4

The homogeneous gas phase reaction between SO and O .
~ 2 2

Oxides of nitrogen have been used as catalysté in the
manufécture of sulphuric acid in the lead chamber process,
But this is essentially a low—température operatién and gases
are cooled to nearly 200°F (930C) before éntering the reaction

chamber. It has been suggested®’9''2 that the fresence of

nitrogen oxides in the flame gases is more likely to reduce

the amount of SO formed because of the removal of oxygen atoms
3 .

from the system (Table 2.3).

The low temperatﬁre oxidation of Sulphﬁr dioxide on metal
surfaces below acid dew-point. '

Low temperature oxidation of sulphur dioxide is a very

_commonly encountered phenomenon. Rylands and Jenkinson'?

(1954) proposed that economiser deposits especially ferric

sulphates, can catalyse the oxidation of suiphur dioxide.
During trials at Bromborough Power Statioﬁ, Aléxandéf et. al.}sy
confirmed an increase in the conversion of SO2 to SO% during
the4passage of flue gases through the economiser and reported
this as evidence for the hypothesis suggested by Rylands and

Jenkinson.

" After examining the various mechanisms of the formation
of sulphur trioxide it is useful to establish the effect of

some factors or the degree of SO0 formation.
a ;
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The following list gives some conditions which are known to have
an effect on the oxidation of sulphur:

a) The sulphur content in the fuel

b) The excess of combustion air uséd

c) The method of introducing air into tﬁe comtustion zdng

d) The nature of the fuel

e) The flame temperature

f) The method of atomisation

This is by no means a complete 1is£ of the“possibléfactprsté bé
investigated but even with this shoft list oné‘canﬁot make firm
general statements with confidence. One can oﬁly bé very positive
about ﬁhe first three points. |
a) It‘is generally agreed that the formvin which sulphﬁr is -

present in the fuel has no effect on the production c¢f SO
. 3

. . 17,27,28"
during combustion™ " ’°"?°",

The.ﬁork of Crumley and Fletcherlj
(Fig. 2.5) éhow$ thaf, with thé increése of Sulphur:conteﬁt
in £he oil, SO3 formation increases; the increase gradqally '
reducing at higher vélues of sulphur content. Other |
investigators obtained very ;imilar resuitsga’zl’33 (Figs.
2.15, 2.17, 2.18). |

b) The effect of air/fuel ratio héé been thofoughly invéstigatedA
and there is ample evidence that the forﬁation of SO3 will’
decrease by the reduction of eicess air..jThe reduction of
excess air will result in the‘reauction of acid buiid-up‘:
.and direct low-temperature corrosion§4’15’3§’39. Tesfs at

Marchwood Power Station showed a reduction in air-preheater

corrosion and acid smuts emission.
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Glaubitz®” demonstrated the elimination of bonded depositse
on superheaters. Similar work has alsc been reported by ‘
a3e ‘

Chaikivsky and Siegmun Rosborough41 drew some

interesting comparison between'SO% formation in power
statfﬁg and domestic oil-fired boilers (See Fig. 2.19). 3
A steep rise in the percentage oxidation of sulphuf dioxide
to trioxideAnear 4% excess oxygen in‘the flue’gases was'’
observed by Fielder et. al.*® (1960) (Fig. 2.20)4. |
Neipenberg38 (1966) reported that, by decreasing the air
ratio to stoichiometric, the SO3 content of the flué gases
was reducedlto‘zero. Fig. 2.21 shows the results of hisﬁ
vmeasurements.' Further work showed that the sulphur content
of the fuel.oil and fuel oil quality affected the formation
of SOs, Fig. 2.22. He observed that the effect of excess<
air on the SO3 formation in the combustion gases hes the‘ 
same tenéenéy irfesPective of the size of the steam boilér-
plant (32 to 400 ton/h‘evaporation), but the absolute values
varied widely, Fig. 2.23. Rees et.al.*® also found that
SO3 formation could be brought about‘to zero with no
injection of excess air. Results are shown iﬁ‘Fig. 2.24,
2.é5. Recently, however; Holland and Rosborough43 (1971)
describing the experimental programme of high temperature'
corrosion trials at’Marchwodd Power Sfation stated that thef
.found no evidence froﬁ those triais to sugéest that very
low excess air operation, 0.2 to 0.3% excess oxygen above
stoichiometric, made any significant effect on high |

temperature superheater corrosion. Their observations

were in some disagreement with the works of other workers
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described earlier, but this was thought to be due to
differencein vanadium to Sodium ratio of the fuels
employed. Their afgument explains how source of fuel
used can determine whether very low éxcessagperation

is likely to have'any significgnt.effect on hiéh teﬁpera—
ture corrosion. They sugzgested that vanadium after being

fully oxidised forms vanadium pentoxidé V O which has

25

a melting point of 675°C. This vanadium pentoxide

combined with sodium oxides to férm variousllow—melting

phases, particularly sodium vanadyl-5-vanadate

(Na 0.V 0 .5 .V 0 ) which has a melting point
2 2 4 2 s

of 62500 and comparatively rare 5-Sodium-vanadyl-11-

vanadate (5. N 0.V O .11 .V 0 ) which has a
2 2 s 4 2 s -

melting point of 535°C. Thus high temperature corrosion

is a real possibility when melting point of>these

substancgs éfe éxcéeded since most érotéctive metaljoxides'
are soluble in molten vanédiuﬁ salfcéo |

Method‘of injection of excess air.

It is also generally known that air entrainment into a
combustion system effects SOS formation dépending upon the -
temperature of £he combustion gases®?®:%%:37_  Glaubitz3”
ncted that if the additional air ﬁas added in such a

way that it could still participate in combustion, i.e. very

near the flame, then the dew-point increased'immediately

)and the formation of SC was immediately noticed. The same -

3

air when added % flame length beyond the end of the flame,
no increase in dew-point was noticed. Work of Barrett®,

et. al. reported earlier also showed that when excess air
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was added downstream from the flame, where the gas
tem;;erature was still above 115000, the SO3 concentration
increased at the point of air addition. It was concluded
that the addition of excess air further downstream at

lower gas temperatures around:9500C, had little effect

on further oxidation of SOE to SOa, although it was thought
possible that it may still‘contfibﬁte to the formztion of
SO3 by catalytic means.

The use of two-stage combustion where fuel is gasified in a
. first stage spray combustor operatin% with deficiency of
air producing a hot combustiblie reducing gas and burning
near stoichioﬁetric conditions in the second stage combustor
had—been reported45. Recently Archer and Eisenklam™®

(1970) reported their work oﬁrtwo—stage combustion giving
operating data on a pilot spray comﬁustion.chambef burning -
high vaﬁaaium/éontenf'residual fuel Qili This chamber formed
part of a two-stage systenm wifh interstage heat removal.

In the second stage, fresh air was mixed in the combustion
chamberAwith cooled products from the first stage afterv
releasing its heat to water-cooled‘hgat exchange tﬁbes.

In the second stage a spontaneous combustion reaction was
initiated; The résults suggested that oxidation to CO2

was completed within the residence time in the chamber

and was further reduced by carbon formatién and production
of CO according fo equation 7 |

2 CO0 + 221 MJ ~ heat release
2C  + 02 |
CO2 + C + 394 MJ heat release
Under gasification conditions with air atomizaﬁion, 303'

;

was not detected in the combustion gases.
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They suggésted thaf in a competitive siﬁuation oxygen
would react.preferentially with carbon and hydrogen
species instead of with sulphur dioxide.A Another reason
against 803 formation was considered to be the known
inhibition resulting from the presence-of carbon?”?
Nature of fuel.

It has been found that burniﬁg of éoal produced less SO3

formation than oil having same sulphur content®®. It has

also been shown that fuel oil contai ning different per

centages of impurities has different affects on the

formation of SO (Fig. 2.22). Ratio of sodium to

3 .
vanadium in fuel oils has been found to have an effect on
high temperature corrosion®*3.

Flame temperature.

" Enough literature could not be traced to assess the effect

of flame temberafure on SO3 formation: ‘One of}thé
difficulty is that changes in fiaﬁe tempe?afure are a
result of changing other variables, e.g. excess air, and
the role of flame temperature in isoclated coﬁdition is -
difficult to ascertain. If SO?»formation takes plaée
primarily due to intermolecular oxidétion of SOz, less
SO3 will be expected to form at highér flame temperature

since at higher temperatures oxygen molecules widil

dissociate, , thereby decreasing its concentration in the

gases. Crumley and Fletcher'” showed that concentration

of SO dincreased with flame temperature up to about 1756°C
3 .
and then remained mcre or less constant (Fig. 2.4). Flame.‘

temperature was varied by varyiﬁg the amocunt of preheat to



the combustion air, maintaining fhe other variables
constant.

f) Method of atomisation.
It was reported!” that fineness of 0il atomisation
probably had an effect on S0 formation-and it was found

3

that a 25 per cenf reduction in 303 formation could be
achieved by using a bufner head. giving coarser atomisation.
A flame which favoured production of SOé was blue in colour
while flames which gave less SO3 were slow burning and
luminous. But excellent oil atomization is necessary for
obtaining complete combustion with a minimum of air which
is known to reduce the production of SO3° NI&II*Skgll"‘9
(1959) reported the experienceé with some boileré fitted |
with steam atomizers which.waé found free from.back;end
corrosion ;nd steam atomization was‘é&nsidered a better'
method o£ a£om1z1ng fuel 1n 1arge burners. Mére~recentl§
Exley** (1970) recommended that 011 temperature should be
maintained as hlgh as poss1b1e for good atomlzatlon to . J
allow oil particles to be very fine for intimate mixing
reguired for stoichiometric éondi£ion. ﬁe s£ressed the
iﬁportance of atomization and reéoﬁmended very close
periodic inspection of the burner by operators, ard also;

by other means if available, such as furnace television,

. smoke recorders, or stack television.

2.3 Effect of additives on the formation of SO ..
3

A vast literature is available concerning additives used

to suppress low and high temperature corrosion and many claims

!
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extraordinary performance without explaining the meckanism of
its working. Additives introduced in the system is expected to

act in one of the three ways to remove iil—effects of S0 :

3
a) to physically adsorb so3 "
b) to react.with a@omic oxygen present in the flane,
and thereby inhibit oxidation of so%,
c) to combine chewmically with SO3 once it haé already

formed, to form non-corrosive compounds.

The effectiveness of metallic zinc and ﬁagnesium additives
was shown by Laxton®°. fhe effect—of zinc injectioﬁ into the
combustion chamber of No., 1 boiler (60 Mi#) at Tilbury Power‘ )
Station was investigatéd with the ideé that bu%ning metal will‘
react preferentially with atomic oxygen apd would reduce the
'tendency of SO3 formation. An approximate linéér relationship
”was'obtained Bétﬁeén the maximum—acid;depositioﬁ:énd the rate ﬂ.5
of injection of zinc at the fixed value of 6xygen éonéentration
(See Fig. 2.27). Similar trials were carried out witﬁ :
magnesium and it was found that magnesium compared with zinc,
is nearly ten times more efficient. Coﬁpounds‘of Mg and éa,-
mainly their oxides, hydroxide and carbonates are considered to .

42543
*

be important additives These additives cannot only react

with H SO condensed on cooler ﬁarts of the plant,
2 2

20" + H SO ==* Ca S0 .+ HO
2 4 4 2

but also are carpable of reacting with V2 O5 to form vanadates

with melting point higher than 100G C®*.
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Mg 0 + V 0 -2 MgV O
2 5 2 6

Silica®® and Kaolin®3 have also been reported to be used

with some success. Or laboratory scale Whittingham®% showed

PRI,

tr2t carbon and silica smoke reduced the acid dew-point.

The use of heterocyclic tertiary amines for the control
of corrosion by flue gases was reported by Ba:rett—Daviesnand
Alexander®®, as a laboratory work on é pilot-plant scale and
on a full scale boiler plant.. It waé concluded that econonmiser,
2ir heaters, flues and ancillary ferrous equipments of boiler
ins%allations burning fuels of high sulphur content could be

protected by the injection into the flue gases of 0.03 per cent

b

of heterocyclic. tertiary amines by wt. of the rated fuel capacity

o]
-y

the installation. Zaczek®® also reported the use of amines

in suppression of low-temperature corrosion.

Lee, Friedrick and Mitchell®” reported the use of a

: Al formulation as chemically heutralizing agent of S0 .
3

b

[$:9]

g4
i

W

considered this as preferable to using magnesia or alumina
separately since its use results in forming a porous deposit
hzving more chemically‘acfive surfacg exposed to SO3 and
sulphuric acid. It was claimed that with additive—treated oil,
any HQSO4 in soot was physically and/or chémically inhibited at

)

211 0 1levels up to 5%.
2

Lowell®® (1971) while evaluating oxides of different '
-elements as absorbent for the removal of SO from flue gaseé
. 2

notad thet oxides of vanadium and iron had strong catalytic
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no

effect on SO and also the oxides of copper and titanium.
2 .

Macfarlane®® reported that experience with zinc additive in full

scale engine tests had shown that deposited material can cause

“intergranular corrosion of nickel-based alloys. The use of

'magnesium also introduced problems of deposit build—ﬁp on

turbine blade surfaces, the severity of which depended largely

on the vanadium content of the fuel and the proportion of

magnesium to vanadium used.

Barrett® working on a 1éboratory scaié furnace showed that’

introduction of a MgO-coated specimen reduced the concentration

of SO3 in the flue gases from i{s original value of 38 ppm to

18 ppm, but after 5 hour exposure Nit gradually increased to its -
original value of 38 ppm. He investigatéd thg catalytic éffedt 
of various méterials and found that Kagiiny MgASO , fly ash, :,"

4

sulphate mixture are not catélytic comparéd wixth Fe O ,fwhen‘
. , Nz s
applied to clean mild steel surfaces at 660°C. He concluded
that coating the steel with Mg O or other non catalytic materials
apparently served mainly to slow the rate at which catalytic . -

oxide layers were formed on the surface of the métal, and once

the layer was formed, the coating interfered partially with

the rate at which SO and 0 could reach the catalytic layer.
- 2 2 « , .

His investigations stressed the role of SO because this

3

G
£y

material was involved inextricably in every case where corrosion

occurs or harmful deposits are formed.

