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A great flame follows a little spark
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A B S TR A C T

in this work, emphasis has been placed on the combustion of heavy fuel oils and their watercontinuous emulsions. Current knowledge of pollutant formation from heavy fuel oil is most limited
on the formation of NO^ and Its interaction with other combustion products.

A literature review was carried out to establish the interaction of NO^ with SO^ and particulates in
various combustion systems. Investigators have found sulphur both to enhance and reduce NO^
formation depending on the fuel, equivalence ratio and the sampling position.

A kinetic model was used to predict a reduction in fuel NO^ under low temperature turbulent
conditions and a reduction in thermal NO^ on addition of sulphur.

Experimental work was carried out on British Petroleum's (BP) Drop tube furnaces, combustion rigs
which correlate well with fuli-sized plant. Measurements have been made of the evolution and
interaction of NO^, SO^ and particulates as a function of temperature, residence time, fuel type,
equivalence ratio, nitrogen and sulphur level in the fuel and the presence of nitrogen in the
combustion air.

The spray characteristics from the twin-fluid atomiser used in this work were

measured to investigate the effect of spray size distribution on NO^ and particulate emissions.

The NO^ and particulate emissions were much lower for water-continuous emulsion than heavy fuel
oil. This has been attributed to the pre-atomised nature of emulsions. The fuel NO^ from heavy
fuel oil decreases with increase in sulphur content.

Fuel NO^ also decreases with decreasing

temperature, droplet distribution and mixing. Therefore NO^ emissions from the combustion of
heavy liquid fuels are a function of the design of the complete combustion system, rather than the
fuel alone. Some outstanding issues which have been identified are the evolution of NgO and NOg
from heavy fuel oil and the importance of atomisation in the formation of fuel NO

AC K N O W LE D G E M EN TS

The author wishes to thank Prof. A.R. Burgess and Dr. D.C.Newey, supervisors at UGL and BP
respectively, for providing guidance and much encouragement. Many thanks are due to Mr. M.
McMahon for his help in implementing and developing the kinetic model. Thanks are also due to
colleagues and technical staff at the Research Centre, Sunbury for their helpful advice and
assistance, especially Mr. A. Lewis, Mr. M.P. Weekes and Mr. M.M. Fewtrell. I would like to thank
Mr. A. Daniels and Dr. G. Oskam for help in the development of the combustion equipment.

This work was carried out at the BP Research Centre, Sunbury. The author is very grateful for
the financial support of BP and for the encouragement received from the Company to pursue a
part-time registration for a PhD through UCL.

He especially wishes to thank the Analytical

Division, Applied Physics Branch, Graphics and Photographies sections for their considerable
help.

The author would like to thank BP for permission to publish this work.

Finally, thanks are also due to my fiancée, Fiona, and my parents for their encouragement and
patience during the research programme.

CONTENTS
Page No

Abstract

3

A cknow ledgem ents

4

C ontents

5

N om enclature

1S

List o f Figures and Photographs

15

List o f Tables

19

1

20

INTRODUCTION

1.1

Introduction

20

1.2

Energy resources

20

1.3

Combustion of fuels

22

1.4

Liquid fuels

23

1.5

Fuel oils

23

1.6

Composition of fuel oils

26

1.7

Water-continuous emulsions of fuel oil

26

1.8

Significance of work

27

1.9

An outline of the thesis

29

2

LITER ATUR E REVIEW

30

2.1

Background to heavy fuel oils

30

2.1.1

Processing

30

2.1.2

Composition

30

2.2

Previous work on the formation of pollutants from heavy fuel oil combustion

34

2.2.1

Introduction

34

2.2.2

The oxides of nitrogen

35

2.2.2.1

Nitrous oxide

35

2.2.2 2

Nitrogen dioxide andnitric oxide (NO^)

37

A.

Nitrogen dioxide

37

B.

Nitric oxide

39

I

2.2.2 3

Thermal NO^

40

II Prompt NOjj

42

III Fuel NO^

45

NO^ reduction methods

51

Page No

2.2.3

The oxides of sulphur

53

2.2.4

Particulates

56

2.2.4.1

Particulate formation theory

56

2.2.4 2

Single droplet work

57

2.2.4 3

Relationship to fuel properties

57

2.2.44

Thermogravimetry

58

2.2.5
2.3
2.3.1
2.3.1.1

Emulsions
The interaction of combustion species in heavy fuel oil combustion
The interaction of nitrogen and sulphur species
Fuel-rich combustion

61
64
64
64

A.

Hydrogen combustion

64

B.

Methane combustion

65

C.

Propane combustion

70

D. Cartx>n monoxide combustion

71

2.3.1.2

Summary

71

2.3.1.3

Fuel-lean combustion

72

2.3.1.4
2.3.2
2.4
2.4.1

A.

Methane combustion

72

B.

Ethane combustion

72

C.

Liquid hydrocarbon combustion

73

Summary
The interaction of NO^ and carbon
Atomisation of heavy fuel oils
Introduction

73
74
76
76

2.4.2

Types of atomiser

76

2.4.3

Theory of atomisation process

77

2.4.4

Characterisation of sprays

79

2.4.4.1

Graphical representationand mathematical expressions

79

2.4.4 2

Mean diameters

79

2.4.4 3

Representative diameters

81

2.4.44

Drop-size distribution

82

2.4 4.5

Summary of spray characterisation

82

2.5

3

Summary

E XPER IM EN TA L

82

85

3.1

Introduction

85

3.2

Drop tube furnace 1

85

3.2.1

General features

85

3.2.2

Furnace construction

86

Eage.No
3.2.3

Fuel feeding system

90

3.2.4

injection probe

93

3.2.5

Atomisation

94

3.2.6

Sample withdrawal

96

3.2.7

Solids collection

96

3.2.8

Gas analysis

99

3.3

Drop tube fumace 2

103

3.3.1

Introduction

103

3.3.2

Fumace

103

3.3.3

Fuel feeding system

103

3.3.4

Injection probe

106

3.3.5

Probe drive

106

3.3.6

Sample withdrawal

106

3.3.7

Gas analysis

107

3.3.8

Data-logging

109

3.4

Malvem particle sizer

110

3.4.1

Equipment and operating principles

110

3.4.2

Reported results

110

3.4.3

Constraints

113

3.5

Atomisation

114

3.5.1

Atomiser set-up

114

3.5.2

Atomising air mass flowrate

115

3.6

4

Fuels assessed

115

KINETIC MODELLING

121

4.1

Introduction

121

4.2

Reaction mechanism for nitrogen chemistry in combustion

121

4.2.1

Implementation of the kinetic mechanism

122

4.2.2

Incorporation of the sulphur scheme

123

4.2.3

Kinetic codes

124

4.2.4

Validation of implemented mechanism

125

Kinetic study of the sulphur/nitrogen model

125

4.3
4.3.1

4.3.2
4.4

Effect of fuel sulphur on nitrogen oxide formation in a thermally stabilised
plug-flow burner

125

Experimental work by Pfefferle and Churchill

126

Thermal NO^

127

4.4.1

Effect of the adiabatic flame temperature

127

4.4.2

Effect of temperature profile

127
7

Page No
4.4.3

Effect of equivalence ratio

128

4.4.4

Effect of residence time

128

4.4.5

Effect of fuel-sulptiur

128

4.5

Fuel NO^

129

4.5.1

Effect of fuel-sulphur

129

4.5.2

Effect of residence time

130

4.5.3

Effect of radical recombination reactions

130

4.6
4.6.1
4.7

5

Kinetic model of the drop tube fumace

130

Effect of sulphur on NO^ formation

132
132

Summary

RESULTS AND DISCUSSION

145

5.0

Introduction

145

5.1

Particulate Formation Studies (Drop tube fumace 1)

148

5.1.1

148

Results

5.1.1.1

Size distribution

148

5.1.1.2

Particulate structure

148

5.1.1.3

Particulate reactivity

149

5.1.2

Discussion

149

5.1.2.1

Size distribution

149

5.1.2.2

Particulate structure

149

5.1.2.3

Particulate burden

151

5.1.2.4

Physical properties

151

5.1.2.5

Coke bum-out

151

5.1.2.6

Summary

152

5.2
5.2.1
5.2.1.1

5.2.1.2

5.2.2

NO^ Formation Studies (Drop tube fumace 1)

159
159

Results
Heavy residue

159

A.

Effect of equivalence ratio

159

B.

Effect of temperature

160

0.

Effect of residence time

160

D.

Effect on particulates

160

Emulsion

161

A.

Effect of equivalence ratio

161

B.

Effect of temperature

162

0.

Effect on particulates

162

Discussion

163

Pag? N<?
5.2.2.1

5.2.22

5.2.24
5.3
5.3.1

Heavy residue

163

A.

Effect of equivalence ratio

163

B.

Effect of temperature

163

C.

Effect of residence time

164

D.

Effect on particulates

164

Emulsion

166

A.

Effect of equivalence ratio

166

B.

Effect of temperature

166

C.

Effect of emulsions on NO^ emissions

166

D.

Effect of sulphur content

167

E.