Svmmary -of Literature Survey '

Most residual fuels contain complex organic compounds of

!
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vanadium, sodium and sulphur. Mest of the sulphur in-oil e
oxidised during combustion to form sulphur dioxide. Usually
180955 44 5%12’61 of the SO2 is converted to‘SOA under condi£ions
of high excess air. Sulphur trioxide (SOS).gas exists at

' temperatures above the acid dew-point, but sulphuric acid is
formed by cendensation at the cold end of a boiler as gases'pass
along ccoler metal surfaces. Presénce of SO3 in the systém is‘,

considered to be a contributory cause to both high and low-

temperature corrosion of heat exchange surfaces.

A number of paths have been identified®® wherebySO3 may
be formed in the flue gases and a number of research workers®’'¢712
suggested that it may be formed mainl& in flames; Hariow'?t
suggested’the formation of SO3 by the hetrogeneous catalytic
oxidation of 802 on metal surfaces; basiﬂg his arguments on field"

experiences. A third mechanisu was put forward by Raylands and

Jenkinsonez, based on the earlier work of Johnstone®?®
suggestiné that once corrosion effects the cooler parts of a
'boiler.system, %he corrosion produots’can theméelves act as’
catalysts to promote the formation ofﬁfurther quanfities of

acid. Although from recent works'® 2

, & much clearer picture 1is
emerging of the various factors responsible for‘the formation

of sulphur trioxide, 1iteratﬁre on non—catalysed oxidation of.
SOz is scant. No literature could be traced where oxidation of
SOz has been studied ensuring absence of any physical delay of .

evaporation and mixing in the combustion zcne under non--

catalytic conditions.
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Ccnsidering the flame theory that oxidation of sulphur
dioxide takes place primarily in flames at high temperatures by
combination.of atomic oxygen, a very short time will be |
available for this to take place. If sulphu£ dioxide can pass
through this zone unaffected by excess oxygen, or‘atomic oxygen
has longer time to combine preferentially‘with species other
tran soz, then the reduction of SOs can be achieved.. It is
theﬂ probable that treating a fuel with a chemical additiﬁe’
ﬁhich changes the ignition chafacteristic.of the fuel to ignite

it a fraction of a second earlier, will suppress‘the oxidation

of SO .
2
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ASH ELEMENTS IN CRUDE OILS (REFERENCE 1)

Crugiogils gﬁ;tg: Venezuela Iﬁzizé Middle East
Element ) ' Parts per million in Crude 0il
Aluminium - | 0.1 0.3 1.0 0.8 nil 0.3 6 1.9 7 0.3 0.6
Calcium 12 1.2 12 1.7 1 1.8 | 9 3 1.7 3 nil 0.4
" Chromium 0.1 0.2 0.05 1.4 nil nil 0.2 trace 0.1 0.1 trace
Cobalt 1.6 nil nil nil nil nil nil 1.9 nil trace nil
Copper 0.2 0.5 1.9 0.2 743 7 0.4 1 5 0.1 0.7
Iron - 3.0 4,6 5.7 30 1.2 0.4 61 15 5 1 3.7
Lead | 0.7 0.2 2.1 0.3 nil | nil 0.6 0.7 nil 0.1 nil
Magnesium 2,0 0.5 1.7 | - 0.6 0.6 1.2 1.7 0.8 7 0.2 0.1
Manganese ‘ hil nil nil nil nil nil nil trace nil trace nil
Molybdenum 0.1 nil nil . 0.3 nil nil 0.6 0.2 nil 0.2 nil
Nickel 0.8 1.2 | 6 0.3 5.5 10 0.4 1 30 6 0.4
Potassium nil 2.9 2.1 nil | trace nil nil nil nil | 0.5 0.7
Silicon 0.1 0,5 0.7 1.7 " 0.1 0.8 6.9 3¢5 : 1 0.2 - 0.4
Sodium 38 2.7 33 24 13 9.4 15 6 0.1 0.5 0.2
Tin nil 0.1 . 0.5 nil nil 0.3 0.9 | 0.2 nil nil nil
Titanium 0.1 0.2 0.3 nil nil nil | trace | 0.3 4 0.1 nil
Vanadium 1.9 0.7 24 | nid 30 72 nil nil’ 100 27 3
Zinc 2.1 1.2 3 0.2 nil nil 0.3 0.6 2 nil nil




TARLE 2.2

A comperison of the ash, sulphur and aswuhaltene
contents of various crude oils. (Reference 1)

Centents of
Crude 0il
Ash Sulphur : Asphaltine
(p.pom.)? (% wt.) (% wt.)
Venezuela ) .
i 1130 2.59 5.8
ii 425 1.27 1.3
iii 168 0.92 - 0.19
iv } 138 . . 014 , < 0.1
v 107 0.55 | 0.97
Trinidad ‘
i 820 2.2 3.6
ii 80 : 0.99 - 0.7
United States ‘ g
i 490 - 0.24 i 0,04
ii C e 0.29 1. 0.4
iii 85 0.26. | 0u
iv 31 0.34 -
Middle East IR
i 240 . 157 2.1
ii 60 2.5 6.8
iii - 17 1.61 0.8
East Indies ‘1 .
i 18% 0.15 : -
i 65 0.21 trace
Columbia 177 . 0.95 . 1.0
Africa .
i 50 0,18 - < 0.05
ii 20 . ©0.13 < 0.08
Canada 30 | : 0.16 ) | 0.05
ap.p.m = parts per millién parts of crude oil.




TARLE 2.3

~ Effect of Nitric oxide addition on oxidation of SO

in flarwes (Reference 8) 2
802 in gases = 0.05%
Per cent NO added Per cent oxidation
of 802

0.0 7.5

0.1 ' - 7.3 -

O.5 N . B ’ \6.0 )

190 ' : 4.5 .

2.0 | 4.3

TABLE 2.4

Effect of varying'éoncentration of SOq on % cxidation
' to 80  (Reference 8)% . ‘
3

?er gent S0 Per.cent 0xXi- Dew poink o
in exit gases - dation to S0z ’
0.02 10.0 o A11O
0.04 S : -2 140
0.11 4.5 165
0.15 3.8 | 170
0.50 - 1.8 176

1,00 1,0 180
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$0s in Flue Gases, p.p.m. by volume
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OBJECTIVE OF RESEARCHE PROCRAMME

From the study of the works of various research‘workers in this
field, it appears that a number of factors are reséonsible for the
formation of sulphur trioxide in a combusfion system. These factors
are summarised in the earlier chapter. Two theorieé have emerged és2
possible mechanism of férmation of sulphur trioxide, viz, the flamé:
or the atomic oxygen theory and the catal&sﬁ theory. Although it has
béen shown that boiler deposits can cause oxidation of SO2 to So;;,
some work on laboratory scale combustion system has aiso shown that
SO3 can be formed in flame. However no information is available ﬁheﬁ
investigatioh of SO3 is carried out under non-catalytic condition with
ére—mixed flame which willyeliminate any physical affects of atomisation :
of fuel. Investigation of the effect of ignition properties oflfuei on«‘

the formation of SO; in flame has never been attempted.

Therefore it is vital to verify conclusively whether SO is formed
. 3
in the high temperature zone where purely chemical effects are involved

with the exclusion of all physical affects of atomisation of fuels.
4

Furthermore, it has been reported that sulphur dioxide competes
‘with other species present in the flame for combination with atomic
oXygen. vTherefore fpels tending to initiate early reéctions may allow
greatér’time for CO to combine with available atomic oxygen in preférence
to sulphur dioxide and its (SOz) oxidation may be suppressed. This
involves the measurement of ignition delay times'of the fugls

exployed.
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The present research programme describes the construction and
use of appliances to study factors effecting formation of SO in the
3
‘hot zone of the combustion chamber using various iiquid fuels and the

measurement of. ignition delay times of these fuels and interpretation

of these results.



4.1

4.2

CHAPTER 4

SYSTEM AND EXPERIMENTAL PROGRAMME

FACTORS INFLUENCING THE CHOICE OF EXPERIVENTAL

Choice of Flame,

Mixing and recirculation processes whiéh‘occur in
conventiongl jét flames under turbulent conditions(may
interfere with the studj of chemical reaction préducing
sulphur trioxide. It was thereforevdecided to separate
physical effect of evaporation and mixing from ;hemical
effects, this led to the choice of pre—miied laminar flame. -
Sc it was possible to investigate'chemical reactions involviné

sulphur dioxide oxidation.

The basic assumptions made of the system are as followsé
a) ‘ A pre-mixed flat flame is broduced in a-cifcular
combustion chamber and‘the hot gaseé completely filis
. the entire length\of the tube.
b) There is no reciréulation of hot gases back intolfhe
~earlier stages of the flame. -
c) Velocity, temperature andmass concen%ration profiles

across the flame are flat.

Choice of Fuel.

It was decided to use the following fuels which could be'
easily evaporated and mixed with combustion air in the

evavorating chamber.
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4.3

" 3.4%(wt.) by addition of appropriate amount of carbondi-

a) Diesel oil
b) Kerosine
c) Cyclohexane
d) n-hexane

-e) n-pentane

In each case, sulphur content of the fuel was raised to

sulphide (CS2). Related properties of these fuels are given

in Table 6.1,

Method used for the determination of S0,, and SO3
=4

content of the flue gases

It was decided to use a chemical method developed by

Gcksoyr and Ross68 for the determination of SO2 gh& 803.
Accuracy and iiﬁitatioﬁ of this method were invéséigatéd'aﬁd
is reported in Chkapter V. 'The method consists of bassing
known quantity of lee gases through a glasé Helica;—coil‘
condenser and titrating the candensate with NaOH éolution.

The description of apparatus and detailed procedure is given

in Chapter 5.5.
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PART TT

10.

11,

12.

EXPERIMENTAL PROGRAMME (PART I & PART II)

Design and Construction of evaporating burner.

Determination of concentration travefse curves.
Determination of temperature profiles:acroés sections of the
combustion chamber.

Determinétion of the effect of air/fuel‘ratio on the
combustion products using two fuels.

Determiﬁation of the effect of excess oxygen éoncentrétion in
the combuétion gases on the SOé'formation using two-fuels._
Determination of the effect of burning various hydrocarbons
with different ignition ﬁroperties on thelformation of“,SO3

at various excess oxygen concentrationé.

Determination of.the effect of residence time of combustion.
gases on the formation of 803; -
Calculation of the theoretical percentage oxidation of SOz: .
to 830 at several oxygen concentration ﬁnder equilibrium

3

conditions.

. Design and construction of ignition delay measurement apparatus.

Determination of‘ignition delay curve for Kerdéine‘dropléts A"
with reépect to change in surface temperature.‘

Determination of ignition delay curves of different hyéroéarbons‘
used in the previous programme of experiments. . |
Determination of minimum ignition temperature of Kerosine,_
Cyclohexane, n-hexane and n-Pentane and comperison with the

results of othef workers.
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and the

5.1

5.1.1

CHAPTER 5

DESCRIPTION OF APPARATUS AND EXPERIMENTAL FROCEDURE

The  general arrangement of the apparatus is shown in Plate 5.1

diagrammatic view is given in Fig. 5.1.°

Burner System

Fuel Tank.

This consisted of a 1.75 x 107° m® trapiziodal confainer,
cocnstructed from a Bmﬁ thick stainless steel plate with threeA
bpenings at the top mouhted on a Dixianﬂéiand. Thé openings
are meant for pressurizing £he fuel tank, for suéply\of fuel
to é&aporating chamber and for thé observafion of pressure iﬁ'

the fuel tank. For safety reason, the use of nitrogen bylinder

- was made for pressurizing fuels.

Bvaporating Crhamber,

. - This was constructed from stainless steel, the dimensions
are given in Fig. 5.1.2 and Plate 5.1.2 shows its front view.

The chamber was heated by means of an electric heating element

covering the outside wall of the chamber. This waé of 0.5 Tew

»capacity. Liquid fuel from the tank entered the heated

evaporating chamber through a small opening directly in the

path of the air stream from an air-compressor. Heated mixture

of fuel vapour and air passed through a Grade 3 sintered stain-

- 61 -



-

51

less steel disc, thus a pre-mixed flat flame was produced

zeyond the sintered filter disc.

Combustion Chamber

Tre combﬁstion chamber was made frém a stainless steel
tube of 32mm internal diameter and of Pmm wail thickness. It
was 2nm iong having 10mm diameter tapped hoies at 504.8m$ (1—ft)~
intervals for sampling of combustion gases.' These heoles were’
kept closed when not in operation. Six additional holes of
Jum diameter at right angles to the sampling holes were drilled
for the introduction of thermocouplés. The combustion tube was
- supported on four brackets mounted on ; steei fraﬁe. A.iongﬁnlf
- Dixian table held the entire apparatus. Thé combustion tube -

was lagged with 'Kerlane' heat insulating blanket of totalu

thickness of 5%1mm.

The Fuel, air and’Water supply - -

The Fuel Supnly

Fig. 5.1 shows th; arrangement for\the supply‘of fuel
" and air to the éombustion chamber (see also Fig. S.é).: The
pressure over the surface of the 0il in the fuel tank was

kept at 0.17 x 10° N/mz‘(2.5 lbf/inz). The\pressurized oil .
flowed through a filter and a needle value. -A 'Rotameter’
manufactured by G.E.Q. Elliot's,'mcdel,1100, range 0-19cc

was used for the control of oil flow and a quick visual mééns

of checking the oil flow.

- 62 -



5.2.2

5.2.3

5.3

i) Calibration of 'Rotameter'

The Rotameter was caiibrated for every fuel used
by cutting off the oil supply to thé evaporating chambef
and allowing it to collect in a measuring‘éylinder. The

- time taken for a specifié volume of oillcoilected, was

noted and flow was calculated.

Air Svpply

A reciprocating air compressor connected with pressure
operated relays supplied the necessary combustion air at a

constant supply pressure of 0.68 x 10° N/mz. "A pressure

- regulating value was used to give the constant pressure. A

"liquid trap and a filter was also used in fhe air supply

systen.

The air supply was metered by means of an 'Air Rotametel'
manufactured and calibrated by G. A, Pidton Ltd., of, range -

0-50 x 107° w®/min. (0-50 11tres/m3n) at N.T.P.

Water Supply

Water was supplied through the mains for circulation in
the gas cooler which was inserted in the test gas line of

the INFRALYT GAS ANALYSER (Appendix 4).

Temperature Measurements

Temperature of combustion gases was measured by means of

Ni Cr/Ni Al thermocouplés placed every 1 f%. (304.8mm) along
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5.4

5.5

the chamber. They were connected through compersating leads
to a six point switch and a 'Cembridge' temperature indicator

of 0-1200°C range.