Effect on particulates

167

Summary
Atomisation Studies (Drop tube fumace 2)
Results

168
189
189

5.3.1.1

Visual examination of the spray

189

5.3.1.2

Size distributions of LIFO sprays

189

5.3.1.3

Size distributions of gas oil sprays

190

5.3.1.4

Size distributions of LIFO + 10 %wt gas oil sprays

191

5.3.1.5

Size distributions of 70/30 LIFO emulsion sprays

191

5.3.1.6

Size distributions of 70/30 WLCO emulsion sprays

192

5.3.2

Discussion

192

5.3.2.1

Distribution shape

193

5.3.22

Effect of variables

194

5.3.23

Atomising air mass flow rate and velocity

194

5.3.24

Oil viscosity

195

5.3.25

Emulsion viscosity

195

5.32.7

Effect of air-cap orifice diameter

196

5.32.8

Interfacial surface tension

196

5.32.9

Summary

197

5.4
5.4.1

Particulate Formation Studies (Drop tube fumace 2)
Results

211
211

5.4.1.1

Spray distribution

211

5.4.1.2

Solids burden

211

5.4.1.3

Caiton content

212

5.4.1.4

Reactivity

212

5.4.1.5

Scanning electron microscopy

212

5.4.2
5.4.2.1

Discussion
Spray distribution

213
213

Page„Np
5.42.2

Solids burden

213

5.42.3

Carbon content

213

5.42.4

Reactivity

214

5.4.25

Scanning electron microscopy

214

5.42.6

Effect of droplet size on NO^

214

5.42.7

Summary

214

5.5
5.5.1

NO^ Formation Studies (Drop tube fumace 2)

221
221

Results

5.5.1.1

Simulated air

221

5.5.1.2

Atomiser set-up

221

5.5.1.3

Gas oil

222

5.5.1.4

Lavera Inland fuel oil

222

5.5.1.5

5.5.1.6
5.5.2

5.5.3
5.6

A.

Effect of simulated combustion air

222

B.

Effect of temperature

222

C.

Effect of atomising air flowrate

223

D.

Effect of atomiser configuration

223

E.

Nitrous oxide emissions

223

F.

Effect of oxygen concentration

223
224

Lavera Inland fuel oil emulsion
A.

Effect of simulated combustion air

224

B.

Effect of temperature

224

0.

Effect of atomising air flowrate

224

D.

Effect of droplet distribution

224
224

Flow regime in the fumace
Discussion

225

A.

Effect of simuiated combustion air

225

B.

Effect of temperature

226

C.

Effect of atomising air flowrate

226

D.

Effect of atomiser configuration

227

E.

Nitrous oxide emissions

228

F.

LIFO emulsion

228

G.

Flow regime

229

H.

Comparison with DTF1 results

229
230

Summary
NO^-SO, Interactions (Drop tube fumace 2)

242

Results

242

5.6.1.1

Fuels

242

5.6.1.2

Additives tested

242

5.6.1

10

Page No
5.6.1.3

Experimental conditions

5.6.1.4

243

Neuhof residue

5.6.1.5

243

A.

Addition of sulphur additive

243

B.

Addition of sulphur and 0.5 %wt nitrogen additive

244

C.

Addition of control additive

244

Hydrogenated gas oil

5.6.2

244

A.

Addition of sulphur additive and 0.25 %wt nitrogen additive

244

B.

Addition of sulphur additive and 0.5 %wt nitrogen additive

245

Discussion

245

5.6.2.1

Additive solubility

245

5.6.2 2

Additive compatibility

246

5.6.23

NO^-SO^ interactions

246

5.6.2 4

Comparison with modelling results

247

5.6.25

Summary

248

CONCLUSIONS

251

6

6.1

Introduction

251

6.2

Particulate formation

251

6.2.1

Particulate burden

251

6.2.2

Particulate structure

253

6.3

Fuel NO^ formation

253

6.3.1

Water-continuous emulsion

253

6.3.2

Stoichiometry

254

6.3.3

Temperature

254

6.3.4

Residence time

254

6.3.5

Atomising air flowrate

255

6.3.6

Atomiser configuration

255

6.4

7

Interaction of fuel NO^ and sulphur in combustion

RECOMMENDATIONS FOR FUTURE WORK

255

257

REFERENCES

259

APPENDICES

270

Appendix 1 Reactions used in the thesis

270

Appendix 2

272

Analytical techniques

Fuel analysis:

272
A.

Asphaltenes

272
11

P.agg Ng
B,

latroscan TLC

272

C.

X-ray fluorimetry

273

D.

Kinematic viscosity

273

E.

Density

273

F.

Water content

274

Particulate analysis;

274

G.

Scanning electron microscopy

274

H.

Particle sizing

274

1.

Ash content of particulates

275

J.

Thermog ravimetric analysis

275

K.

Elemental (CHN) analysis

275

Appendix 3A Reaction mechanism of nitrogen chemistry in combustion

277

Appendix 3B Reactions used to model sulphur/nitrogen interactions

285

Appendix 3C Additional sulphur/nitrogen reactions

285

Appendix 3D Additional sulphur/carbon reactions

286

12

N O M EN CLATUR E

A

- Pre-exponential factor in Arrhenius rate equation
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- Constants depending on the effect investigated for the standardised mean diarneter
(Mugele and Evans 1951)
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- Area of the atomising gas orifice

C^, Cg - Constants in the Zeldovich equation (Zeldovich 1946)
D

- Characteristic dimension of the atomiser that determines the thickness of the jet
subjected to air flow

D|

- Middle diameter of size range i
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- Droplet diameter such that 50 % of the total volume is in droplets of smaller diameter
(VMD - Volume Median Diamater)

Dq ^

- Droplet diameter such that 10 % of the total liquid volume is in droplets of smaller
diameter

Dqg

- Droplet diameter such that 90 % of the total liquid volume is in droplets of smaller
diameter

Dgg

- Diameter of a droplet whose volume, if multiplied by the number of droplets, equals
the total volume of sample

D32

- SMD (Sauter Mean Diameter) Diameter of the droplet whose ratio of volume to
surface area is the same as that of the entire spray

Eg

- Activation energy

(g)

- Gas phase (subscript)

h

- Exit orifice diameter for specified design of atomiser

AH

- Enthalpy of combustion

i
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- Reactivity or rate coefficient
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- Forward rate coefficient
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- Constant in the Kim-Marshall equation (Mugele and Evans 1951)
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T

- Temperature
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Maximum flame temperature
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Maximum wall temperature
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Ug

- Air velocity

Ufei

- Relative velocity of gas and droplet

We

- Weber number, where W e
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[]

- Mole fraction
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- Liquid dynamic viscosity
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- Gas density
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- Liquid density
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- Liquid surface tension
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CHAPTER ONE
INTRODUCTION
1.1

lntrpd»gti<?n

Combustion and pollution have been linked ever since mankind's discovery of fire. From the
beginning of the 14th century tothe early part of the 20th, air pollution by coal smokeand gases
has been one of the major concerns for the industrialised areas of the world.During thereign of
Edward I (1272-1307) there was recorded a protest by the nobility against the use of "sea" coal;
and in the succeeding reign of Edward II (1307-1327) a man was put to torture ostensibly for
filling the air with a "pestilential odour" through the use of coal (Bloomfield et al 1962).
Legislation of combustion emissions have been present since the reign of Charles II when an
essay entitled "Fumifugium; or the Inconvenience of the Aer and Smoke of London Dissipated;
together with some Remedies Humbly Proposed" was published. This century the combustion of
oil and gas has diminished the nuisance and hazard of coal smoke but has still presented the
industrialised world with the increasing problem of pollution as world demands for energy
increase. As a result of active world-wide concern, especially over the past twenty or so years,
for what is being emitted to the environment via the smokestack and the tailpipe, great strides
have t>een made toward burning fuel cleanly.

1.2

Enerav resources

The original source of energy on earth is the sun via nuclear fusion processes. Mankind has
failed so far to trap solar energy in a practical way, except in utilising the secondary effects of
water, wind and tidal energy. However, coal, oil and gas have stored a small proportion of the
sun's energy over time and are now man's primary sources of energy. Unfortunately all fossil
fuel resources have a finite lifetime.

At present, almost half of the world's primary energy requirements are met by oil. Figure 1.1
shows the increased consumption of primary energy and the effect hydro and nuclear energy are
having in reducing the load on the fossil fuels (BP statistical review 1990, McCullan et al 1983).
If the reserves remaining at the end of 1990 are divided by the production in the year, and the
remaining reserves are used at the current level, oil will last 45 years, gas 56 years and coal 230
years. These figures vary as known reserves become economic to produce and further reserves
are discovered. Even so we are talking of the life for fossil fuels in terms of decades rather than
centuries, especially in the case of oil and gas.
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The other aspect of energy to be taken into account Is conservation. Once it is fully appreciated
that we are dealing with a finite resource it becomes important to conserve what we have and
use it efficiently.

1.3

Combustion of fuels

Combustion is, in general terms, an exothermic oxidation reaction between fuel and air during
which physical processes such as energy, mass and momentum transfer are occurring
simultaneously. The extent of completion of the exothermic reaction depends on the interaction
of the above processes in space and time. Combustion involves both homogeneous gas phase
reactions and heterogeneous surface reactions. The phenomena occurring during homogeneous
combustion are less complex than those occurring in heterogeneous combustion. For both oil
and gas, the degree of mixing with combustion air is a critical first step in achieving high
combustion efficiencies. During homogeneous combustion, chemical reaction commences as
mixing takes place if the temperature is right.

Heterogeneous combustion requires longer

buming times and liquid fuels need to be atomised prior to combustion, as will be discussed in
more detail later. Solid fuels such as coal are often finely ground (pulverised) and then blown
into a large combustion chamber by a blast of air and bumed while suspended in air.

The principal reactions involved in the combustion of fuels are the oxidation of the elements
carbon and hydrogen with the evolution of heat. These can be summarised by the following
equations (all the equations in this thesis with the exception of those in Chapter 4 are numbered
sequentially and shown in Appendix 1):

C(g) +
Hg(g) + 1/2 Og^g)

=>

COg^gy

=»

AH = -393 kJ/mole

(1)

AH = -483 kJ/mole

(2)

The main products of combustion are carbon dioxide and water, but if there is insufficient oxygen
to allow complete combustion, carbon monoxide will be formed;

2C(gj + 0 2 (9)

=>

2CO(g),

AH =-221 kJ/mole

(3)

The maximum amount of useful heat that can be obtained from a combustion process is
provided by ensuring the fuel is completely burnt,

it is also important to use the minimum

quantity of air (combustion air) to prevent excess air being unnecessarily heated.
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1.4

Liquid fuels

The principal liquid fuels are made by fractional distillation and subsequent processing of crude
oil. Crude oil consists essentially of hydrocarbons together with smaller quantities of sulphur,
oxygen and nitrogen-containing hydrocaitons and some organo-metallic compounds, particularly
those containing vanadium.

Gaseous, liquid and solid (or semi-solid) compounds may be

present in crude oil and these are separated at the well-head and during the refining processes to
give a range of products. Figure 1.2 gives the distillation products from the average European
barrel over the last ten years showing the trend towards greater quantities of lighter distillates at
the expense of a lowering in quality of the heavier fractions such as heavy fuel oil.

The

properties of the liquid fuels produced are markedly dependent upon the source of the fuel, the
nature of the refining operations and the method of blending used to produce the final product.
Because of the multiplicity of the molecular species present in oil, crude oils (and products) may
be classified in terms of the concentrations of broad chemical groupings, namely paraffinic,
naphthenic, aromatic or asphaltic. During the process of distillation and other refining operations
these products are distributed amongst the final products according to their properties; so also
are the nitrogen-containing hydrocartx)ns, etc. and inorganic components.

In the following section fuel oils will be considered in more detail as these are the subject of the
present investigation.

1.5

Fu9l gils

The term "fuel oil" means different things in different countries but essentially it covers the range
of products from gas oil to extremely viscous products of high molecular weight. This group
encompasses both diesel fuels and industrial fuels used in boilers and furnaces. Their major
source is crude oil, but liquid fuels can also be produced from coal as well as oil shale and tar
sand. "Residual" fuel oils are composed of distillation products, residues from vacuum distillation
and visbreaking processes blended with a gas oil to produce a fuel with a particular viscosity
(Williams and Jones 1963, Williams 1976, Clark 1988).

The characteristics of residues are

usually determined by distillate requirements, and in refineries where It is necessary to reduce
the viscosity of a residue for fuel oil blending, a mild form of thermal cracking, known as
"viscosity breaking" (visbreaking) is employed. Visbroken fuel is becoming increasingly more
common in the fuel oils used now a days as the demand for lighter fractions increase (see Figure
1.2). Residual fuel oils are generally of such a high boiling point that they are difficult to vaporise
and must be fed into furnaces as an atomised spray or mist. The price of heavy fuel oil is given
in Figure 1.3 showing the relative value of heavy fuel oil compared to gasoline as market
demands change.
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1.6

Composition of fuel oils

Heavy fuel oils can be considered as a thermodynamic equilibrium of high molecular weight (10^
to 10^) micelles in a maltene (resins in an oil base) medium of molecular weight 10^ to 10^,
forming a complex colloidal system (Whitehead 1981). The higher molecular weight constituents
are called asphaltenes and are composed of condensed naphthenic and aromatic ring structures
with peripheral parafFinic side chains. One of the most complete pictures of the asphaltene
structure has been discussed by Yen (1974).
^ 237^ 276^6^6^ 3)

The average molecule (approximate formula,

comprised of a stack of five flat sheets with many sulphide, ether, aliphatic

chain and/or naphthene-ring linkages.

The sheets will contain oxygen, nitrogen and sulphur

atoms, associated with free radical sites and anchor points for metals and porphyrins.

The

chemical structures of asphaltenes and resins are not well defined; neither is their interaction.
Their definition is of an arbitrary nature, relying on solvent fractionation (Institute of Petroleum
test IP 143/77). This test separates the residue, using n-heptane, into a soluble maltene portion
and an insoluble asphaltene portion, which can t>e further fractionated into resins and oils.

The ash residue of a fuel oil derives from the presence of metallic constituents, some of which
occur as inorganic water-soluble salts, some being from metals combined with the hydrocartx>n
structures in the fuel, and the remainder arising from processing the oil, such as the "catalyst
fines" deposited during refining processes (Cunningham et al 1989).

Iron (5-60 ppm), nickel

(5-100 ppm), vanadium (10-500 ppm) and sodium (10-150 ppm) are the most significant metals
in residual fuel oils.

1.7

Water-continuous emulsions of fuel oil

The original concept for the development of water-continuous emulsions was to reduce the
viscosity of, and hence simplify the transportation of, high viscosity crude oils and high viscosity
refinery residues without using expensive cutter stock. Water-continuous emulsions have been
developed at the BP Research Centre, Sun bury in collaboration with Petroleos de Venezuela SA
and consist of oil droplets with a mass mean diameter of about 10 pm dispersed in a continuous
water phase. A small quantity of surfactant is added to prevent the oil droplets coalescing and
separating from the water phase. A typical mass ratio of oil to water is 70/30.

Under these

conditions the viscosity of the emulsion is dramatically lower than the viscosity of the original fuel
oil at around 350 K and hence allows for easy transportation. The success of the transportation
work led to the idea of burning this type of fuel. Work has shown that these fuels could possibly
reduce the emissions of pollutants produced from fuel oil.

Water-continuous emulsions of fuel oils will be considered in more detail as part of this present
Investigation.
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1.8

Significance of work

Two of the gaseous oxides of nitrogen, nitric oxide (NO) and nitrogen dioxide (NOg), collectively
known in a pollution context as NO^, are emitted from combustion processes as trace species
(Levy 1989). These oxides are normally present in the atmosphere in low concentrations, as a
result mainly of forest fires or lightning, and have a role In the fixation of nitrogen. However, the
high local concentrations of NO^ generated in man-made flames have a variety of harmful
effects on the environment.

The oxides of nitrogen have proved to be one of the most

intractable of gaseous pollutants from combustion. This is partly explained by the fact that they
were the last to be recognised as a nuisance and the obvious steps customarily taken to reduce
emissions of CO, unbumt hydrocarbons (HO) and soot tended to maximise NO^ In addition, an
imperfect understanding of how NO^ is formed has been partly responsible.

Emissions of NO^, SO^ (sulphur oxides) and carix>n as particulates/soot from the combustion of
heavy fuel oil are subject to much legislative control. Table 1.1 shows the current and future
EEC emission limits for large combustion plant. The deteriorating fuel oil quality is making it
more difficult to reduce combustion-generated pollutants. This is further complicated by the fact
that little money is available for pollution control, due to the relatively low value of fuel oil.
Therefore reduction techniques have tended towards identifying the circumstances by which the
pollutants can be controlled via the combustion process; a cheaper method for pollution control
than flue gas clean-up.

Much work has been carried out on measuring NO^ SO^ and carix)n in different combustion
systems and studying the chemistry behind their formation and destruction. Current knowledge
on these pollutants is most limited about the formation of NO^ and its interaction with other
combustion products. Fuel oil combustion generates very much higher levels of NO^ emissions
than gas firing due to inherent fuel-nitrogen which produces "fuel NO^".

Progress on NO^

reduction techniques has thus been limited by the difficulties of combating the fuel NO^
production reaction. The work involved in this thesis will therefore address problems regarding
the interaction of NO^, 60^ and carbon during the combustion of residual fuel oil and their
respective water-continuous emulsions.

By way of further introduction, general aspects of the production and interaction of NO^ SO^ and
particulates in combustion systems, most specifically heavy fuel oil combustion, are reviewed in
Chapter 2.
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FUEL TYPE

EMISSION VALUE (in m girr? )

PLANT SIZE
MW (t)

To Dec 1995
SOLID
(@ 6%02)

LIQUID
(@3%02) W

(@3%02)

From 1996

To Dec 1995

From 1996

650

200

400

250

100-300

800

200

1200

1200

50-100

800

400

2000

2000

>300

450

150

400

250

450

150

1700

1700

450

150

1700

1700

350

100

35

35

10(c)

100(e)

100(e)

50 (d)

5(0

5(1)

>300

100-300

50

50

50-100

GASEOUS

SO X

NOx (a)

DUST

>50

5

(a) Measured as NO2
(b) O2 on dry basis, 273 K, 1013mbar
(c) Blast furnace gas
(d) Gases produced by the steel Industry which can be used elsewhere
(e) Coke oven gas
(f) Liquified gas
Source: Amended proposal for a directive on the limitation of emissions Into the air from large
combustion plants, Commission of the European Communities, COM (85)47 final, Brussels, Feb 1986

Table 1.1 Emission limit values for large combustion plant
proposed by the EEC Commission.