The investigation was concerned with comparative
temperatures only, the accuracy of thermocouples was therefore

considered acceptable.

External heating of Ccmbustion Chamber

In order to raise the temperature of the combustion gases
to 950-1000°C through the whole length, it was found necessary

to externally heat near the exit of the tube. A 3 kw electric . -

- heating element was used and was controlléd byimeans of -a

variable voly/}egulator.

Gas Sampling Apparatus

CO and CO2 content‘of the flue gases weré'measured‘bj
means of infra-red absorption gas analyser and oxygeh content -
was measured by means of magnetic oxygeﬁ ;Lnalysérf Thése were
standard instruments‘suppiied by Elliot's Automation Ltd.
General principles of operation 6f these instrumenfs‘are’

given in Appendix 4.

- Measurement of SO2 and S0 were made by means of Goksyr’
3 .
.66 : : .
and Ross Method. A schematic arrangement of the sampling system
is given in Fig. 5.1, Gaseous combustion products were drawn ‘

through & quartz tube (3mm diameter bore, 3mm thick.and

140mm long). The tube had a 'quick-fit' ground glass connection
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at ohe end which was connected to the sulphur trioxide
collector. The tube waé externally heated by means of
'electrothermal' heating taps to maintain)the gas'sample at

a temperature not below 2500C, to prevent condensation of
sulphuric acid in the tube. The residence fime éf.combu°tion
gases in the probe was calculated to be of the order of O 02
seconds compared with the total realdence time of 0.6 seconds

in the combustioh chamber. A reasured vdlume of hot flue

gases was drawn through the glass coil and a Grade 4 glass

disc, both enclosed in a giass Jacket fillea.with water (SO3
colléctor), maintained at a temperature between 6OOC and 9000.1“
.‘(Plate 5.1.3). This temperature range‘which is below‘the aéid o
dew—pgint of‘the éases, ensured that allrsulphurié acid céndensed
on the wall of the coil. However the‘témperature %as high -
enough to prevent any condensation of water vapour. Any acidrg
particles left iﬁ the’gas stream were rgtained‘by the sintered
glass filter.r The acid was then washed out With*é mixture at

pH 4.6 of distilled water, 5% by volume of 1sopropanol (IPA)

and bromophenol blue indicator (2 drop° per SOcm uolutlon)

The washed solution was then titrated with N/50 sodium
‘hydroiide.solution. The exit gas from thé‘sulphuiAtrioxide‘(
collector was passed throﬁgh the 302 absorber‘— aqd bubbled
through 1OOcm3Aof 3% hydrogen Peroxide solutioﬁ. 1-2 drops

of bromophenol blue indicator was added to the solﬁtion and

the content was titrated with standard N/10 N, OE solution

ﬁntil the blue end-point was reachedi ‘SOE and SO3 contenﬁé

by volume of the flue gases were calculated by ﬁeans of tﬁe

following equation.
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so or S0 . ITxNz11.2 %105
2 et v :
p.p.m. by volume of dry gas
where T = titration value, cn®
N = normality of N OH solution
V = volume sampled,\cm3 of dr&‘flue gdé

corrected to 0°C and 760mm Hg.

An accuracy of + 2p.p.m. of SO was obtained when g%
3 .

Na OH solution was used for titration of Wéshed acidic

solution and the rate of flow of sampling gases was

5 x 1072 m3/min for a period of 20 minutes. This was as -

recommended by Goksyr and Ross.

Velocity Measurement

Since the quantity of fuellandfair\suppliéé for
combustion could be metered accurately; it Qas decided.to reiy
on the calculsted values of velocity; Effecf of temperature
of éases at each sampling port wefe taken'into acéount in the

calculation of velocity at that port. Samplé calculations -

‘are shown in Appendix 1.

Procedure during Run

The burner was allowed to run for a peribd of 1% hours
to warm up the apparatus before the actﬁal coﬁmencement of the
test. This helped to maintain the temperature constant

throughout the length of the tube. Fuel flow rate and air
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flow rate were then accurately set, and CO, CO and 0O
2 2

" concentratioa in the flue gases were measured. This was

repeated at intervals of 5 minutes until constant readings

_were obtained. The test was then started for the determination’

of SO and S0 at various ports.
2 3
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General view of the Arparatus
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Front view of the evaporating chamber.
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PIATE 5.1.3 General view of :-

a)
b)

c)

SO3 collector
Quartz sampling tube

Stainless steel sintered disc.
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CHAPTER 6

EXPERIMENTAL RESULTS

Vezsurenent of combustion conditions
tarough the length of the tube

Concentrations of CO, C0 and O in the combustion gases\

were measuredyat éllvsampling points to gonfirm tﬁét combustionA~x
was.completed well within the first saﬁplingvport.‘ Temperature
:easurementsAwefe also taken at each sémpling por ; Fuel and
air—floQ were kept conétant throughoﬁt the ruﬁ;\ Tﬁe 0pérating =

ontent
nditions are given in Table 6.2. It can be seen that CO2 did

[§]
[

not rise appreciably ahd it was confirmed that combustion was

'cczplefed almost immediately. Alsé, carEon monoxide could not . e

oz detected at any sampling port and a near constant value of

_ . T .
L,5% excess oxygen was observed. - .

-

Zzs Analysis at various air-fuel ratios

‘Cerbon dioxide and oxygen concentrations in the flue

0

zzses vwere measured at different air-fuel ratios. , Fuels used |
were Diesel o0il and Kerosine. The results are graphically

represented by Figs. 6.1 and 6.2. Gas sémpleé were taken at

0

distance' of approximately 1 metre from the centre'of the
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th

A1

offect of excess oxygen concentration in the
c

cmnoustion geses on the formation of SO
3

£ number of runs werc conducted and duplicated to find
the reliability of the apparatus under iﬁvestigation and to
co-relzte the findings of other workers. SO; measurements were
rade 2t different excess oxygen concentration in the flue gases
and the results are given in tabular form in Table 6.3 and
Table 6.4. They are also represented.graphically by Fig. 6.3,
It cén be seen that with no excess bxygen i.e; under
stoichiometric condition, SO3 formation reduced to zero. "With
the in?rease of excess oxygen in the éombustion systen, SO3
formation began to rise. The rate pf increase of SO3 with
increase in.excess oxygen concentration remained nearly
up to about 3.5% excess 0Xygen. Maximuﬁ 803 formation
was found at.around 4% éxcess Qxygenv concentration_in the
combustion gases. These results are in general agreemeht

with the findings of Glaubitz, Hedley and Laxton, described

in liverature suvrvey (Chapter 2).

Effect of ignition properties on

the formation of SO
3

Liquis hydrocarbbns of different ignition properties
were used to investigate any effect on the formation of SOS,
thé results were compared witﬁ those of Kerosine, all fuels
having same sﬁlphur conteht, and under identical combustién

ions. Hydrocarton chosen for the investigation were

cvclonexane, n-hexane, and n-Pentane, some of their properties



6.3

6.4

Effect of excess‘oxygen concentration in the

combustion gases on the formation of SO
g 3

A number of runs were conducted and duplicated to find

" the reliability of the apparatus under investigation and .to

co-relate the findings of other workers. SO measurements were
. . : : ) 3 .

‘rade ét different excess oxygen concentration'in the flue gases‘

- and the results are given in tabular form in Table 6‘3 and

.It can be seen that with no excess oxygen i.e. under B

stoichiometric condition SO formation»reduced to zero.x With'

the.increase of excess oxygen in the combustlon system, SO

’formatlon began to rise. The rateAOf increase of\SO with;:

-increase 1n excess oxygen concentratlon remalned nearly

~

' was found at” around 4% excess oxygen~,, concentration in the

combustion gases. These results are in general agreement

in llterature survey (Chapter 2)

" Effect of ignition properties on
"+ the formation of SO

3

Liduid hydrocafbonsiof differen% iéni%ionipronerfies
were used to.inves tlgate any effect on the formatlon of SO
the results were compared with those of Kerosine, ali’fuels
navingysame,sulphufﬁcontent, and'dnder idenfical conbustion
conddtdonsﬂ Hydrocarkon chosen‘for/the investigation)nere |

cyclohexane, n-hexane, and n-Pentane, some of their properties
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'constant up. to abouu 3. Sﬁ excess’ oxygen. Max1mum 30 formatlon fi
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are given in Table 6.1. SOé ccncentration in phe‘compusfion
‘gases was determined at various excess oxygen concentrations
in the flue gases. The fesults ere/represented graphically

in Fig. 6.4. Tables 6.5, 6.6 and'6.7 aleo show these results..
Fig; 6.4 aleo'contain graph of SO3 concenfratien Ve
oxygen‘concentration for Kerosine dcped with sulphur. The
effect of use of n-Pentane as an additive.was(alsc innestigated
altnough_the results ere nof ccnclusive. Tabie é.é snows the
resultsnwith the use of 1% n-Pentane in Kefosine doped with
carbondisulphide.. Effecf of aniline as:an‘additiveAwaslalso
‘investigated and results are tabnlatedtinaTnble 6.§ which

,1snows a small reduction of'SO3 formation.

6.5 n‘, Effect ofpresidence time on -
~ the formation of SO
3 ¢

;6.5.1 Introduction.

¥

The experlmental programme conelsted of flve serles'oi
‘.tests, namely A, B, C D and B, whlch represent the different:
Erates of fuel combustlon from 2.3 cu /mln to 6 O cm./mln.

O concentrapion was'kept constant by keeping the air-fuel f

ratlo‘congtant thnoughout the series of experlments. It nas

found necessary to externally heat.the exit of the combustlon-”
| tube for the series E (Fuel flow rate — 6 cm /mln) ‘of the
"experlment to keep the temperature along the tube constant.

Temperature measurerents were made at each sampling port, at

the centre of the tube for each run of tests to determine
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6.5.2

6.5.5

emperature history of the gases (Fig. 6.5). 1In order to
ind variation of temperature across the section of the tube,

measurement of temperatures were made at distances of Smm,

10rm and 25mm from the wall of the tube. Measurements were

made at three different ports. The results are graghically

represented in Fig. 6.6.

Experimental runs A, B, C and D.

Tables 6.12 to 6.15 show the experimental data and
analysis of combustion gases for sulphur dioiide and sulphur
trioxide at different ﬁorts of the combustioﬁ tubé. The
duration of a complete run lasted several.ﬁays and tests ﬁere‘

repeated for reliability.

The aim of these experiments was to study the effect of

residence time of combustion gases on the formation and decay

o S50 .
. 3

Ges temperatures shown in the tables was the average gas
P £e g

tempefature through the length of the combustion tube.

Experimental results of A and B are shoun gfaphically
in Pig. 6.7, that of runs C and D are showu in Pig. 6.9, where

S0 1s plotted against the residence time.
3

Ezperimental Run E,

This series of experiments was similar to the previous

runs, except that higher gas temperature was obtained by means
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of higher fuel rate of burning and external heéting near the

end of the combustion tube in order to‘keep constant témperafure
throughout the length of the tube. The éxéess air:was kept ‘
constant by keeping O2 concentration in thé flue.g;ses at

4.5% (vol). There was also no change in.sﬁlphuf content-of

Kerosine used, which remained at 3.4% (wt) by addition of cs._.

The results of these experiments are shown in Fig. 6.12. =~
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TABLE 6.1.

Properties of some liquid hydrocarbeons

sSp. 3.P.
Name . Formula Mol. wt. gravigy Renge
: ' at 15°C (95%)
Kerosine - - 0.79 160-2¢0 224
Cyclohexane | CH (CH ) CH | - 84.16 0.776 80— &2 27t
2 2 4 2
n-hexane | CE (CH ) CH 86.18 0.670 67— 70 2t8
3 2 4 3
n-Pentane - | CE (CH ) CE 72,15 0.625 35~ 37 2gs
3 2 3 3 R
TABIE 6.2
Gas analysis results for a test run
) Distance . .
Sampling from Co, co C,
Run No. burner o -
701 : (e
Port plate % (vol.) A (.o_.) o {vcl
ft
-1 1 1 11.2 il 4,3
2 T2 2 11.3 Kil £,3
3 3 3 1.2 Nil 4,5
4 4 4 1.4 Nil L.t
5 5 5 11.3 Wil 4.3
6 6 6 11,2 Nil .3
Fuel: Kerosine + 3.4% S(wt).

Fuel Flow Rate =
Air Flow Rate =

6 cc/min.

55 1it/min.
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Tuct:

Diwocl il + 5.4% SGatl)

T'uel Mow Ruto:

Temp. of gus near sampling point:

PALLE 6.5

255 c<‘:/m,i,n .

380°C - 410°¢C

Run Air flow Air/Fuel Gaseous Combustion products

No. - Batg Mags - S0z S0a

1it/min Ratio co 02 Oz

1 29.0 17,8 Nil,; 11,9 4,1 1610 40

> 25.0 - 1541 Wil 13.9 1.2 1723 12

3 27.0 16.3 Nil 12,7 2.6 1480 22

4 27.0 16.3 Nil 12,9 2.6 - 2%

5 23.0 13.9 0.5 15.3 0.0 -

6 24.6 14.8 . Nil 14,2 0.7 1900 10

7 24.6 4.8 Ni1 4.5 0.7 | 1980

8 32,8 19.8 Nil 1L 5.5 1970 39
9 25,2 15,2 Nil 13,8 1.3 - 8
10 26.7 . 16.1 Nil, 13,2 2.7 1790 %0
1" - 26.8 16.15 il 13,0 2.8 o 33
12 37.2 22,4 - Nil 9.5 7.7 1852 18
13 37,1 22,35 Nil 9.5 7.7 1670 25.5
14 350 21.1 Nil 9.8 7.0 1610 16
5 26.8 16.15 il 13,4 2.5 1900 - 22
16 . 26.8 16,15. Nil 13.4 - 2.5 1630 23
17 | 34.0 20,5 il 9.8 6.5 1852 27
18 26.2 15,75 Nil 13.8 2.0 1700 . 20




Tuel:

Keroaine +

Fuel low Rale:

Temp. ol ¢nuoes noar suclion point:

TABLE 6.4

5. 4% S(wt.)

2455 (,:(:/m.i_n.