1.9

An oirtling pf.thislhesis

Much of the work carried out at the BP Research Centre. Sunbury (PCS) and University College
London (UCL) has been aimed at gaining an understanding of the bum-out characteristics of
heavy fuel oil and heavy fuel oil emulsions.

Research has been carried out in developing a

quantitative relationship between fuel properties and the corresponding particulate levels for a
range of fuels.

Of particular importance nowadays is the need to control both NO^ and

particulate emissions from oil-fired plant simultaneously.

The studies of the burn-out and emission of pollutants from fuel oil have been carried out on BP's
drop tube furnace (D IF). In this apparatus to be described in Chapter 3, a twin fluid atomiser
produces a fine spray of fuel which is injected downwards into an isothermal furnace and the
combustion gases then flow down the vertical work tube under laminar flow conditions.
Measurements were made of the evolution of NO^ and SO^ by analysing gas samples drawn
from the furnace as a function of temperature, residence time, fuel type and oxygen availability.
Alongside this, particulates were collected as it is recognised that the interrelation between the
formation of all these pollutants is important, particularly when considering the mechanisms by
which they may be controlled.

The drop tube furnace initially used in this project had several disadvantages, particularly in
maintaining isothermal conditions in the furnace and the difficulty in sampling with the probe. To
eliminate these effects and modernise the instrumentation a new drop tube furnace was
constructed. Further details given in Chapter 3.

In Chapter 4 kinetic modelling work was carried using the Chemkin kinetic modelling package
developed at Sandia. A sulphur scheme was added to the existing NO^ mechanism to model
interactions between nitrogen and sulphur species in combustion.

All of the results obtained by using these furnaces are presented in Chapter 5 . A complete
discussion of the results is also made in this Chapter.

A summary of conciusions and suggestions for future work are given at the end of Chapter 6 and
7 respectively.
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CHAPTER TWO
LITERATURE REVIEW

2.1

BACKGROUND TO HEAVY FUEL OILS

2.1.1

Processing

In refining crude petroleum, a variety of processes are available for converting the crudes Into
more valuable products. For example, materials boiling below about 673 K may be recovered by
atmospheric distillation, whereas materials boiling up to 900 K or higher are recovered by
vacuum distillation. The residuum heavy fuel oil generally contains high concentrations of high
molecular weight organic compounds with sulphur, nitrogen, oxygen, metals and other
non-hydrogen species, as well as high molecular weight hydrocarbons. Including condensed-ring
aromatics. Nowadays further processing Is carried out on the fuel to increase the proportion of
lighter hydrocarbons. This can be achieved by thermal cracking which thermally decomposes
(723 K to 1023 IQ, under pressure (65 barg), large hydrocarbon molecules to smaller molecules.
Under these conditions, the main reactions occurring are carbon-carlx)n bond fission and
dehydrogenation.

In contrast, viscosity breaking, or visbreaking, is a mild cracking operation

used to reduce the viscosity of straight run residues. By reducing the viscosity of the residue,
visbreaking reduces the amount of diluent required for blending a fuel oil to specification.
Visbreaking conditions range from 3 to 20 barg pressure and temperatures of 723 - 773 K. In
addition to the major product, fuel oil, gas oil and gasoline are produced. The severity of the
visbreaking process is limited by coke formation in the unit, and by the unstable
chemical/physical nature of the resultant residues in terms of subsequent fuel oil blending.
Visbreaking is the preferred route for crude oil processing in Europe.

In the United States

legislation for combustion of heavy fuel oil, particularly with a high sulphur content is severe.
The preferred process in the US is coking which is a severe form of thermal cracking, designed
to convert residual feed stocks completely into gas, naphtha (gasoline component), gas oil and
coke.

2.1.2

Composition

It is not possible to define the exact composition of any individual crude oil, although similar
families of hydrocarbons (alicyclics, cyclics and aromatics) are present in each, together with
organic compounds of many elements. The composition of crude oil and residual fuel oil have
been reviewed by Spears and Whitehead (1970) and Whitehead (1981) respectively. Heavy fuel
oil is basically a colloidal system, consisting of asphaltene micelles dispersed in a lower
molecular weight medium (maltenes). The micelles are considered to be asphaltenes together
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with an adsorbed covering sheath of high molecular weight aromatic resins as a stabilising
solvating layer. Asphaltenes in heavy fuel oil are generally considered to be highly aromatic
materials of fairly high molecular weight (10^ to 10^). They are brown to black amorphous solids
containing, in addition to caiton and hydrogen, nitrogen, sulphur and oxygen (Girdler 1965).
Further away from the centre of the micelle there is a gradual transition to the less aromatic oily
dispersion medium.

The stabilising micelle will not normally precipitate until a solvent (eg

n-heptane) is added which will reduce the peptising power of the dispersion medium and leave
the asphaltenes free to agglomerate and precipitate. In fact solvent fractionation (Institute of
Petroleum test IP 143/77) is used to define asphaltenes In an arbitrary way. This test separates
the residue, using n-heptane, into an insoluble asphaltene portion and a soluble maltene portion,
which can be further fractionated into resins and oils.

Resins and oils are required for

asphaltenes to dissolve in the distillate portion of a crude oil providing a transition between the
polar (asphaltene) and the relatively non-polar (oil) fractions in heavy fuel oil thus preventing the
assembly of polar aggregates that would be non-dispersible in the oil.

The problem is

complicated by the fact that once asphaltenes are removed from their original environment their
structure, or perhaps the arrangement of various groups collectively called asphaltenes, change.
Thus observed asphaltene structures vary with source and precipitating agent. Several values
for the molecular weight of asphaltenes have been reported, and since asphaltenes associate
strongly even in dilute solutions the range is wide.

Separation by gel permeation

chromatography suggest values of 7-30 kg/mol, while the lower limit of 1-2 kg/mol is found for
Alberta asphaltenes disassociated in nitrobenzene.

X-ray diffraction studies (Yen et al 1961) have investigated the structural parameters of various
asphaltenes. Studies of rates of oxidation have indicated that the heteroatoms oxygen, sulphur
and nitrogen occur largely in chemically stable configurations, probably rings. Speight (1975)
has shown that the concentration of heteroatoms in structural group entities falls with increasing
molecular weight of the fraction. Nitrogen and sulphur do not predominantly exist in functional
groups but gain stability during cracking by incorporation into ring systems. On the other hand,
oxygen appears mostly in thermally-labile configurations and is eliminated during pyrolysis.
Infra-red absorption evidence points to the presence of naphthenic groups as well as aromatic
and paraffinic, and some structural investigations have been carried out by NMR.

Functional

groups within the asphaltene structure include phenols, indols, carboxylic acids, sulphoxides,
amides, pyrazines and pyridines.

The presence of stable free radicals has been shown by

electron spin resonance studies to be localised in the aromatic groupings.

It can be seen that the structure of an asphaltene constitutes a complex problem and many
attempts have been made to elucidate a definitive configuration. One of the most complete
pictures of the asphaltene structure has been discussed by Yen (1974), see Figure 2.1.
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cartx>n sheets or naphthenic rings; ^
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of flat sheets of condensed aromatic
rings (Yen 1974)

Figure 2.1 Cross-sectional view of an asphaltene model
Molecular weights are suggested to be 1-5 kg/mol, with an approximate molecular formula of
^ 237^276^6^6^ 3"

average molecule is comprised of a stack of five flat sheets of 8-16

condensed aromatic rings, 0.35-0.37 nm apart, interconnected by systems of sulphide, ether,
aliphatic, chain and/or naphthene-ring linkages. The sheets contain heteroatoms, in association
with free radical sites and anchor points for metals and porphyrins. Such a structure would have
an overall stack height of 1.6-2.0 nm and a sheet diameter 0.8-1.6 nm.

The ash residue of a fuel oil derives from the presence of metallic constituents in the fuel. The
range of trace metals in liquid fuels is extensive as shown by the detailed analyses of some
crude oils In Table 2.1. It must be remembered that these analyses are for crude oils and that
the elements will be enriched between two and fivefold in refinery fuel oils derived from the
crudes, assuming that all the elements remain in the residual fraction. Four elements, vanadium,
sodium, nickel and iron, have been measured in over forty residual fuel oils as part of work at BP
(Whitehead et al 1983) and the maximum concentrations found were 370, 100, 68 and 27 ppm
respectively. These results suggest that for some elements even a five-fold enrichment in a fuel
oil compared with the crude may be an under-estimate.

Most studies of metals in oil have been concentrated upon nickel and vanadium which are
largely present as porphyrins, formed during the conversion of chlorophyll to oil, with the majority
present in the asphaltenes (Corbett 1967).

Porphyrins are encountered in distillates boiling

above 770 K. Thus much less of the trace element content of oil is present as inorganic mineral
in comparison with coal. It is usually only the soluble metal salts associated with formation water
that are present.

Residual fuel oils may also be contaminated by drilling fluids or during

processing with catalyst fines which would increase the trace metal content further. These fines
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METAL

Probable maximum
concentration
(ppm)

Vanadium
Sodium
Nickel

50
30
25

Iron
Silicon
Potassium
Calcium
Magnesium
Aluminium
Arsenic
Copper
Selenium
Zinc

5
5
5
2.5
2.5
1
1
1
1
1

Chromium
Lithium
Molybdenum
Tin
Titanium
Zirconium
Antimony
Barium
Cerium
Cobalt
Gallium
Lanthanum
Lead
Manganese
Mercury
Strontium

0.5
0.5
0.5
0.5
0.5
0.5
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Uranium

0.01

Beryllium
Germanium
Niobium
Scandium
Silver

0.001
0.001
0.001
0.001
0.001

Cadmium
Caesium
Rubidium
Tellurium
Thallium

-

Comments

Extrinsic saline

Extrinsic saline

Sporadic

Sporadic
Sporadic
Sporadic
Sporadic
Not recorded
Not recorded
Not recorded
Not recorded
Not recorded

Data adapted from Jones (1985)

TABLE 2.1 TRACE METALS IN CRUDE OILS
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are about 50 to 100 pm in size and are usually composed of the invoiatile refactory oxides of
aluminium and silicon.

The metals that are not associated with the asphaltene fraction are found with the polar-aromatic
compounds which is characterised as having a heteroatom polar group plus a naphthene and
paraffinic side chain. The saturate and aromatic fractions, as separated by chromatography, are
completely free of metals (Corbett 1967).

Maltenes are viscous liquids which can be separated into resins and oils by chromatography or
solvent fractionation.

Little research has been reported on resins.

A molecular weight of

approximately 1 kg/mol, has been calculated for Athabasca resin. Similar metals to those found
in asphaltenes have been detected in the maltenes fractions. n-Alkanes in the range

to Cyg,

polycyclic hydrocarbons (eg diamantane, fichtelite, steranes, and triterpanes), condensed
aromatics (eg anthracenes, phenanthrenes, perylenes and coronenes) and organic 8, N and O
compounds (eg thiabicycloalkanes, thiophenes, acridines, phenazines, carbazoles, fatty acids
and lactose) are also found.

Thin layer chromatography (TLC) is a convenient semiquantitative technique (Ray et al 1981) for
broadly defining fuel oil composition in terms of chemical groupings. The choice of the eluting
solvent is important and, when correctly chosen, yields four analytical fractions which are termed
TLC residue, resins, aromatics and saturates. n-Heptane was used for the saturates, toluene was
used for the aromatics and a chloroform/methanol mix was used for constituents containing a
single polar group, whilst the remainder was associated with any constituent containing more
than one polar group.

2.2

PREVIOUS WORK ON THE FORMATION OF POLLUTANTS FROM
HEAVY FUEL OIL COMBUSTION

2.2.1

Introduction

Although we may not fully understand all the chemical routes to production of the sulphuric acid
in the atmosphere or the ways that acid rain is attacking our environment, the concept that
sulphur dioxide in the atmosphere is a "bad thing” is something we can comprehend and act
upon. NO^ is the other product of combustion that contributes to acid rain, photochemical smog,
ozone damage to trees and human health effects and is more difficult to come to terms with
because nitrogen oxides are a natural part of the nitrogen cycle. Lightning may create as much
NO^ as combustion does, as well as all the NO^ created on land and sea by natural
de-nitrification processes. The main oxide emitted from refinery combustion piant is NO, of
which some 25 % is ultimately oxidised to NOg in the atmosphere by ozone. The quantity of NOg
is very much smaller than that of NO, and is often ignored since it very rarely exceeds 10 % of
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the NO^ (Reuther et al 1988). However, legislative control for NO^ expresses the limits in mg/m^
of NOg, assuming complete NO oxidation.

Man may contribute to NO^ emissions by only half of those of biological emissions, but the
problem lies in that man's emissions are concentrated, unlike nature's (Pierotti and Rasmussen
1976). This is highlighted by the fact that NO occurs at a natural background level of 2 ppb over
land and 0.2 ppb or less over water. NOg concentrations over land and water are as low as
0.1 ppb (Redman 1989).

Although the damage to our environment caused by NO^ is still a topic of research and debate,
the fact that it does cause damage is not in dispute. The European Community is grappling with
it on various fronts, trying to control car emissions and emissions from combustion plants. EC
Environment Ministers have agreed to reduce SOg levels from large combustion plants and have
also agreed to reduce NO^ levels from the same source by 15% by 1993 and 30% by 1998
(Redman 1989).

In 1989 24 countries signed a United Nations protocol to limit emissions,

leaving it up to the individual countries how they did this.

Because both of these gaseous emissions have strict legislative limits it is vital to know how they
or their intermediates affect one another under combustion conditions. Could one be allowed to
increase t^yond legislative limits if the other was removed prior to combustion?

Could a

combustion improving technique be devised to reduce both emissions in one stroke? These and
many more questions need to be answered before tighter legislative limits come into force.

2.2.2

The oxides of nitrogen

2.2.2.1

Nitrous oxide

It is only recently that people have become aware of nitrous oxide (NgO) as having an important
role in atmospheric chemistry, but it is still not included in the total nitrogen oxides known as
NO^ Studies have indicated that NgO is a very short-lived species in hot combustion gases and
that the principal NgO formation reactions involve NO and various nitrogen-containing radicals
are:

NH + NO =» NgO + H

(4)

NCO + NO => NgO + CO.

(5)

The NgO formed in these reactions rapidly reacts to form Ng, principally by,

NgO + H =» Ng + OH.

(6)
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NgO is more chemically inert than NO and NOg, which means that it survives transport to the
stratosphere where it is involved in destruction of ozone: photolysis breaks the molecule down
with one product being NO which reacts with the ozone (Pierotti and Rasmussen 1976).

NgO => Ng + o

(7)

NgO + O =» 2NO

(8)

NO + Og => NOg + Og

(9)

in addition, NgO is under increasing scrutiny as one of the species contributing to global warming
by the "greenhouse effect" (Hao et al 1987a). Reference should be made to the work of Weiss et
al (Weiss 1981, Weiss et al 1981) for details of the measurement of NgO in the troposphere, but
the average concentration of NgO in the air is about 310 ppb and is increasing at about 0.2% per
year. There is considerable controversy over the extent of natural sources and sinks of NgO, but
it is generally agreed that it has a long lifetime of between 75 and 300 years in the atmosphere
(Denvent et al 1990).

Measurements of NgO from oil-fired systems have been reported by three groups and their
results were: 25 ppm (Weiss and Craig 1976), 50 ppm (Hao et al 1987a) and 13 to 74 ppm (Hao
et al 1987b). Hao et al (1987b) are the only workers to report results on a range of fuel-nitrogen
contents. There is not a strong correlation between fuel-nitrogen and NgO emissions, but the
authors state that the N^O originates from the fuel-nitrogen. Their data also clearly show that the
contribution of NgO to the total emissions of nitrogen oxides is significant at about 25 %.
Recently, however, a serious concem has been expressed regarding the reliability of methods
based on analysis of previously collected batch samples of exhaust gas. At the recent European
workshop meeting on NgO emissions from combustion plant (ERA/Institute Français du Petrole
1988, Muzio et al 1989), it was suggested that mixtures of NO and SOg in the presence of water
can react over a period of a day or more to produce NgO.

All reports in which analytical

techniques are given (Pierotti and Rasmussen 1976, Hao et al 1987a, Weiss and Craig 1976,
Kramlich et al 1982, Roby and Bowman 1987, Hao et al 1987b) describe methods using gas
chromatography (GC) on previously collected batch samples of exhaust gas. This may account
for some of the scatter in reported measurements, and could mean that many of the published
results are erroneously high if long periods elapsed between sample collection and analysis.

In addition to the GC technique, it is also possible to use infra-red absorption to determine NgO.
A device used in the work described in this thesis is non-dispersive infra-red (NDIR) absorption
which is available commercially from the Analytical Development Company, although no
measurements of combustion emissions using this technique have been reported. The attraction
of infra-red absorption techniques is that they can be used to measure combustion emissions
such as NgO continuously rather than batchwise. Not only is this more attractive for monitoring
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combustion piant but it may overcome the probiem described above of reactions occurring in
batch sampies subsequent to their coliection.

One reason for concem is that the control technology for reducing NO^ may actually be
beneficial to the formation of NgO (Hao et al 1987b). The fuel-rich zone in a staged combustor is
designed to convert fuel-nitrogen to Ng. The same environment could be expected to favour
NgO production and the temperature in the second stage of combustion may be insufficient to
consume the NgO completely. These results are important in that they suggest a replacement of
NO^ with NgO during staged combustion.

In the post combustion stage the NgO forms NO

resulting in an overall high NO^ emission from the plant.

information on the mechanism and kinetics of NgO formation from fuel-nitrogen under
combustion conditions is scarce. Hao et al (1987a) state that cyanogens which form in fast
reactions during the pyrolysis of fuels containing nitrogen can be considered to be the main
source of NgO. in this scheme NO acts as an intermediate in NgO formation. Although this is in
broad agreement with their spatially resolved NO and NgO concentrations measured in
experimental flames, no kinetic data to support this view are presented (Hao et al 1987a). Under
fuel-rich conditions both NO^ and NgO may be reduced by reactions with hydrocartx>n radicals
and hydrogen atoms respectively.