360°C - 450°C

s Adr ?low Air/Fuel Guieous c&m&giiign producta 50, o
No Rate M 7 " N
: 1it/min Ratio o co 0 Pepeiis Pedete
1 24.8 16,1 0.0 13.8 0.15 - 1.3
2 25.4 16,5 Nil 13,2 0.8 1752 4.5
3 26.2 17,05 Nil 12.9 1.3 1648 12,0
4 26.5 17,2 Nil. 12,9 1,6 - 17.5
5 27.3 17.5 Nil 12,7 2.4 - 25
6 27.8 18,1 Nil 12.6 2.6 1615 26.5
7 . 29.0 18,9 Nil 11.9 3.4 1840 39
8 33.8 22,0 il 9.9 5.8 1583 34
9 36,2 $23.5 Nil 1 9.5 6.8 1689 29 .
10 23.0 14.9 0.3 15,0 - 0.0 1731
11 23.0 14,9 0.5 14,9 <§§§g:3 -
12 25,0 16,2 Nil 13,8 | Eﬁ@\\; 1656 ;
13 30,1 19.6 Nil 1.6 T2 1725 43
14 30.0 19.45 Nil 1.7 3.75 - 44
15 27.4 17.8 il 12.8 2.4 1670 27.5
16 34,0 22,1 Nil' 10.0 6.0 1590 3345




Fuel:

Fuel Flow Rate:

Temp. near suction

TAPLE 6.5

Cvclohexane + 3.4% S(wt.) .

2.5 cc/min.

= 40c°%

Excess oxygen 503
Runs (% vol.) P.p.M.
1 505 . 2608
2 4.5 39
3 3.4 30
4 2.9 .23
TABLE 6.6
Fvel: n-hexane + 3.4% S(wt.)
Fuel Flow Rate: 2.5 cc/min.
Temp. of gases near suction: 440°C
o Excess oxygen S03
Runs (% (vol.) . P.p..
1 4.5 22.8
2 3.0 13.5
3 1.2 0.6
4 2.0 5.0
5 4.5 .23
6 7.0 14°
T 5.5 2
8 3.4 20
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Fuel: .
Fuel Flow Rate:

- Temp. of gases ncar suction:

TARLE 6.7

n-Pentane + 3.4% S(w

2.5 cc/min.

£00-450°C

Excess ozxygen

© Runs % vol. : SO3 D.D.
1 4.3 33
2 3.9 29
3 5.0 29
4 4.8 30
5 4.0 31
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TARLE 6.8

Fuel: Kerosine + 3.4% S(wt.) + 1% n-Pentane (vol.)

Fuel Flow Rate:

2.5 cc/min.

Temperature o gases near suction: 4CO°C':
S0 p.r.m.
- zcess Oxygen 3
Ran (% vol.) 803 p-p.m. (Untreated)
from graph
1 4,25 42 .44.8
2 4.5 a4 44.5
 TABLE 6.9
Fuel: Kerosine + 3.4% S(wt.) + 1% aniline
Fuel Flow Rate: 2.5.qc/min.
. Temperature of gases near suction: 4OOOC
S0 p.p.m.
. Excess Oxygen ) a
Run . (% vol.) S0 p.p.m. (Untreated)
from graph
1 T 4.4 35.7 - 45.0
2 4‘05 ’ 40 N 44-5 )
3 2.5 10 25.0




TARLE 6,10

Combustion Products Analysis

Run B
Bxpt.No Ports COz ce Cz
1 1 1.5 0.02 4.5
2 2 11.5 - Nil 4.5
3 3 1.5 Nil 4.3
4 4 1.5 " Nil 4.5
5 5 11.8 Nil 4.4
6 6 1.4 Nil 4.4
TABLE 6.11 .

Gas temperature measurement along the length of

the tube for Runs A, B, C, D and E

Gas temperature °c

Run

Port 1 Port 2 Port 3 Port 4 Port 5 Pcrt 6
A 725 - 645 590 580 574 553

B T4G 658 610 604 600 580

c 765 680 600 590 - 600 600
D 778 700 620 600 590 580
E 1080 950 1000 1040 970 860
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Run A ' .

Tuel: Kerosine + %.4% S{wt,)

Fuel Flow Rate: 2.% cc/min.

Air Fuel Ratio: 18.4

Av. Gas Temp. up to 1Tt. length; - 800°C; Rest - 600°C.
Velocity V = 8.%81t/sec; v = 5.98ft/sec.

Gzs analysis: 'CO - NIL; CO, - 11.5%; O - 4.5%

Run No. ' Sampling Port
1 2 3 4 5 6
A 76 102 89 65
SO p.p.m. B 105 92 ] 68
3 . . ) ‘ .
: ' C 80 C - 94 1
S0 pepem. A 1620 " 1661 1683 1650
2 ‘ C 1680 o 1603 1700
% conversion of SO_ to SO .- A 4.49 | s5.78 5.00 3,78
~ 3 N :
C . 4054 - N - 5:54’ 4-00
Residence time secs. S 119 334 - .502 .668 836 1.00




_Lg._

COPABLE 6.1%

Run B

Fuel: Kerosine + 3.4% S(wt,)

"uel IFlow Rate: 2.5 cc/min.

Air FPuel Ratio: 186.4

Av. Cus Temp. 1£t. from flame 800°C ; Rest - 600°C
Gau anulysis: G0 - NIL ;3 €0 - 11.5% ; O2 - 4.5%

Run No. Sampling Ports
F 1 2 3 5 6
A 4 80 74
S0_ p.p.m. B 110 94 60
C 2 96
SO2 Pep.m. : A 1743 C o 1641
B 1684 . 1693 1703
% cxidation of SO - ‘ . o
. 2 B 6.14 3.4
Residence Time sec. 0.045 0.11 0.31 0.465 0.77 0.93

F = approximately 1" from flame front.




TABLE 6.14

Run C

Fuel: Kerosine + 3.4% S(wt,)

_Fuel Flow Rate: 2.8 cc/min.

Air Fuel Ratio: 18.4 (mass)

Av. gas Temp. up to 1ft. length: 850°¢C ; Rest - 600°C
Gas analysis: . CO - NIL ; COz - 11.5% ; 02-— 4.5%

Run No. " Sawpling Ports }
- 2 3 4 5 6
A 72 106 99
50 p.p.m. ‘ ' ' B 80 110 103 ‘ 89
‘ c 76 108 96 S 70 .65
A 1830 1800 1792 L 1722
SO p.p.m. , " , ‘ _
2 B 1810 1685 1728 : 16473 1683
) - , A 3,76 5.56 5.19 . 4.9
% oxidation of SO to SO ‘ . ‘ :
’ 2 3. B 4024 6.14 5.61 _— 4.1 ° ’ 3072
Residence time, secs.: - 0.1 = 0.28 0.42 - ; 0.7 0;84




TABIE 6.15

Run D . )
Fuel: Kerosine + 3.4% S(wt.)
Fuel Flow Rate: 3.5 cc/min.

Air Fuel Ratio: 18.4
“Av. gas temp. up to 1Tt. length: 850°%C ; Rest - 600°C
Ges analysis: CC - NIL ; co_ - 11.5% ; 0 - 4.5%

~ .

_68 -

Run No. : Sampling Ports
1 2 3 4 -5 6 F
A 108 106 | 60
S0 p.p.m. B - 72 {05 | ) | o B T . 33
| C 61 110 o |
A . . 1683 : : o 1707
sb2 p.p.m. o B - | 1631 1605 | . o
' c | 1781
A 3.6 6.15 - oo ] 3.
% oxidation—of SOé‘ B. o 5.9 “
o 5.84
Residence time, secs. ' 077 .218 .326 435 .54 .54 0.033
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CHAPTER 7

DISCUSSION AND INTERPREZTATION OF RESULTS

Introduction

m
N’

b)

The experiments described in the previous Chapter can

ve divided into three main classes.

Effect of oxygen content in the combustion gases on the
formation of SO% was determined and the value of oxygenA

concentration for optimum SO3 formation was obtained.

Fuels with different ignition propérties were burnt énd‘

SO3 concentration in the combustion gases were determined
at various oxygen content of&the fiue gases (Qarying air—-
fuel ratie). Thus effect of ignition properties on:the

formation of SC  was delermined., -

o

In the third series of experiments, the measurement of
303 was made at different sampling ports for a specific
fuel. The rate of fuel flow, and the excess air was

kept cbnstant.

Hence, the effect of residence time of combustion gases'

on the formation of SO3 was determined;
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The reduction of excess oxygen concentratioﬁ in the flue
gases towards zero; causes a réduction4of SO3 concentration>t§
zero. This has been reported b& a rumber of workers and it is
generally reasdnable t& assume that under fuel rich cén&itié?s;;e
in the absence of excess oxygen, cafbonmonoxide reaction wifﬁ‘
oxygen will take preference over 302 reaction with oxygen.12
The work of Rosborough indicated>that there is an oxygen
concentration between 3% to 6% at which SO3 level Would be
maxirum, In the present series of éxperiments, this value
appezars to be 4.5%. It can be coﬂéiuded that coﬁditions most
favourable for the ?roduction of SO3 is when combustion»takes.
place when oxygen concentration in the flue gases is ar&und

4.5% and all of the excess air has been added prior to -

combustion.

7.2.2 Effect of ignition properties on the formation of 803

Processes involved in the oxidation of even‘the simplest
hydrocarbon, i.e. methane has not been fully undefstood.gg
In the pre-mixed, high temperature (flame) combustién éf
hydrocarbons, the mechanism of combustion differs‘markedly
from that responsible for low température slow‘oxidation,
the nmajority of enthaipy of reaction is—released rapidly in a
narrow reaction_zone leadiﬁg fo the‘production of‘high
temperatures., It is evident that the‘problem of finding;exact’

mechenism of combustion of hydrocarbon is extremely difficult.
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The complex nature of the intermediate reactions during the
short region of 'reaction zone' deters any‘absolufe assessnment
of the mechanism of formation of SO3 in flames. However in —

direct methods of assessment can be employed.

In oréer to understand the phenomena better, three zones,
, j

a pre-heat, a true reaction and a reco%binatioP zone - may beA
distinguished in the étructpre of a pre—ﬁixed flame®® (Appendix
Fig. A—l.) With the majority of hydroéérbons, in the pre-heat
zone, degfadation occurs and the’fuel fragments leaving thié (
zone will comprise mainly lower hydrocérbons, olefins and
hydrogen. In the reaction zoné proéer, éwing to the short
time avaiiable, the radical concentratibn will stillfbé very
. high and oxidation will proceed mainly to carbon monoxide
rather than carbon dioxide, and tﬂis zéné’will téfminate in a
quasi-equilibrium state. In the post-flame or the recombiﬁation
zone, carbon monoxide ﬁill oxidise to earbon diéiide deféndjng:
on the fuel—oiygen ratio. Cﬁncentratién of radiééls and atoﬁs
iﬁ the more extended post-flame region %ﬂere recombinations are

still taking place is therefore a determining factor in the

final concentration of stable spicies

Considering these
assumptiéns, it is possible that‘hydrocarbons which ténd to
initiate eérly reactions bring fﬁrward-the recombination region
.of the fléme and thus allow greater timé‘fér CO to - compete with

SOzﬂfor reacting with available atomic oxygen.

It is also known that standard fuel energy change for the
carbon monoxide oxidation is much greater than that for sulphur

dioxide oxidation. Therefore it would be expected that former
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_reaction would take preference over the latter, and under the-

circumstances oxidation of SO2 will be reduced.

Four hydrocarbons with differept ignition properties
were used in the experimental programme. It waé foundzthat
although the production of SO3 reached igs maximum value at
around 4,5% excess oxygen in all four casé§, the actual values
of Sq3 however, differed appreciably from’éach other. It may
be noted that sulphur content in the fuél‘was the same in all
the four cases. Therefore it appears rgaéonéble to éssume that L
ignition properties have an effect én‘the formation of SOa.
it was decided to find the respective ignition delay times of

the fuels used in the present series of experiments to find

 evidence in support of the above argument.

T7.2.3 Effect of residence time on the formation of SO%

It is evident from the experiﬁental'reéults that the
degree of oxidation of 802 in flames is dependent upon_%he
residence time of combustion gases, other variables like nature
of the fuel, its sulphur content and excess éir remainipg
constant. It was also found that flame éases contained 303
very much in excess of the equilibrium concentrationAand

. . . : ) ' . 8,12,
therefore a mechanism involving oxygen atoms seems likely. ?’

T.2.4 Kinetic consideration of mechanism of formation of SQB in flames

Let us first consider the oxidation of carbon monoxide which
is of major importance since carbon monoxide is one of the major

products of the partial oxidation of hydrocarbdns and their
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derivatives. During the initial stage in the oxidation of
orgapric compounds, carbon monoxide is formed which is then

further oxidised to carbon dioxide depending upon the avail-

ability of oxygen. The exact mechanism, however, by which
CO is oxidised to COz has been the subject of controversy for

70,71, 72, :
o7 It was suggested

many years and is still in dispute.
by Lewis and Von Elbe that chain branching under some conditions

~was due to the reactions -
0O+0, +M. . O +M (1)
CO+0, — CO +20 - (2)

But there were strong objections to this view particularly due to
the inability to detect ozomne by ultraviolet absorption during

' . i 73 ' 74
the explsion of a 2C0 + 02 mixture. . The theory of S€menov

was however,. thought to. be more likely explanation. He suggested

the reactions:
CO+ 0 —s CO* - (3)

CO* +0, _——p CO +20 o (4)

are responsible for branching. This view was criticized byA‘
Lewis and Von Elbe on the grounds that excited CO2 molecules
dissociate too rapidly to be able to act as chain carriers.
ther evidence = indicated that at least somé(molecules formed
in the reaction (3) would have sufficientiy 1oﬁg time to téke
part in the reaction (4). The results of Avramenko and |
Kolesnikova = suggested strongly that the rate determining

step in the formation of carbon dioxide was the bimolecular
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association of CO and 0, with an activation energy of 3Kcal/mole.
On examination of these mechanisms, it is clear that each %time
a single CO molecule burns, a surplus oxygen atom is released

into the system.

‘The principal source of oxygeh atom for SO2 oxidation is .
therefore either from thermal decomposifion of excess oxygen.
. i L -
0, + 117 K cal g mol.,  — . O+ O
or the dissociation of excess oxygen molecules by collision with

excited COz* molecules which has been suggested to exist in

flames as discussed earlier.

The presence ﬁf a thira body M is knéwﬁ tofbe hecessary
for the combination of two colliding éxygen atoms to férm 02
molecule.”® - On the other hand, the presence of this third
body is not-neéessarily imperative when an oxygeﬁ atom and a
SO2 molecule collide to form a SO3 moiecule 70. The excess
energy is absorbed by the extra bonds in’the molecﬁle which

would then lose energy by radiation or by later molecular

collisions., The process can be represente@ as’—lz
80, +0 —s SO* - - (5)
50,* —» SO + Y ‘ (6)
SO* + N —u 8034"+‘M" NG

This activated molecule will subsequently collide with élthird

body (e.g. (HQO) to give normal 803.
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The mechanism proposed by Levy and Merrymaneo of the
formation of SO3 in st flames also involved O-atom chrzin

operating in the following manner:

P | - ‘sd'; 0, T—= SO, +0 ’ (8)
O+HS —= OH+SH | (2)

O+ HS —= HO+SH - (10)

50, + 0 = S50, ' (11)

Gaydon.v8 agreed with the view that the amount of SO

il

formed would depend on the composition of the flame geses as

well as upon concentration of atomic oxygen. -

O
ot
vy
<
)]

The mést'likely overall process of formation of SO
appears tb be that proposed by Hedleylz. Oxygen ators ere
‘reacting wi%h the most easily oxidisable substaﬁce aveileble
_which happens to be SOZ., This results in the formation of
éxcited sulphur trioxide which subsequently collides with a
thirdlﬁody to éive normal SOa. This transient quantity of SOe

- is conéiderably in excess of the equilibrium concentrztion,

and therefore begins to dissociate. The dissociation contirues

until the theoritical concentration is reached which will be

[¢]

governed by the gas temperature. It would appear that if th

Hy

5]

gases are kept at a high temperature to allow longer time fo

the SO:3 to be dissociated, then the 803 concentraetion will bs

loﬁ. Experimental results cénfirm this hypothesis.,
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The theory can be represented as:
Kﬁ | Kﬁ .

S0, +0 —» SO, —s 50, + %0 (12)
whére K1 and K2 are two specific rate constants (#nits of .-
K = sec_r). If we assume that the concentrations of atomic‘_
oxygen and sulphur trioxide are smali campared ﬁith that of
sulphur dioxide, we can také the kinetics of the primary
process producing SQS as those 9f first ordef reaction. On
similar grounds, the dissociation of Sqa can alsé be taken és‘
first order reéction. Thus we have two consecutive first ordér"

"~ reactions with the rates dependent solel& on (O),and (803)

respectively. This case has been treated by Harcourt and

79
Essen ~.

The situation can be represented as

Kl K,
A —> B _S ¢

Let [A]o = initial concentration of A
[{B]- = concentration of S0, after time
[C] = concentration of reaction products after time %

The rate of disappearance of A is given by

‘ a [Al | :
- S = K [A],z R '(1}3)

wnich integrated to

K t - o
(4] = @l e * (14)

The rate of formation of C is given by

- W (15)



while the net rate of production of B, which is the rate of its
formetion from A minus thet of its reaction to give C, is

Q——E]— = 14l '-‘Kz (5 | © . (16)

Introduction of equation (14) into equation (16) gives’

dat

Kt j I
alsl _ K1 [A]oe ook [B]}:’ - (17)
{ A o

which contains only the variables B and t. It integrates to

1 Kt o Kt . ‘ : :
(3] = [Al ) 7 (e ® -e 7)) - (18)

substituting [S0] for [B] , and let a is the initial
3 .

concentration of “atomic oxygen, we get

: K ' \
[SO_Z = & TR (e'1 - e =) . C (19)
<2 1 : ¥ : :
The quantities known from the éxperimental_resulﬁs»whiéh
can be substituted in equation (19) are the _SO3 concentratiéns
at various time t alorg the length of the'cémbustion chamber.'

The data obviously is not enough for the direct solution of

the equztion.

~

However, mathematical method of separation of exponentials
derived by Lonzos was used for the determination of X , X and
: 1 2

a. A detailed solution is given in Appendix 6 .
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The values obtained for a, ky, and ké from the experimental

results are given below:

FIG. 6 1 : »
k, = 11.8 Sec’ -k, = 1.24 Sec
a =118 p.p.m. )
FIG.6.9 \ ,
k; =11.52 Sec”| k, = 1.5 Sec™|
a =120 p.p.m.
FIG.6.11
‘ . ‘ -1
k, = 10.53% Sec . k2 = 1.4 Sec

1
: a =128 p.p.m.

Aﬁ examination of these valués show that the rate
‘ ,of formation.of ~303x is—épproximately éight times the rate

of its dissociation.
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CEAPTER 8

CALCULATIONS OF THE THEORETICAL PERCENTAGE
OXIDATION OF SO? TO SO UNDER o

> P&
EQUILIBRIUM CONDITIONS

Consider the formation of sulphur trioxide by reaction of

sulphur dioxide and molecular oxygen represented by the equation

SO ++0 == S0 +22.6K cal/g.mol (AH) .
2 2 3 o .

Tnis reaction has been extensively studied‘and Reference (80) gives
iwe ejuztions taken from Bodenstein and Pohl*® and Kapustinsky and
Samovskyal.' They have related the thermodynamic equilibrium constant
. Kz with absolute temperature.

{Reference 19) log Kp’: 1??'5(+ 0.611 log T - 6.7497 L. (1)

5005

(Reference 81) log K = T 4.74% ! : E ) .. (2)
p SO - : ’ ’
where K = 3 - \ ) e (3)
1% % - N R
SO0 x 0
iY 5 p
T = %
and p = atwms.
Macfarlane®® states that there‘is littlé to choose between

znese two sets of sources for obfaining the value of Kp as the difference
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2

From souation (3), we have

. p SO
1 3 . .
K .p0? = ... (4)
. F 2 p SO .
T2
p.S0 : -
Here the cuotient ® is independent of the units of measure
p SO
2

since they czncel from both the numerator and denomenator. Therefore -

the units might equally be parts per million instead of partial

)

pressure. Tre object first is to relate the eguilibrium conversion
of SO %o SO with the availébility'of oxygen and the thermodynamic
2 3 : ,

equilibriur constant Kp' ; Multiplying l.h.s. of equation (4) by

p SO + p SO0 )
2 ® , we have

" pSO +pSO -7 | o~
: ~2 "3 ‘ .
, , pSO +pSO p SO e
7 . po 2 2 3 = 3 - - ' ee e (5)
1Y 2
p SO + p S0 p SO
2 - 3

or

. pSO + pSO
. 1 3

p SO

3 B e (e)
p SO + p SO |
2 3

;
I

Dividing both nomenator and denominator of l.h.s. of equation .

(6) by p SO , we get
2

1
X p0?

¢ p SO
IS 2 3
p SO - -ee (1)
- 3 p SO + p SO .
1+ 2 s
e 30 ;
2



-

Suvbstituting the value of p S0 from equation (4) to equation (1),
3 : \

we get p S0
2
1
p SO - K xp0?
3 _ Y 2 o
- T_ . R (,v‘-oo (E‘)
pSO +pSO 1 +K po? .
2 3 Y 2
S0 K
P s D | o '
= 1 - e (9)
S0 + p S0 ‘ :
p 2 p 3 K +—_I
Y p02
2

the expression arrived at relates the conversion of SO +to SO with
2 ©o3

the equilibrium constant and the partial pressures. We now calculzte

quantitively the ?ariation of the per cent conversion with partial

pressures of oxygen and temperature.

- Let us consider the composition of the fuel by wt. as ¢ ¢

Carbon 83.5% wt.
Hydrogen 1%3.1% wt.
Sulphur 3.4% wt.
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Basic 1g. of fuel :-

ot | e | 5| P | peoauots | prssere/
g fuel
c 0.835 .0694‘ .0694 , cog" 1 .0694
H 0.131 - -0655 | L0327 HO .0555

s | 0,034 | .00106 .00106 | s0_-  .00.106‘
Total ' ‘ 10316 “ .135§6

Therefore, one 1g. of the fuel would require .10316 g.mol. of O .

2
Composition of dry air (at sea level®#)
oxygen ) N 20.99 per cent vol.
carbon dioxide cens 0.03 per cent vol.
nitrogen . oo 78.98 per cent vol.
Hence, g mol. atmospheric nitrogen/g fuel
= o0.10%16 x 098
20.99
= 0.388
Therefore, stoichiometric air = .10316 + .388 = .49116 g.mol/g.fuel
Also, wt. of O required/g. fuel = 0.10316 x 32 )
2 ) :
= 3.3 ¢ J
100
wt. of air required/g fuel = 3.3 x = 14.3 g.

23.1
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AT £7sicniczedric conditions, -

Cuzntity of combustion products formed by combustion
¢ tz. of fuel:
Tz. of fuel on combustion produced .0694 g mols of CO

2

zlsc Tg. of fuel on combustion produced .0655 g mols of H O
. 2

m

g. of fuel on combustion produced .00106 g mols of SO
2

-Therefore, the total combustion products formed, including

niitrogen was,

.388 + ,0694 + ,0655 + .,00106

0.52396 g mols/g fuel.
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1

lxcess lixcess Mols excess Mols excess Mols total p O 07
0 Air Air/ 0 / ' products ) 2 P 2
2 % wit fuel 2 ‘ atmos. atmos
% wt. o wt, g fu g fuel atmos.
g fuel
0.11 0.476 0.00234 0.000531 0.52630 0.001029 0.0322
1.1 4,76 0.02%4 0.00531 0.547%36 0.01029 0.1028
2.2 9.52 0.0468 0.01062 0.53488 0.02058 0.1415
5.3 14,28 0.0702 10.01593 . 0.5%989 0.07087 0.1750
4.4 19,04 0.0936 0.02024 0.54420 ° 0.04116 0.202
5.5 23.80 0.1170 0.02655 0.55051 0.05145 0.227
6.6 28.56 0.1404 0.0%186 0.55582 0.06174 0.248
8.8 38.08 0.1872 0.4148 0.56544 0,08232 0.287




" TAPLE 8.2

A

Frox zzuztion (2 ), log Kp = E%Qi - 4.74
log K .
Terp. °K ' 2005 P .
° T =8B _ 4 Ky
- 700 : 7.15 : 2.41 257.0
8C0 6.26 1.52 33,11
900 5.56 . 0.82 6.61
1000 501 - 0.27 1.86
1100 4.56 7.82 10.661
1200 4.17 T3 | 0.269
1300 3.85 T 0.129
1400 3.58 2.84 0.0692
15C0 ‘f' ' 3.34 2.60 0.0598
1600 "3.13 2.39 " 0.0246

- 118 -




-6l -

TABLE 8,3

K po? = P50
P2 TEos
Temp. °K % wt. excess oxygen
0.11 11 2.2 3.3 4.4 5.5 6.6 8.8
700 8.28 26,5 36.5 45.0 52,0 56.4 63.8 73.9
800 1,065 3.405 4,69 5.8 6.7 7.51 8.21 9.5
900 0.213 0.679 0.937 1.16 1,335 1.50 1.64 1.9
1000 0.0E58 0,191 0.263 0.326 0.379 0.422 0.461 0.534
100 0.0213 0.068 0.0935 0.1160 0.135 0.150 0.164 0.190
1200 L0086 | 0.0277 | .03 0.0471 0.0555 | 0.0611 | 0.0667 | 0.0774
1300 00415 | 0.0132 0.0183 | 0.0226 0.0265 | 0.0295 | 0.0320 | 0.0570
1400 00223 007! 0.00980 0,012t 0.0141 | o0.157 L0172 0.0199
1500 .00128 00409 | 0.00563 | 0.0c605| 0.0081 | 0.00904 .00987 | 0.0114
1600 000792 | .00253 | 0.00%48 0.0043 0.00502 | 0.00559 0061 .00706
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TABLE 8.4

T

‘Kp'po;l]mo - P o ']x1oo
1 +XK . p05° p SOp + p SOg ‘
Temp. °K P
. % BExcess oxygen

0.11 1.1 2.2 3.3 4.4 5.5 6.6 8.8
700 89.5 96.1 97.4 $97.9 98.4 98.4 98.4 98.6
800 51.4 77.4 82.5 85.3 87.0 88.2 89.4 90.5
900 17.6 40.4 | >48.5 53.7 5742 60.0 62.0 65.4
1000 5,29 16.0 20.8 24.5 - 27.5 29.6 31.5° 34.7
1100 2.08 6.38 | 8.54 10,5 11.9 13.0 14,1 16.0
1200 0.866 2.70 3.68 4.5 5.2 5.75 6.25 7.2
1300 0.415. 1,30 1.80 2,20 2,56 2.85 3.10 3,58
1400 0.223 0.7 0.98 1,20 1,40 - 1.55 .69 1.95
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CEAPTER 9 .

ZXPZRIMZITS ON IGNITION DELAY MEASUREMENTS
S.1 INTRODUCTICN

AThis‘éhapter deals with fhe study of ignifion delay time
of the differeﬁt fuelé used in the previoﬁs experiments. - The
ignition delay time or.simply the Ignition.Delay is termed
zs the time lzpse between the introduction of a fﬁel'droplet

into 2 heated atmosphere and its eventual ignition.-

The need for the measurement of ignition delayslof
individual liquid fuels has been discussed earlier.
Technigues ﬁsed for the measurement 5f'igniti6n deiay was

" similer in principle £o that used b& Satéunanathan and Zaézek?v‘

5.2 Description ¢of Apparatus
The general arrangement of the apparatus and assaociated
egquipments are shown in Plate 9.1.

9.2.1 Electric furnace and heated surface

The apparatus used in the investigation 'is shown in

bxf

ig. 9.1. The electric furnace consisted of a vertically
d

Id‘

laced stainless steel cylindrical tube closed at the bottom

£

Y]

n

neated by means of an insuleted electrical heating coil.

-3

O]

cylinder was then placed in a cubical asbestos chamber

£illed with asbestos wool. This was done to protect



associated equipment from heat of the furnace. Temperature
of the furnace was controlled through a volfage regulatér.
The flat machined surface of the b&ttom of the chamber actedt
as a 'heated surface' on which fuel droplets undef test were '
allowed to fall. A cover 50mm diameter, maphined from étain—
less steel fitted over the tof of tﬁe.cylinder and was:'
securely fixed by means of a screw.4 The enclosed cylinder
served as an 'ignition space'. A stainless sfeei tﬁbe was

. fitted to_ the cover. Tﬁe top énd of the tube was comnected
through a stop valve to compréssed air supply for puréing

‘ éombustionfproducts after ignition. Three more holés were
’drilled.in the top covér, a central one 5mm in diameter for .
the introductioﬁ of fuel dréplgts,,a second one 3mm diameter
and -10mn from the centre for the introductioﬁ of thermob&uple
and one 5mm aiameter and Jomﬁ from the centre on thekqthér j.

side for the detection of explosion.