Malte and Pratt (1974) suggested that NgO might be an important intermediate in the formation
of prompt NO^ from nitrogen in the combustion air. Experimental work by Semerjian and Vranos
(1976) in lean pre-mixed turbulent flames showed that the involvement of NgO could not be
substantiated. Thus this is unlikely to be the dominant mechanism for the formation of NgO.
Other studies (Corley and Wendt 1984) have provided indirect evidence that the absence of fuelsulphur will increase the proportion of initial nitrogeneous species which may be converted to
NgO. Further evidence of a direct connection between NO^ and SO^ production mechanisms is
provided by the observation of the NS radical in doped methane flames (Jeffries and Crosley
1986). None of the papers which report NgO emissions give data on fuel-sulphur levels, so it is
not possibie to confirm the relationship between sulphur and NgO, but this subject merits further
investigation.

2.2.2.2

Nitrogen dioxide and nitric oxide (NOJ

A.

Nitrogen dioxide

Nitric oxide (NO) and nitrogen dioxide (NOg) are known collectively as the oxides of nitrogen
(NO^). The combustion of fossil fuels results in the emission of nitric oxide, and to a lesser
extent nitrogen dioxide, into the atmospheric boundary layer.

Nitric oxide reacts rapidly to

produce a range of organic and inorganic species in the gaseous and condensed phases. The
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primary reaction of nitric oxide is with ozone. This typically goes to completion on the time scale
of minutes and results in the production of nitrogen dioxide (Denvent et al 1990).

NO + O 3 =» NOg + O2

(9)

Nitrogen dioxide absorbs radiation strongly In the UV regions of the spectrum decomposing to
yield nitric oxide. Thus, in daylight, the above reaction proceeds in the opposite direction and
this leads eventually to a photochemical stationary state. The position of this stationary state
depends on light intensity which varies with time of day, latitude and meteorological factors.
Generally, however, in unpolluted, remote and rural areas, nitric oxide concentrations are only a
small fraction of those of nitrogen dioxide. In polluted air, because the oxidising capacity of the
atmosphere may be limited by the availability of ozone as an oxidant, nitric oxide concentrations
are often higher than those of nitrogen dioxide.

Significant concentrations of NOg from between 15 % and 50 % of the total NO^ have been
reported in the exhaust of gas turbines (Diehl 1973,Hazard 1974). It isgenerally considered that
the NOg is the product of rapid quenching reactions whichconvert NO to NOg. Cemansky and
Sawyer (1975) addressed this problem and essentially concluded that reactions of NO with HOg
and with O atoms could account for the high NOg levels.

NOg formation and destruction in

flames can occur by the following reaction sequence:

NO + HOg => NOg + OH

(10)

NO + O

=» NOg

(11)

NOg + H

=> NO + OH

(12)

NOg + 0

=> NO + Og

(13)

In the low-temperature regions of flames, significant HOg concentrations are found that can react
with NO formed in the high-temperature regions and be transported by diffusion to the
low-temperature region. Since the rate of this reaction depends on HOg concentration, NOg
formation also is sensitive to reactions forming and removing HO g. Of particular importance is:

H + Og + M => HOg + M

(14)

which is the principal HOg formation reaction in the low-temperature region of the flame. The H
atoms needed for this reaction are transported from the high temperature regions by molecular
diffusion.

The NOg removal reactions are rapid, and in the presence of high radical

concentrations, NOg will be converted back to NO. From these reactions it may be observed that
a balance exists between NOg formation and destruction via H atoms.

38

A basic drawback to most of these studies has been the question of whether or not NOg is being
formed in the probe (Alien 1975, Johnson et al 1979, Drake et al 1987). Attempts have been
made in vain to apply laser fluorescence and absorption techniques to resolve this issue.

At flame temperatures NOg can exist only as a transient species.

If NOg is to persist in the

combustion products, then there must be quenching of the NOg formed in the flame.

This

quenching might occur in turbulent flames by rapid mixing of hot and cold fluid elements, which
serves to quench the NOg removing reactions by reduction in radical concentrations (Hori 1986).
This is thought to be unlikely in heavy fuel oil flames which remain hot throughout the
combustion chamber.

B.

Nitric 9xld9

The main routes to NO^ are:

I

Thermal NO^ via the Zeldovich mechanism.

II

Prompt NO^ from nitrogen reacting with hydrocartx)n radicals.

III

Fuel NO^ from nitrogen chemically bound in the fuel.

The concentration of thermal NO^ produced in a flame depends upon variables such as
temperature, oxygen availability, residence time and mixing intensities. Fuel NO^ is thought to
be produced earlier during combustion than thermal NO^.

Prompt NO^ is believed to be

produced even earlier and is usually used to provide an explanation for the anomalies found in
some flames whilst using thermal and fuel NO^ mechanisms. Figure 2.2 shows the time history
of NO^ production within an oil flame. The position and relative heights of the individual peaks
may move, depending upon changing flame characteristics.
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Figure 2.2 Relative time history of NO^ production for oil flames
I

Ihgrmgi NQ^

Fixation of nitrogen from the combustion air requires the breaking of the very strong bond
holding the Nj molecule together; the Nj dissociation energy is 941.7 kJ/mol (Atkins 1982).
Thermal NO^ is generated from molecular nitrogen by a pair of radical reactions known as the
Zeldovich mechanism (Zeldovich 1946):

O + N2

^

E^5 =314 kJ/mol

NO + N

(15)

E -15 = 0

N + Og

E^g = 163 kJ/mol

NO + O

(16)

E_ig = 29 kJ/mol

(Where E = activation for the reaction: a negative sign for the reaction number indicates the
reverse reaction.)

Reaction 15 is now accepted as the rate determining step in the formation of virtually all NO in
the post-flame region of gas flames, when the radical recombination is almost complete and
temperature is well defined.
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In fuel-rich flames, OH concentrations have been found to be relatively high compared with those
of H and O, although the exact concentrations of each depends upon the kinetics and flame
conditions. OH is therefore thought to contribute to additional NO formation as in Reaction 17
below;

N + OH

^

NO + H

=0

(17)

E_^y = 165 kJ/mol

Whether reaction 16 or 17 is used it can be seen that one molecule of nitrogen produces two
molecules of NO.

Experimental measurements of thermal NO formation in heated mixtures of Ng, Og and Ar at
atmospheric pressures have shown that the NO concentration is strongly dependent on
temperature, nitrogen concentration, the residence time and the square root of the oxygen
concentration, according to the following equation (Zeldovich 1946, Martin 1981):

[N O ]-C , e x p ( - C j/T ) [ N j] [ 0 ,f t

where:

[ ]

= mole fraction

T

= temperature (K)

t

= residence time (s)

CpCj

= constants

The Zeldovich mechanism predicts that the formation rate of thermal NO^ will be proportional to
oxygen availability, and will increase very strongly with temperature and is negligibly slow below
1800 K. However, in the temperature range of interest the errors are + 35 % (Williams 1992).
The mole fraction of thermal NO^ produced in a flame at varying temperatures was calculated
using the Chemkin model and displayed in Figure 2.3 (Chemkin will be described in more detail
in section 5.1). For thermal NO^, reduction of peak flame temperatures can effectively reduce
the NO^
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Fig 2.3 Thermal NO^ production calculated using the Chemkin model
II

Prompt NOy

In some experimental studies NO formation rates, measured In the vicinity of the combustion
zone, were found to exceed the ratios predicted by the post-combustion mechanisms described
in section I.

Two very different and contradictory explanations for these results have been

suggested;

i)

Hydrooarbpn roaçtipns

Fenimore (1971) has reported that extrapolation of NO concentration profiles, measured in the
post-combustion zone of hydrocartx)n flames to produce NO profiles at the flame front, give
finite values of NO concentrations. Based on this observation, he concluded that NO formation
could not be entirely due to the reactions proposed by Zeldovich. Instead he proposed that this
"prompt NO" arose from the attack by a hydrocarbon fragment on molecular nitrogen. From
these studies It has been shown that the generation of prompt NO requires a hydrocarbon fuel
and shows an approximate square root dependence on pressure with little temperature
dependence.

However, prompt NO formation appears to depend upon stoichiometry and Is

maximum for fuel-rich flames. The peak production Is observed at an equivalence ratio $ = 1.4,
where:

4> = (F u e l/0 2 )y ^ Q ju y ^ L ^ (F u e l/0 2 )s T O IC H IO M E T R IC

A summary of the mechanisms for producing prompt NO In a flame Is shown In Figure 2.4
(Hayhurst and Vince 1980).
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Reaction zone

Pyrolysis or pre-heating zone

Burned gases

RH + H -> CH + ...
CH.+
NKg+H
N+

►NO + H/O
(H)CN + OH

NCO-> NHj + CO
NH. + OH“> NO +

Figure 2.4 Summary of the mechanisms of prompt NO^ formation
(Hayhurst and Vince 1980).
The CHj (where i = 1, 2 or 3) species or hydrocartx>n radical, seen in the pyrolysis or pre-heating
zone, may be formed by one of three methods:

(i) Thermal decomposition and reaction with a third body.

eg CH^ + M

=>

(18)

CHg + H + M

(where M is a non-reactive)

(ii) Reaction with molecular oxygen.

eg CH^ + 0 2 =»

(19)

CHg + HOg

(iii) Reactions with radicals.

eg

CH^ + H

CH3 + Hg

(20)

CH^ + O

CH3 + OH

(21)

CH^ + OH

CH3 + HgO

(22)

CH3 may undergo further similar reactions producing other GH| species now generally accepted
to be either OH or CHg radicals.