9.2.2 ' Fuel Container and Droplet fofmation‘

Fuel container consisted of a 50 cm® graduéted bufétte
as.shown in Fig. 9.1 an& the arraﬁéemént is élso shown in
-Plate 9.1. The end of the burette was sgfrounded Bycé cooling:
'chamber with inlet and outlet Qpepingé for allowing cboling
water to flow through the chamber tb méiﬁtéin“a constantl
temperature of the fuel. The tempergture of the fuel at fhé.
tip of the burette would rise due to its 'proicimi'ty with the
furnace. It was foﬁnd that consisfent results was achieyed. .

when droplets collected near the end of the burette were
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discarded and fourth or fifth droplet was used for test; The

wt. of a single drcplet was determined by collecting a known
number of droplets and then weighing them on a torsion balance.
The fuel height in the burette was kept constant by filling

in more fuel under test after every successive experiment.

Temperature Measurement

The temperature of the surface of the bottom of the

chamber was measured by means of Ni Cr/Ni Al thermocouple‘attéchedk

to -an electronic thermometer supplied by COMARK of Type 1602 and . .

of range - 120°C to- 1100°C in 12 steps of 100°C. The thermo-
couple was so placed as to make contact with the bottom surface

of the cylindrical chamber,

Ignition Delay Measurement

The ignition delay i.e. the time lapse between the '

introduction of the fuel droplets through the central hole of

the cover into the 'combustion space' and its eventful ignition -
was measured by means of a Venner Digital Trimmer triggered
by two photo-transistor circuits. The circuit diagram is shown

in Pig. 9.6.

A®fuel droplet just before entering the;furnace breaks a
beam of light focussed on a photo-transistor and sends arn A
impulse té the digital counter as a short impulse; The drop of
fuel ignites in the hot chambef and a small expiosion occurs.

This sends a pressure signal through another opening in the.
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furnsce cover thereby deflecting a very light shutter (made of -
a2 thin sheet of aluminium) pivoted in such a manner that it
interrupts another light beam focussed on a seécond photo-

transistor and an impulse is relayed to the counter as a

stop pulse.

lein errors involved in the measurement of ignition

delay time could be classified as follows:-—

a) response time of the electrical circuits,

b) = the time taken by the droplet to reach the surface
after breaking the 'starting beam of 1ight';

c) the response time of shutter after ignition‘and‘\

explosion had occurred.

Twe relays were employed in the triéger éircuif.: Since‘:‘
both relays reacted subsequert to the breaking of the corres-
ponding light béams and assﬁming the reaction time for both
relays were the same,-the errors would cancel out. The time :
tzken by the fuel droplet to reach the surface after breaking
the 'starting beam"woula be the same for every 'test and as the
study was concerned with the relative values of ignition delay
times, results were not effected. The error involved in the
resuonse time of the pointer was difficult to evaluate but
here again, it did not effect the relatiye ignition delay )
values, assuming the response time was the same in every‘éase;
However to minimise this error, the pointer was made of a thin

tin fcoil and was sensitive to even a minor below of air.
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Experimental Procedure

Temperature of the combustion space was raised at a rapid
rate initially until a liquid fuel droplet started igniting when

allowed to fall in the space. After locating thié tenperature

-approximately which was found to be about 38000 for Kerosine

droplets, the current supply toAthe heater was reduced to loweri
the temperature of the 'heated surface'. The temperature was
then raised gradually énd the rise in temperature was recorded. -
When steady conditions were reached and’no éhange'in‘temperature
was observed, a fuel droplet‘was.admittéd and ignition delay
time was noted in thé digital tiﬁer. After each dfoplet, thev‘

ighition space was scavenged by means of compressed air flowing

"thfough the chamber. This brought down the temperéture inside

the chamber bj a few degrees of centigrade. The air supply

was then closed and-theltémperature of the 'heated surface' was

again allowed to stabilize for about 5 minutes. Fuel droplets

collected near the tip of the burette was drained and the tip -

now contained fresh cooler fuel from above.: Another test was

" conducted by introducing another fuel droplet into the chamber,

and ignition delay time and the surface temperature of the

ctamber was noted. The above procedure was repeated until the
temperature of the neated surface was raised to about 7OOOC.
The same procedure was carried out for decreasing surface

temperature and the values shown are the mean of the two values.
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Zrerimental Programme

The following experiméntal progrémme was decided:
1) Determination of ignition delay curve for Kerosine
droplets with respect to change in the surface temperature

of the chamber.

2) Determination of ignition delay vrs surface temperature -
of hydrocarbons used in the previous programme of
experiments (Part I), namely Cyclohexane, n-hexane, and

n-Pentane,

3) Determination of minimum ignition temperature of Kerosine,
" Cyclohexane and n-Pentane and comparison with the results

of other workers.

- It was decided to investigate the ignition delay curve
fcr Kerosine ﬁogé ﬁho?oughly and tb make this curve as a basis
Tor comparison with the curves of other hydrocarbons used.
Appropriate amount of carbon—disulphide (CSz) was added in

gacn fuel under investigation to make it 3.4% S(wt).

Lxperimental Results

The results obtained of the ignition delays with varying
surface temperatures are shown in Fig. 9.%. The curve of
ignition delay for Kerosine droplets covered the whole range

Pal

ox

ignition, i.e., the lowest temperature at which ignition
was oktained to the highest temperature possible under the

T

iimit of experimentation. Fig. 9.4 shows the results obtained
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for cyclohexane, n-hexane and n-Pentare and also includes
the curve for Kerosine obtained earlier. Table 9.1 shows
the scontanecus ignition temperature of Kerosine, cyclohexane,
n-hexane and n-Pentane obtained experimentally and it compares

the results of other workers.

Discussion

Befqre the results can be discussed, the behaviour of
droplets on a hot surface is considered here, Fig. 9.2 shows“
a’typical curve obtained by Tamura and Tanasawa®®, in the form
of lifetime of droplet versus surface température. This has
been discussed in detail els}ewhere%° Three distinct regions
are recognised, namely contact évaporation_stage from
60 to 61, transifién stage from‘e1 to qa{'and spheriodal
evaporation stage frdﬁ 62 to qa. (These notatiéns are
introduced to denote specific points on fhe life curves). vIt‘
is argued that up to el evaporation takés place by phyéical
contact of the liquid with the hot sﬁrface; From GL to e;
boiling takes plaée and 92 is the maiimum boilingv;ate‘point,
and Qa is the Leidenfrost point, after which the droplet

evaporztes in spheroidal state and spheroidal evaporation

stage begins.

The data of reference®® was used by Satcunanathan to

obtain values of 6, 6 and © , and these values when plotted
1 2 3 :

against © (the boiling point) gave iinear relationship.
B
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The equations to these straight lines are given below

6 = (1.055 e + 6) %
1 B
6 = (1156 8 + 27). %
2 B
e = (l.ae + 78) %
3 B ) '
where ® = the boiling point of the liquid.
B .

Taking the above theory as a guide line; there appears
to be obvious resemblance between the iénition délay—temperature'
curve shown in Fig. 9.3 and the lifetime curve éhown in Fig. |
9.2. The results show that the igﬁitién delay is cri%ically -
dependent on the femperature.of the‘heated surface. It f’.
decreases initially, reaching a minimﬁm.at a temperature near
maximum boiling rate point. The ignition deiay then'increases
with rise in temperature of.the heéted surface reaching:a
maximum, and then decreases with the rise in temperature of the
heated surface. This pattern was possible to achieve only
with Kerosine droplets. The ignition dplay curves of hydro-
carbons, cyclohexane, n—ﬂexéne and n-Pentane exhibit ﬁo such
definité characteristics. This had been earlier

6,87

' predicted8 ,» and the results appear to be in-complete

agreement.

Cereful study and comparisoﬁ of the curves of the ignitioﬁ'
delay v. surface temperature of light hyarocarbons with that of -
Kerosine show that after a tempefature’of say SOOOC,Athe'rate
of decrease of ignition delay is slovwer with Kerosine than with

light hydrocarbons. This can be more clearly seen in Fig. 9.4.

- 130 -



Trhe purpose of the whole exercise was to defermine whether fuels
prodaucing less SO8 compared to Kerosine have shorter ignition
delays. It can be seen that fuels, viz. cyclohexane, n-hexane,
and n-Pentane, those that produced less SO8 have steeper slope
of their ignitioﬂ delay curves coipared Qith Kerosine. It is‘
therefore reasonable to expect that these fuels have shorter

ignition delays compared with those of Kerosine at temperatures

prevailing in flames. -

Here it may be pointed out that magnitude of ignition
delay may differ with a change in the form of appératus and
other conditions. However the shape of the curves is not
expected to vary as was proved in the casé of Kerosine dropleté.:’
Trhe measurement of ignition delay at highéf temperatures was
not possible due to the‘difficulty in'minimizing response time,
anrd other techniques are under conéiderdtion for future research.
The general shape of the curves of differeﬁt‘fuelchan give an
indication of the likely values of ignition.delayé at higher
temperatures. Thus fuels having steeper slépe éf ignition
delay curve compared with Kerosine will be expected.to'have

less SO formation on combustion than Kerosine.
3 -
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FIG.

Circuit diagram for light operated

siitches controlling Timer.
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TABLE 9.1
Physical and combusfion properties of fuels used in the experiments
Fuels Formuls Molecular Specific o Boiling P01nt* Spontaneous ignition témperatures ‘
' Weight gravity at 15 C rangek95ﬁ}

Ref. (1) Ref.(2) Ref.(3) | Ref.(4)
Kerosine - - V.79 160-290 254 - 295 260
Cyclohexane CHZKCH2)4CH2 84.16 C.776 80-82 - 510 516 512
n-hexane CHZ(CH2)4CH3 86.18 0.670 67-70 248 500 478 482
n-pentane CHBKCHZ)jCHj 72.15 0.625 35-37 290 51v - 5273

Reference (1) - Scott, G.S.

‘Reference’ {2) -Townend and Maccormac, J Inst.. Pet., 1939 _5

Reference \5) - Satcunanathan,s.,

(4) - Author

Technical Data on Fuel - Spiers, H.M,

, Jones, G.W., and Sctt, F.E, Analytlcal chemlstry, 1948 20 , 238.



APPARATUS FOR THE
MEASUREMENT OF IGNITION DELAY
OF LIQUID FUEL.
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PLATE 9.1 General Arrangement of the apparatus.
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PLATE 9,2 Enlarged view of (A) (Plate 9.1).




CHAPTER 10
CCNCLUSIONS

The mechanism of formation of sulphur tfioxide in combustion
gases produced during combustion of liquid fuels bearing sulphur
hase been investigated. A laboratory combustor was-designed and
constructed when this phenomené was studied using a pre-mixed flat

flame eliminating physical effects of evaporation and mixing in the

combustion zone. Thus it was possible to investigate purely chemical

effects on the formation of SO . No results have so far been‘bubliéhed
3 ,

when formation of SO was studied under these conditions. By the use
3. ,
of a laboratory combustor, the phenomena was studied in an actual

combustion system, and therefore the results reportedvcan be applicable’

in the field of combustion.

The effect of ignition properties of fuel on the formationrbf
sulpﬁur trioxide has also not been reported previoﬁsly, and the£efofe.;:
the pressnt work breaks new ground in the field of combustioh.

It was found that hydrocarbons producing less sulphur trioxide on
combustion compered with burning of Kerosiqe (having same level of~
sulphur content and under identical combustion conditions) have steeper
slope of their ignition delay curves and thus shorter igﬁition delay
times near temperatures prevailing in flames comparedﬂwith thése of
Kerosine. It was also féund>that the hydrocarbon which.producedvleast
amount of sulphur trioxide on combustion haé the highest slope of its -

ignition delay curve. (See Fig. 9.5).
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Based on the results of these studies, the following main conclusions

can be derived :-

1.

Reduction of combustion air in excess of stoichiometric
requirements had a marked effect on the formation of SO .
. 3
When combustion takes place under fuel rich conditions, SO
3 -

formation ceases.

Level of SO content in the flue gases reaches a meximum at
3 .

" about 4% excess oxygen concentration in the combustion gases

after which it starts declining.

A

It has been noticed that ignition properties of hydrocarbons

have a considerable effect on the oxidation of sulphur'

dioxide to sulphur trioxide. It was found that hydrocarbons

of lower ignition delay properties and having steeper slope

of ignition delay versus surface temperature curve produced .

less SO on combustion. This evidence supports the view

3 o , o .
that primarily it is the combination of atomic oxygen with
sulphur dioxide in the flame which'goﬁerns the formation

of sulphur trioxide.

The results obtained of SO concentration with respect to
3 E .

residence time supports consecutive reaction theory, i.e.

Ky Ko

SO + 0 —tw SO e SO + %0
3 2

2 2

where K and K are specific rate constants (unit of
1 2

K = sec ).
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This assumes a process in which sulphur is formed as a
result of the coibination of sulphur dioxide and atomic

oxXygern. Sulphur‘trioxide thus formed, dissociates into

sulphur dioxide and mclecular oxygen. The rate of formation

of SO0 has been found to be neafly eight times that of its
3

disscciation.

The reduction of SO in the system can be brought about by
a 4

the introduction of any substance that can mop up atomic

oxygen near the flame zone or change the ignition‘

.characteristic of the fuel used by initiating early

reactions.

- 143 -



CHAPTER__11

APPENDIX 1

Calculation of stoichionmetric air/fuel ratio

Combustion Reacticons :

C+0 ~—a CO
2 =

12g C + 32g O; —— 44é C_O:a
or per gram of carbon (fuel),
1g C + 2.67g 02 — .3.6'7g coz'
Similarly, for the combustion of Hydroggn and Sulphur,
H +5 0 - ‘H 0

2 2 2

. 1g.H +820 == 9g H 0"
) 2 2 2 '
and ) S+ 0 - SO
2 2

1g S +1g 0 —— 2g S0

On mess basis, the combustion equation for carbon is as follows

considering oxygen is taken from atmosphere,

1§ C + 2.67g 0_ + 8.85g N ——3.67g CO_ +'8.8%¢ N_
2 - -

Thereforé, the theoretical amount of air required to burn g

of C = 2.67 + 8.83 = 11.5¢ ;
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22 Hydrogen, amount of air required = 34.5g ;

of Sulphur, amount of air required = 4.31g.

rne chemical combosition of the fuel after doping

with czrbon disulphide to raise sulphur content was as

Carbon 83.6%

Hydrogen 13.0%
Sulphur 3.4%.

Basis 1z of fuel.

Ccmbustion of 0.836g C requires 0.8%6 x 11.5
Comoustion of 0.1%g of H requires 0.13 x %4.
. 2

Ccmoustion of 0.034g S requires 0.034 x 4.31

burninzg = 14.27g of air.

i

5

9.63g of air.
= 4.49g of air. .

A47g of air.

2, the combustion air required for stoichiometric

Air/Fuel mass ratio for stoichiometric .

burning = 14.27

Fuel - Xerosine.
Carbon ’ 83.2%
Hydroéen 13.4%
Sulphur S 3.4

The ccmbustion air required for stoichiometric burning

is 14.34g per g of fuel.
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IT. Czlculation of composition of fuel from a typical exhaust

gas analysis

Fuel: Kerosine

Exhaust gas analysis

co ' 117
2 . -
co : NIL
0 T 46
2 . .
S0 o 0.17
2 . o
Balance N . 83.54
2

Consider 100 moles of dry.exhaust gases ‘and let 100 X moles

of air be used with the fuel.

PR3

The combustion equation is :

aC+bPH +¢c3+21X0 +79X0N
2 2 2

il

11.7C0 + 4.6 0 + 835.54 N
2 2 -2

+

dH 0+ 0,17 80
2 2

By moler balance,

Carbon a = 11.7
Hydrogen b = d N
Oxygen 21 X = M7+ 4.6+ % + 0.17
Nitrogen 79 X = 83%.54
Sulphur‘ C = 0.17
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Solving these equations, we get
X = 1,06 ; and d\: 11.66

Tnerefore, the mass analysis of the fuel,

11.7 x 12 ' - '
Carbon = 7= T s T 66 5 2+ 007 =58 = 83108

il

Hydrogen 13.7%

Sulphur = 3,2%



III. Calculation of exhaust gas composition from a

typical reading of air an¢ fuel supply.

Fuel: Diesel 0il.

Rate of fuel flow = 2.55ce/min. = 2.55 x 0.84
= 2.14g/min.

‘where density of fuel = 0.84 at 15.5°C -

Rate of air flow = 29 lit/min. at N.T.P.

29 xA12.93 x 107t é/min = 37.5g/min. .

where density of air at N.T.P. = 12.93 x 107* g/cc

Air/Fuel mass ratio = 17.5
. - 17-5 ° __‘ '
e X 28.96 = 0.604

jwﬁere X is’moles of air supplied per g of fue}.
Composi£ion of fuei being;

C, 83.6% 5 H, 13.08 ; S, 3.4% .
- The combustionlequation i;:

A3

0.836 0 | ) | :
5 (¢) + E (Hz) + 0.21 X (02) + 0.79 X (Ng)
0:0%4 (5) = a (cO ) +HO +4 (0)
%52 2 2 2

+f (N ) +e (s50)
2 2
By molar balance,
C Balance a = OH%?6 = 0.0697
H Balance .b = 9?}2 = 0.065
2
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0 Balance 0.21X b
2 ) 2

I

jou]
+

|

+
Q.
+
®

S Balance e = Q.034 = ,00106
. 32
N Balance f = 0.79X
2
From these equétions,
d = .02324 ; £ = 477
. Zea+d+f+e = 571
‘. % CO in the dry flue gases = 4%%%1 =12.2%
2 . L
% 0 in the dry flue gases = 0.02524 _ 4.07%
% S0 in the dry flue gases = =00106 _ 0.185%

2 _ o _ 571

Experimental values :

co = 11.9%
2

G - = 4.1%

2 -

S0 = 1610 p.p.m.
2

- 149~



Iv.

Sample calculation for residence time of

combustion gases.

Say fuel used is Kerosine and the rate of flow

=2.14 x 10° kg/min.

From 'spiers' ccmbustion gases at 0%

and 760 mm Hg produced on burning Kerosine with stoichiometric

are 12.13 m® per kg of fuel.

‘Therefore, combustion gases produced at

N.T.P. = 12.13 x 2.

26 x 1072

il

14 x 107 n3/min.

m?/min.

Theoretical combustion air required for burning 1kg.of Kerosine

at N.T.P. = 11.35 n® (spiers)

at 20% excess air

il

Actual excess air =

i

Volume of combustion

Cross sectional area

11.35 x 0.2 =
. 2.27 m®/kg of fuel

2.27 x 2.14 x 107 ® = 4.85 x 107® u® (N.T.P)

. Total volume of combustion gaseg using 20% excess air .

(26 + 4.85) x 1072 n® at N.T.P.
%0.85 x 10°° n® at N,T.P.

gases at 600°C (say),

~3 _ 873
30.85 x 10 X Egg
98.7 x 107° n®/min,
of the combustion tube -

8 x 10 * n?
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4]

locity of combustion zzses

98,7 x 1072
8 x 107% x 60

il

2.06 /s

.". Rssidence time at post 3, Tm from the burner

Tot+e — 1 ;
vizte, 73 o= 2.06 secons
= 0.484 s




AFPPENDIX 2

The Evayporating Cramber

- The main‘criteria for the design of the evaporating chzmber
' was thaf it shéuld be arle tc evaporate at least‘10 cn® of Kerecsine
" per miﬁute ana mix it with air prior- tc entering the combustior
zZone.’

Taeking the sp gravity of Kerosine as 0,78 at 1500, which is

- assumed as room temperature, mess flow rate of Kercsine,
‘.= 10 x 0.78 = 7.8 g/min.
. 69
.. From 'spiers', mean sp. heat of Kerosine

‘= 2.0KI/Ke K . ' -

Ssy, the-final temperature of Kerosine = 18000,

i N ' . . . 0
leat required to raise the temperature of Kerosine frcm 15°C to

. 18000‘ = m X sSp. heat x (0 -1 )
- : : 2 1
ﬁhere"m = mass flow rate of Kerosine
T2, = final temperature of Xerosine
T = initial temperature of Kerosine

1

Taking latent heat of evaporation of Kerosine
= 355 KJ/Kg,

- Total heat required by Kerosine,

= 7.8 x 1072 (355 + 2.01 (180 - 15))
= 5.%37 XJ/rin

= 0.0895 ¥J/sec = 0.0895 KW

Ut
N
H



Stoichiometric air required for burning
1 Xg of Kerosine = 14.7 Kg -

Total air required using 20% excess air

7.8 x 14.7 x 1.2 x 107 Ke/min.

i

138 x 1072 Kg/win.
Taking, sp. heat ak constant volume of air -

= 0.714 KJ/Kg K

Heat required by air

il

0.714 x 138 x 10723 x 165'f

It

16.2 KJ/rin.

0.27 KJ/sec.

i

0.27 kW

Therefore total heat required = 0.27 +_0089‘

0.359 kW

Therefore a 0.5 kW electric heater should be sufficient for this.

purpose.
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(B)

APPENDIX 3 -

Czlculstions. of maximum combustion gas

veiocity and fuel flow for laminar conditions

All calculations are duplicated for two temperatures of:

Ccmbustion gas density

- .

Taking the density of combustion gases at 0% and 760 mm Hg
to be 1.257 Kg/ma, the density of the combustion gases at the

two temperatures are:

(2) at 1000°C, the gas density

1.257 x (273 + 0)
(1000 + 273)

= 0.269 Kg/m®
(v) at 600°C, the gas density,

1257 x (273 4+0) ) -
= %% 1 o7 = 0.393 Kg/m |

Atsolute viscosity of the combustion gases

Assume viscosity of the combustion gases
= visceosity of nitrogen.

(2) Atsolute viscosity of Nz-at 1000°C = 461 x 107° poises
s o (ref. 89)

= 461 x 1077 NS/n?

(o) Atsolute viscosity of N at 600°C 386 x 1077 NS/m®
‘ 2 o -
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~ ccmiustion gases

W T
freanirs =2 om
- e e N T — -~
- v

Tz=z=2 -

Sz ~e =
e Th R
2w trz moE-

2000 (for laminar flow)

Ra

p DV
W

"

)]

R = Reynolds No.

o}

p = Density Kg/m3
D = Diameter m
V = Velocity m/s

w = Abs, viscosity‘NS/m2 )

ive of internal diameter = 32 x 10 ° m

7 = e = 2000 x 461 x 1077 /s
P.D - VS
0.269 x 32 x 1072

= 10.4 uw/s

. 72000 x 368 x 1077

7= 0393 x 32 x 100 VS
= 5.8% w/s

zzximum velocity for laminar flow at 1OOOOC_

= 10.4 n/s
zum velocity. for laminar flow at 600°C

- 5.85 m/s
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(D)

(E)

Combustion gas'QpantitV flow

Quantity per second cross sectional area m° x

velocity m/s

]r 2 ][. 2 -6 _2
4 D = 2 x 32 x 10 m

cross sectional area

1l

= 804 x 107® n®

804 x 10°® x 10.4%

it
l

Case a) .'. Q 8.35 x 1072 n*/s

Case D) \ Q

i
it

804 x 5.85 x 10 ® 4.7 x 10_évm?/s y'
Czalculation for the maximum quantity of diesel and Kerosine
flow for 1aminar conditions. |

Diesel.

From spiers(89) combustion gaseé at N.T.P. éréduced on
burning 1 Ké‘of‘ﬁiesel‘fuel‘with stoichioﬁefric éir are
12.20 n®.

-

Theoretical air required for combustion -

= - 11.46 u®/Kg of fuel at N.T.P.

Assuming combustion takes place with 20% exceés air, the
total volume of combustion gases

12.2 + 0,20 x 11.46

14,49 n®/Keg of fuel at N.T.P.
Case a)  at 1000%C,

the volume of combustion gases
1273.15

LE=N PRI o A3 : :
= 14.49 x 573,18 = 57.4 n°/Kg of fuel.
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u‘l w“ ” - . - ' .

.. maximum

i

1

ing s.g.

Qdiesel. =
(o]
Czze p) at 600°C

amount of fuel flow for laminar conditions .

8.35 x 107°  n®/s
67.4 a.

m
X

e}

124 x 107 Kg/s

of Diesel fuel as 0.84, at N.T.P.

1078 o
12&62529-— x -1000 x 60 ce/min .

8.85 cc/min.

the volume of combustion gasesr

Il

873 . 15

14.49‘\}{\ o75 . 15” o

46.4 u/Kg of fuel B

Maximum amount of fuel flow for laminar conditions

O
i

LTl SO oiT

Ccmoustion gases at

" with stoichiometric

4.7% x 1072 /s
46.4 ms/Kg

102 x 1078 kg/s ~ -

102 x 10 x 1000 x 60 = 7.3 cc/min.
0.84 o

N.T.P. produced on burning 1 Kg of Kerosine

air (89) = 12.13% p®

nesrstical air required for combustion

11,35 u®/Kg pf fuel at N.T.P, .

- 157 -



- T e

Assuming comtustion takes place with ZQ% excess air, the

Eal

total wvclums of comtustion gases

= 12.13 + 0.2 x 11.35 .= 14.4C n3/Xg of
 fuel at N.T.P.

‘Case a) at 1000°C
Total volume of combustion gases

1273.15
273.15

il

14.4 x

il

67.2 m®/Kg of fuel
.". maximum fuel flow for laminar conditionms,

- 8.35 x 107 = 124.5 x 107° Kg/s
6702 . ' .

Assuming sp. gravity of Kerosine as 0.78,

Ke rosine Quality flow of ?eros;ne

"= 9.6 cc/min.

Case b) = at 600°C

Q . = 7.9 cc/min.
Kerosine == /
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APPENDIX 4

General principle of operation of analyser used for

the measurement of carbonmonoxide, carbon dioxide

ard oxyger concentrations in the combustion gases
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Infralyt III Gas Aralyser for the Analysis of CO and CO
2

Purpose and application:

The Infralyt is a recording gas analyser operating on a
Physical principle used for continuous quaﬁfitativé detérmination.of
‘gas concentrations.\ It can be used in principle for the evaluafion of
gases‘éonsis£ing—of 2 or more types of atomé. ‘Excluded from thé measufe;
ment are gases cénéisting 6f equal atoms such as 02, Nz, Hz’ Clz, ete.
as well as inert gases and metal vapours. The results of the’measure—

ment in % v/v or g/m3 are recorded and indicated on a moving coil

instrument.

Principle of operation:

The operation of the Infralyt analyser is based ohkthe
etsorption bf infra-red radiation. Infra-red radiatioﬁ férms'part of
the electro-magnetic spectrum; the range—f¥om'2 to 15 pm isvused in
the infra-red analyser. Gases which‘consiét of at least two different
types of atoms exhibif characteristic abéorption bands in the inffa—red
regions. Theyinfra—red radiation passing through a cell filled with a
gas suffers a reduction iniintensity over é wavelength ranée apéropriate

- to the gas concerned, according to the Lambert-Beer Law :

I -1 -Acd
oe
wnere I represents the incident radiation,
C is the gas concentration,
d length of the abscrption distance (cell length),

and A is the extinction constant. . '
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Ine creracteristic of the material which is responsitle for the
zveorpticn is represented solely by the extinction censtant A, Its
Zus is usually dependent on the wavelength. If the concentration C

the measured component is increased or if the abscrption distance

p]
[N
Q.

s extended, the absorption and therefore measuring effect

increases. The product Acd is ofteun referred to as extinction.

The emerging radiation I is therefore dependent on the

gas concentration and the cell length.

Measuring Principle:

The schematic diagram is shown in Fig. - (Appdx. 4.1).

The Infralyt operates without disPefSion’of the infra-red
radiation. The required specific indicatiohyis achieved by using a
ive radiation receiver. The heat radiation is eﬁitted'by two
chrome—nickél filaments héated to red heat (7OOOC)‘and is concentrated
into two tezms by parabolic mirrors (1) and.(7);  these pass through a -
measuring cell (8) and a comparison cellx(B) to‘the radiation receivef(B).
The compariscon cell (3) contains a gas which does ﬁot absorb the infra-

rea rediation. Pure nitrogen is used for this purpose.-

The test gas mixture to be analysed passed through the

i1
m
i)
w
[N
=
[¢s]

cell (8). If the teét gas exhibits the propsrty of absorbing
infra-red radiation the two radiation beamé emerging from the two cells

differ in intensity in the appropriate wavelength range.’

The principle of selective measurement in this instrument

:sists ¢ measuring the intensity difference of the infra-red

161
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radiation not with bolometers oxr photdcells but by using as

radiation receiver a sealed volume of the actual gas to be measured.