In competition with further combustion reactions, the CH|

radicals may react with molecular nitrogen:

OH + Ng

HCN + N

(23)

CHg + Ng

HCN + NH

(24)
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Reaction 23 Is believed to predominate over reaction 24.

NHj are species containing one

nitrogen and one or more tiydrogen atoms. Ttiese precursors of NO formation, NHj (where i = 1,
2), produced in the reactions will easily react within a flame to produce NO by the following
reactions:

NH + H

=>

N + Hg

(25)

N + OH

=>

NO + H

(17)

The cyanide (HCN) molecules formed in reactions 23 and 24 will not themselves produce NO
directly. HCN reacts via an intermediate such as OCN or HOCN which subsequently yields NHj
species and which then react to form NO as above. This disappearance of the cyanide pools
was postulated by Hayhurst and Cabrita (1985),

ii)

CN + Hg(0)

=> HCN + H (0)

(26)

HCN + OH + M

=> HOCN + H+ M

(27)

HOCN + H

=> OCN + Hg

(28)

OCN + H

=> CO + NH

(29)

High radical concentrations

The rapid generation of NO can also be explained using reactions 15,16 and 17 as seen t>efore
in the formation of thermal NO^ This prompt NO^ is believed, by some, to be the consequence
of non-equilibrium radical concentrations (ie O, N & OH) in the vicinity of the combustion zone.
Work done (Bowman 1971, Bowman and Seery 1972, Bowman 1973) on hydrogen and methane
combustion in shock tubes has revealed that the excessive formation rates of NO were
consistent with reactions 15, 16, and 17 if O and OH concentrations during combustion were
correctly measured.

The differences between the hydrocarbon reactions and high radical concentrations discussed for
prompt NO formation have not yet been resolved, principally because of the difficulty in probing
the region where prompt NO is thought to be produced.

Most of the research done to date on prompt NO has been on premixed flames, which are
seldom observed outside laboratories. Overall flame stoichiometry is unimportant in the reaction
zone of more commonly found diffusion flames, where this zone is slightly fuel-rich. These more
practical flames are therefore believed to consist of a slightly fuel-rich reaction zone which
promotes prompt NO formation (Figure 2.2) and is surrounded by a fuel-lean region which
protects NO from destruction by NHj species also generated.
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In very fuel-rich flames the

destruction of NO may occur within or close to the reaction zone; here both CH, and NH, species
can be responsible for the destruction (Hayhurst and Cabrita 1985).

Fuel NOv
The nitrogen content of fuel oils can vary considerably. Nitrogen can form complexes easily with
other elements producing high molecular weight, high boiling point, compounds, usually with very
complex ring structures. During distillation, this fuel-nitrogen is concentrated in the higher boiling
fractions (0 %wt nitrogen in gas oil to 0.5 %wt or more in vacuum flashed visbroken residues). It
is in the heavier fuels, where the nitrogen content is greater than 0.1 %wt, that fuel-nitrogen is
the most important source of NO. The extent of conversion of fuel-nitrogen to NO^ measured at
various power stations may t>e seen in Figure 2.5 (Economic Commission for Europe 1986).
Extent of oonversion %
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Figure 2.5 Extent of conversion of fuel nitrogen to NOx
(Economic Commission for Europe 1986)
A number of empirical equations have been developed which give an estimate of the percentage
conversion of fuel-nitrogen directly to NO. One expression by Clarke and Williams (1985) shows
that 45 - 75 % of the fuel-nitrogen is converted to NO for fuel-nitrogen levels between 0 and
1 %wt. With greater fuel-nitrogen levels of 1 -1.5 %wt, the proportion of NO produced from the
fuel-nitrogen decreases.

0

Fuel-nitfoaen release

Pfefferle and Churchill (1986) and Clark (1988) showed that the fractional conversion of fuelnitrogen species to NO was the same regardless of the fuel-nitrogen type and bulk fuel type.
Fenimore (1972) also observed that there was no difference in the yields of NO for different fuel
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additives

(ammonia-NHg,

methylamine-CHgNHg,

methacrylonitril6-CHgCH(CHg)CN

pyridine-CgHgN) when added to an ethylene flame.

and

This is perhaps not surprising because

energetic considerations indicate that the original fuel molecules rapidly decompose to some
transient intermediate species, such as NH, NHg, CN etc., early in the flame reaction zone.
Furthermore, it is to be expected that these organic molecules can yield larger quantities of NO
when undergoing combustion than are derived from the thermal fixation of Ng, because the bond
energy of the nitrogen atoms in these molecules is smaller than the dissociation energy of Ngl
even the energy of the triple bond of the cyanogen group in the nitrile is over 50 kJ/mol less than
the dissociation energy of Ng (Flagan et al 1974). Most models of fuel NO^ release have made
the assumption that the fuel-nitrogen is released at a rate proportional to hydrocartx>n release
(Flagan et al 1974, Smith et al 1982).

Work carried out by Hanson et al (1982) on an Indo-Malaysian fuel oil shows that less than 30 %
of the nitrogen is evolved after 85 % of the mass has been vaporised.

Thus the nitrogen

compounds are associated with the less volatile higher molecular weight components.
Experiments carried out on 150 pm droplets show that a concentration gradient forms in the
droplet. The surface which is deficient in lighter species differs in composition from the droplet
average composition. This increases the surface temperature and permits the early participation
of heavy species in vaporisation due to enhanced relative volatility. Because the nitrogen in
heavy fuel oil is concentrated in the higher boiling and asphaltene fractions this accelerates the
evolution of fuel-nitrogen.

Hanson et al (1982) also used a multicomponent droplet vaporisation model to investigate the
release of fuel-nitrogen from residual oil droplets.

However, although experiments were

performed on a residual oil, the modelling and validating experiments were performed on binary
mixtures of n-dodecane doped with pyridine, quinoline or acridine.

There was a reasonable

agreement between the model and the experimental results from a drop tube furnace. The
largest obstacle to the prediction of species evolution from a real fuel is the lack of detailed
information on fuel composition, and material composition in complex mixtures. What effect the
concentration of fuel-nitrogen in the droplet has and what significance this has on NO^ emissions
are not known. This may be important when considering the stage at which NO^ is formed in a
flame and its interaction with other combustion species.

ii)

Fuel NOx

During combustion of distillate fuels organic compounds present in the fuel will undergo thermal
decomposition before entering the reaction zone.

The intermediates for NO formation are

thought to be low molecular weight nitrogen-containing compounds (eg NHg, NHg, HCN, CN
etc.). Hydrogen cyanide appears to be the principal product when the fuel-nitrogen is bound in
an aromatic ring, ammonia when the fuel-nitrogen is in the form of amines (DeSoete 1975, Song
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et al 1981). Studies have shown that most of the nitrogen in heavy fuel oil is in the form of
heterocyclics, with nitrogen bound in a ring structure (Brandenburg and Latham 1968). Morley
(1976 and 1981) and Haynes (1977) have shown HCN oxidation Is the most important reaction in
heavy fuel oil combustion as HCN Is the key volatile, nitrogen-containing intermediate formed
during fuel-nitrogen combustion. At high temperatures, ring rupture at the heterocyclic site is
possible, and reactions such as

HCN + C4H4

C5H5N

(30)

may yield hydrogen cyanide directly. Since reactions like (30) are exceedingly fast, an infinite
rate for the conversion of nitrogen volatiles to HCN has been widely assumed. The subsequent
(rate limiting) decay of HCN yields the NH, species necessary to propagate the fuel NO^
mechanism. The oxidation of many of these compounds to NO is believed to be rapid, on a time
scale comparable with the combustion reactions.

Analysis of results by Miller et al (1985) indicate the dominant reactions (shown in bold arrows) in
the oxidation of HCN:
CN
+0
+H,+0H,+0

NO
+0H,+0

HCN

N

NH
+H

+0

+H

+N

+0H.+0,

NCO
NO

HCN removal is controlled by the reaction of HCN with oxygen atoms.