The radiation receiver consists of two chambers (4)(9) which .
are sealed bff from the outside by windows transparent to infra—;ed
radiation and which are separated by‘a digphragm condenser. . This
diagram'coﬁdenser consists of.a thin metal foil (10) mounted unaer
tension at a distance of a few hundredthé of a millimeter frém a |

carefully insulated metal plate (6). -

Whéﬁ determiningnthe CC content of a gas;-fof example, tﬁe
two chamberé‘are filledlwith a 15% mixture of CO,in'Argon.' if thé
test gas contains some of the receiver gas theireéﬁiting diffegencé 7
in the radiation produces a selective pressure‘and tempéréture
difference between the two chamﬁers of the feceiver which give rise .
to a changé in caﬁacity.__A—rotating Qhopper‘(2) iﬁ%qfrupts the‘fwo':
beaﬁé periodically ;ﬁ;;;nchfoﬁism.i The interryption takesvplacé 6.25
times per second. This méasure excludés the slow and ﬁon—selectiye
heating’of fhe qell.walls so. that only fhe tgmperature.rise of thé‘
gas is measured.' The resulting periodié vériation in capacity Ac isA
concerted into an a.c. voltage chérge\Au)%hiéhviskmore suifable for

further processing than a fixed capacity corresponding to a-

particular concentration.

The low-level a.c. voltage output ﬁow available at the

radiation receiver is amplified in a value amplifier (11), rectified

.and then fed to indicating or recording instruments (12).



Permolyt Oxygen Analyser for the analysis of oxygen

concentration in the combustion gases

The Permolyt magnetic oxygen analyser is used to determine
the oxygen content in gas mixtures and the results of the analysis

(Vol. % 0 ) is recorded on potentiometric recorders.
2 B

o~
—r

Principle of Operation

bl B aaaadmie ol w—-—" o

Oxygen differs from all other gases by its peramagnetic

behaviour. The magnitude of the paramagnetic effect varies inversely

'>with the absolute temperature, while the diamagnetic properties are

independent of temperaturé. For this reason a gas<containing oxygen
placed in a magnetic field will suffer a smalier atfraétion at elevatéd‘;
temperature than a colder gas of the éamg composition. - The measure- |
ment of the oxygen,content and- the conversion of tﬂe result into a
voltage corresponéing to the oxygen content takes place in a ring .

chanber.

This chamber (See Fig. Appdx. 4.2) is made from a-non-magnetic

‘material and consists of an annular gas channel connected by a horizontal °

glass tube. This tube carries on its outside two platinum windings

zdjacent to each other which are connected together with two Rheostan -

resistance into a Whetstone bridge circuit. When heated electrically,
the tube becomes hotter in the centre than at its ends. A powerful
magnetic field is placed at one end of the tube. If gas containing

oxygen passes through'the ring chamber, it is attracted more stroﬁgly

n

t+ the left end of the tube than at the heated right end. A gas flow

from left to right is produced which is proportional to the oxygen content.

07
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=72 resistance changes in the two arms of the

zircuis untzlzncss the bridge and gives rise to a deflection
cennected in the diagonal which is

The measured value is determined

zzinly Ty Tas centent of the test gas but its remaining
2cmrositicon must zlsz e taken into account. The flow through the

sz3uring tudte is zffscted by the coefficient Cp p/ﬂ Wthh therefore
re measured value, Cp, being soec1flc heat, and p is the

Zz2nsity of z=s znd 7, is the viscosity of the test gas.

Wren cziiorzting the Permolyt, it is necessary therefore

-3 usSe £ g&s cerrestvsnding to the actual test as.
<o -
The consizni-temperature measuring system (1), the transis-

ze supply with temperature controller (€) and
contrcel unit (10) are designed as separate sub assemblies and

in = shs=2t steel dust and splash-proof housing whlch

Is moumtsa cm oen 2luninium base plate. I .

content is renorded and indicated on instruments

instzlled separately frcm the Permolyt.
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App 4.2

chamber .

F_L_a . R Lng

!

I

R Lnj ‘chamber

}

2. Magqgnelic {(eld :

3. Glass lube wilk healer wtnd(nSSg, 4. M\gasmmj '[nshument-

S .

Zexo adjustment | . Pn’idae resislances.
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APPENDIX 5

Calculection for the thickness of the insuleting blanket

Trneory.

Considef Fig. A5-1 below which shows the cross-section of the
insuletion on the pipe. The outside radius of the insulation éﬁd
the pipe being T and rp respectively. The éorresponding températures
are ti aﬁd tp whereAti > tp and the heat transfer rate Q is in the

direction shown.

Ccnsider unit length of the tube and an elementary thickness of
insulation dr at radius r. Let dt be the temperature fall across
dr, then considering the heat transfer rate Q is constant through‘

each successive layer of material,
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Q = - KA g—f; eee (1)
where K o= thermai condﬁctivity (W/mK)
A = surface érea (mg)‘
~For unit length 9f pipe, A = 2rx1 = ‘2 r -
"-Q.V= Ké;%% e ’ lhv,..‘(zA)"
Iﬁtegrating:

r.
oo ln 3

r
p

_ Heat transfer rate per unit length = Q =  2 K't - ti) el (3)

Now, considering heat transfer from the outer surface of the

lagging to the surroundings, and applying the equation£.

Q = hA 6

where h = . surface transfer coefficient (w/mzK)
A = surface area'(mz)f
© = temperature difference between the surface

and its surroundings (K)‘:

i

2 .

For unit length, A i

Q

1l

D L@

n2r (t, -t
Loi i
Transposing equation (3) and (4) we have, .

, rl
an;:"
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Adding both sides:

’ .
In ~1i

qQ rooo : ‘ S S
z k¥ : to-t, SN . (5)

Application to the present problem:

Heat lost per meter length of the pipe is also

= = m X cp x dT

wvhere m = rate of mass flow of éombustion gases (g/s)
Cp = sp. heat of combustion gases (J/g deg.C)

dT = temperature drop.per meter length of the tube.

A gas- temperature of 1000 C.at the begwnnlng of the combustlon
tube and a temperature dr0p of 100°C. along 1 meter length of the.

tube are assuned.

Taking sp. heat of combustion géses as thataéf air;”the sp. heat
of air at 1000°C, from Spierssg‘ = cp ::{.21 J/g‘deg.c,the'density
of combus%ion gases at 1000°C, calculated in App. 3 = 26§ g/m3,
" and the rate of Volumetrié flow of combﬁstién‘gases at 2000°C was
calculated = 8.3 x 10—3 m /s. Therefore the ra%e of'méss flow = m

= 2. 23 g/s

Therefore heat lost per meter length of the tube = Q = m cp dT
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Hars, o 2.23 g/s

2.23 x 1.21 x 100

cr = 1.21 J/g deg.C = 270 J/s
it = 100°C
d

Tris heat is conducted through the insulation and is also
convertsed from the outside surface, and this value of Q is used in

equation (5).

Here ta = ambient temperature- = 2Q0C
r, = outside radius of the pipe = 19 x 10 °m
X = +thermal conductivity of the insulating blanket

. = 0.238 J/sn’C
n = surface transfer coefficient = 1.08 J/smzc
Substituting the above values in equation (5) we get,

. . ) _3 A i3 . )
In r,/19'x 10 . 1 = (10c0-20)

0.23%8 ri X y.OB
Q = 270 J/s .
K == 0.238 J/sn’C
r = 1.08 J/snC
tp = 1000°C
20°C

ot
®
i

From above, the value of rs was calculated to be 50.8 mm

(using trial and error method) i.e. a thickness of 31.8 mm of

vlanket, In practice, ar insulating blanket of 50.8 mm thickness
725 used for lagging purposes.
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APPENDIX 6

Finite Dirference Equations

larnzzosd gives a method c¢i fitting exponential curves of
the tyrps
At At At At
, 1 2 3 . n
w(t) = A e .+ A e + A e .o+ A e
1. = 3 n :

to ordinates (evenly spaced) supplied by experimentatioﬁ.

In our case, theoretical consideration of the number of
exponenzizls involved is 2, and we also require that

uio) = o. . ‘ A S

iy

t fcilows that we are assuming that the differeme equation

=1

releting ccrnsecutive equally spaced ordinates is of form

g u(s +2n) + bult + h) +c¢ u(t) = o ‘ ‘... (1):

<
—~
ot
~—
|
]

function we are looking for

endent viable

ct
'-l
)
l '}
=
Q.
15
73

h  is step between successive ordinztes

&,0,c 2re real constants.

It c=n v demonstrated that solutions of form u(t) = A at

of equation (1) must satisfy
Aot (24 + ba + ¢) = 0 - ... (2)
If we ous Z = o ] cee (3) .

then we 1c2x for solutions of suxiliary equation

~d



3
1

Since (4) is quadratic, we will expect two solutions for Z which

R
[=

20

Iy

£
®

-

0

>

il

2 positive

log

to satisfy (5).

Zy

'

using equation (3)

h

are solutions of (1) then

At

1

At
+ Be ?

is 2lsc a sclution 2nd 2 general -solution if A

|~
0]
s

1

roblem we also require A =

t is necessary to put u(o)

It can be shown that if

(4)

ee. (5)

must

(6)

G

“her it feollows that 1
To ovtzin =2 unigue solution of the probiem we regquire 4
srainztes (including u(o) = o) (See Fig. Ap.6-1)
Table of data required -
/////ff—~\\\\\\ ot u(t)
\\\\\\\\\‘ 0 o}
ol u u u
2 3 4 - h u
2
2h u
3
i t t .
s = 3h u
4

FIG. Ap. 6-1
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Rearrange differsnce equation (1)

bo‘u(t) + b u(t+h)+ult+2n) = o
1

we substitute values of uy into (8) with ist. case u(t) = o

o 1 1 2 3
But u = 0
1
. -,
. . b u o+ u = 0 b1 = ‘aé*“
102 3 2
2nd. case
u(t) = uh) = u
2
b u + b u + u = 0
o =2 1.3 4
whence . -b u -u
o = 1 3 4
o)
u
v . 2
2
u u
:( 3 ) _ ( < )
u ' u
2 2

With the new notation“,bequation (4) beconmes

Z2 + b 2 4+ b = o (4a)
1 (o}

... (8)

-+ (9), :

.-<(10) B

'0;;f11)

. (2)

Svbstituting bo and b into (4a) we find neéessary and sufficient
. 1 . .

conditions for solutions of the difference equation to. be

1"

o

A

(@]
NN NN



<N

sy Ry
siVen 3271is

actory values of bo b for solution we obtain sclutions
) 1

ot (43) as follows:

2

u u u ~ : -
4 z 3 .
- 1 —y =-3( =2 '
zl’ Zz T 2u oz 4 ( u ) . ( u -> = .o (13)
2 2 : 2 .

vaiues of corresponding A can be obtained from (5)

From (6) and (7), we obtain

, At Nt o R | . ;

1 2 o . o

u(t) = A(e - e ) : - 3 ...»(’14) o
: ' 1

replacing )\1. by —ki and A by a T we can evaluate a,
- 2 1
u (k -k) . o
a 2 1 ‘ o . S . .
o = = . BN S (1)
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Yz Zecilitate the calculztion of the results a short
comruzer urzzran has been written by Mr. Chris Abbess of the
Zidalessxw Folywechnic Computing staff, using the alggrithm

The Tollowing pages show a listing of the FORTRAN program

and spscimens of computer output.



AR AN AN AN AN AN SNl SN e

001
00z
003
00«
005

- 00s.

007

J1¢C
011
0l
" 013
Oléa
G158
. 016
Gl7

- 020

G2l
222

001
o002
003
004
0%t
J06
507
1l

(":“
wvil

vle

0ls

Ul4a-

SEPARATES EXPONENT[ALS INTOQ UK
U(T)  =ARKTA(EAP(=KI*T) = Exe (- szT))/(Kz - KT )
DATA:
IST CARD TNTERVAL BETWEERN ORDINATES (= H) {F10.3) .
ZND- 4=~ C%*UDY ITH CaARL CanxKieS VALUES GF OKDIKRATE
Uil LGy ™MD HI vALUES Axt RECUORDED (3FT10,4,3)
€E.G., 2L CAKRD LCUKDS VALULS ut uJe
PKOCRAM ATTEMPTS TO FLInND CU{VLJ OF STATED TYPE TO FIT  LGUs MID
OR HT ST OF ORUINATES, FATLURE LEAUVS TU MESSAGE:
'*ole nOT COMPUTE ¢ -
JOB NAME %D [5<U

DIMENSLION U(393)s V(2e3)s A(3)s LAR(3)
DATA LA/ 3HLO o« 3HMIDs3ANL v

DUL N = 1.2 ‘ "
READ(Z292L) ry({U(Lad) su=193)91=1,3)

21 FORMATI(FLI0.3/(3F10631))
WRITE(343L) rHe (LAB(1) e (U{Jsi)aJd= l9§)s1~l 3)
31 FORMAT (1H]1 510X s 26HSEPARATLON OF EXPONLNTIALS/

FiHz cR1MPUT I/

21H235A935H =4F1003/ ,

3lHZsl2Ay 2HUZL10Xs 24U34,10Xs 2HUG, 3

G {1HZs A392xs 3F12e%/)

X 5m20UTPUT:/ '

TIH2212Ay 1riAe 11Xe 24K14510X, 2HKZ )

DO I T = 143

Zabt AAMED (H. U(lsl)qU(/’l}9U(591)9V(la1)9V(291)9A(1’qIfU
TF(INDeES.Z) GU 10 2
ARTTE(3432) LAB(L) e AlL)e V(lol)s Vsl

32 SORMAT (LAZy A3y 2X9 3FL1Z2e4 )
Q0 10 1

Z WRITE (3433

33 FORFATULBHZDID NOT COMPUTE) .

| IO T b - . -
S5T3+# .
ZND

SUs=OUT INE AﬂnLU(HsJZsUJ9U%yV19VZ,AqlHD)
P= D3/J;

I= GaxUG /U2 - BanPxEP : ‘

[P (##PealsUay/U2eANDLIaGTU,) GO 10 1

I~o = ¢
R‘ZTU«"(N
] Vi = - ALUG((P~SURT(3)1/72e0)/H
V2 = - LG ((P+DURT (D)) /ce0i /H - ~
A 7 U3R(VZ2 =~ V1) /VLI/{EXAP(=2.%V1%-) ~ EAP(=2¢#V2%F) )
IND = ! - )
<ETURN
“ND
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