HCN + O => NCO + H

(31)

HCN + O => NH + CO

(32)

even in rich flames. Subsequent reactions of NCO and NH with hydrogen atoms, producing N,
are relatively fast and have little influence on the observed species profiles. The distribution of
NO and Ng in the flame is govemed by the N-atom reactions, in the extended Zeldovich
mechanism:
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N

+

OH =>NO + H

(17)

N +

O2 =»NO + O

(16)

N

NO =>Ng + O

(-15)

+

Reaction 16 and 17 are first order relative to nitrogen atoms and therefore proceed linearly with
nitrogen content. The reverse of reaction 15 as shown atx>ve is second order relative to nitrogen
atoms and depends greatly on their concentration. The NO reduction reactions play a more
significant part as the fuel-nitrogen content increases. Hence, a high conversion efficiency is
achieved at a low fuel-nitrogen content and a low conversion efficiency is achieved at a higher
fuel-nitrogen content. Fenimore (1972) has produced an equation to predict fuel NO showing
that the same nitrogeneous intermediate (HCN, NHp reacts 2-3 times faster with OH and Og than
with NO to form and destroy NO respectively. Kinetic models such as Chemkin can be used to
predict the conversion efficiency as illustrated in Figure 2.6.

iii)

Factors affecting fuel NO^ conversion

Pfefferle and Churchill (1986) showed that the stoichiometry and the flame temperature are the
most important factors governing the fractional conversion of fuel-nitrogen to NO^. The effect of
temperature on fuel NO^ release is of some debate as Pershing et al (1979) showed fuel-nitrogen
oxidation was insensitive to temperature above 2100 K. The weak dependence of fuel NO on
temperature is found in fuel-lean combustion, although greater dependency is found in fuel-rich
combustion. Foster and Keck (1980) have shown that the drop diameter also affects the fuel
NO^ and for small droplet diameters (vaporised and premixed prior to the flame front) the
nitrogen conversion is high as in a premixed flame.

For larger droplet diameters (>60 pm),

where diffusive burning dominates, NO decreases with decreasing droplet diameter due to a
reduction of oxygen concentration around burning droplets. The effect droplet size has on the
NO production will be important when comparing the NO emissions from emulsions and heavy
fuel oil. Appleton and Heywood (1973) have also shown that the degree of conversion is strongly
influenced by the initial degree of fuel-air mixing and if good mixing Is achieved 100 %
conversion can result. Therefore the fluid dynamics of combustion are an important factor to
consider.

Peck et al (1991) has shown that in the devolatilisation flame zone of a coal particle the nitrogen
conversion mechanisms appear to be augmented by physical and chemical processes occurring
in the vicinity of the devolatilising particle. Their investigation indicates that processes such as
formation of fuel-rich volatile clouds and heterogeneous reduction of NO on surfaces of coal
particles and soot are responsible for the significant conversion of fuel-nitrogen to Ng early in the
flame. These processes, however, are at present not very well understood, and more work is
needed to quantify their effect.
48

120

.i

I
8

c

80

60

0)

Ui

2
(O

z

40

0

1

2
Nitrogen content (%wt)

3

Figure 2.6 Fuel nitrogen conversion at 1573 k (2% oxygen)
predicted using Chemkin model.
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Ogunsola and Herath (1990) propose that the synergistic effects of other fuel properties affect
the nitrogen conversion efficiency. They carried out multivariate analysis on ten test fuels and
found that minimum conversion efficiency of 26 % was obtained for a low-nitrogen fuel at high
aromaticity, boiling point and sulphur content, and low oxygen. They suggest the soot produced
from aromatic fuels reduces nitrogen conversion to NO^ as a result of the heterogeneous
reaction between HCN and the soot. This hypothesis is plausible and is discussed in more detail
in section 2.3.2. As sulphur-oxygen reactions are faster than nitrogen-oxygen reactions they
suggest fuel-bound nitrogen will be deprived of the required oxygen for its oxidation under the
low-oxygen condition, resulting in a decrease in conversion to NO^ as the sulphur content
increases.

Sulphur has been found to reduce the fuel-nitrogen conversion as discussed in

section 2.3.1.

It is possible synergistic effects of the fuel properties do affect the fuel NO^

conversion efficiency, although the results presented in this thesis show that there is much more
work to be carried out.

Rich combustion

iv)

In rich combustion there is the possibility of reaction of NO with hydrocarbon free radicals,
leading to the formation of hydrogen cyanide and, eventually, of molecular nitrogen (Seery and
Zabielski 1981).

Processes in which CH| + NO reactions are significant can be utilised as

effective NO^ control strategies such as reburning.

The main reaction paths involved in

converting NO to Ng through HCN and ON are shown below:
+NO

^

HONG
NH
+H

+H

+H

+N0
N,

+0

+N0

+H

OH
+0

+H,

+H

+N0

NOG

+0.

Thome et al (1986) observed in a low pressure rich H JO Jkv flame doped with CgHg, HCN and
NO that the NO is converted to cyanides primarily by reaction with C and CH; reaction with CHg
is somewhat less important. Hydrogen cyanide is partially converted to Ng in the flame by the
reaction sequence discussed above.
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HCN +

O

=>

NGO + H

(31)

HCN +

O

=»

NH + CO

(32)

NCO +

H

=>

NH + CO

(33)

NH + H

=>

N + Hg

(25)

N + NO

=>

Ng + O

("15)

Up to an equivalence ratio of 1.3 the NO concentration is determined aimost exclusively by the
N-atom reactions. Under richer conditions reaction of NO with hydrocarbon free radicais (C and
CH) begins to compete with the N + NO reaction, leading to hydrogen cyanide formation. For
equivaience ratios greater than about 1.5, there is another change in mechanism. In this regime,
OH levels are so low that nitrogen atoms begin to react with CHg rather than OH. The principal
HCN formation route is:

CHg + N
HgCN +

M

=>

HgCN + H

(34)

=>

HCN + H + M

(35)

HCN is then converted to Ng reducing the NO emissions under rich conditions. An additional
complication to the proposed fuel NO^ reduction mechanisms is the presence of other
compounds, such as fuel-suiphur and particulates, which are both believed to reduce NO
production. These mechanisms will be discussed in more detail later.

2.2.2 3

NO^ reduction methods

From the previous section on NO^ production chemistry, it can be seen that two sources of
nitrogen contribute to the formation of nitrogen oxides in the combustion process ie molecuiar
nitrogen from the combustion air and bound nitrogen from the fuel. One method is to control the
combustion reactions also described as combustion modification eg iow NO^ burners which may
lower the emissions by 50 - 60% compared with conventionai burners under otherwise identical
conditions. The second method is to remove the pollutant downstream after it has formed. This
post-combustion clean-up tends to be more expensive and complex and is generaily only used
when greater than 70 % reductions in NO^ emissions are required.

The NO production via thermal NO is dear and the methods for reducing this may include one of
the following:

(i)

Reduction of peak temperature

(ii)

Reduction of residence time at peak temperatures

(iii)

Reduction of nitrogen level in combustion air
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(iv)

Reduction of oxygen availability to the flame

Most work has been focused on reducing the oxygen availability for combustion, reducing peak
temperature and radical exposure time in the NO producing region of the flame. A number of
methods for the control of NO^ by combustion modification have been cited in the literature.
Post-combustion modifications are also used to control NO^ but are very specific and generally
expensive.

(i)

A iistag^

A primary combustion zone is created in the combustion chamber by dividing the total air into
two; in the first stage or primary zone combustion is performed under an oxygen-lean condition.
Secondary air is injected downstream of this primary zone to ensure total burn-out, but at
relatively low temperatures. The substoichiometric condition in the primary fuel-rich reducing
zone is believed to suppress the conversion of fuel-bound nitrogen to NO^, producing instead
molecular nitrogen. The formation of thermal NO^ is believed to be reduced, to some extent,
t>ecause of the lower peak flame temperatures. Large NO^ reductions, of between 80-90%, have
been reported by Srivastava and Mulholland (1988) using this technique. Glarborg et al (1986a)
and England et al (1981) have shown that the optimum equivalence ratio for staged combustion
is just rich of stoichiometry and varies slightly with different fuels depending on the C/H ratio and
the fragments ultimately involved in NO reduction.

(ii)

Fuel staged

A reduction in flame temperature is thought to be produced in the primary fuel-lean combustion
zone.

Additional fuel added subsequently in the secondary zone gives rise to complete

combustion again at lower temperatures.

(iii)

Rebumino

The process of rebuming involves establishing a three-stage combustion process, consisting of a
fuel-lean primary zone, a fuel-rich rebuming zone and a fuel-lean bum-out zone. The fuel-lean
primary zone gives rise to NO which is reduced to molecular nitrogen in the secondary zone, by
the addition of nitrogen-free hydrocarbon ie gas or light oil (Song et al 1981). The total bum-out
of injected secondary fuel is guaranteed by the injection of additional air. Mulholland and Lanier
(1985) and Burch et al (1991) have observed overall NO^ emission reductions of 50% from a
package boiler.
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(iv)

Flue gas recirculation

Flue gas recirculation (FGR) is achieved by extracting a portion of the post-combustion gases
and returning it to the primary combustion zone. FGR is believed to reduce NO formation in
several ways;

i.

by recirculation of furnace gas which decreases peak flame temperature and so reduces
the thermal NO^.

ii.

by reduction of oxygen concentrations within the flame which again reduces thermal NO^
formation and possibly also fuel NO^.

iii.

by varying the chemical equilibria within the fuel -rich region of the flame ie:

NO +

NO

=>

Ng + Og

(36)

NH; +

NO

=>

Ng + HjO

(37)

NH; +

NH;

=>

Ng + Hj

(38)

A 40% reduction in total NO^ emissions was achieved by Cunningham and Jackson (1978) by
recirculating 16% of the flue gas with the combustion air.

2.2.3

The oxides of sulphur

Sulphur as an impurity in fuel is almost entirely oxidised to SOg in fuel-iean systems, with some
1-3 % of the SOg converted to SO3 (Levy 1982).

The high temperature kinetics of the

non-catalytic conversion of SOg to SO3 in combustion are expressed by the reactions (Medley
1967):

SOg +

O+ M

=>

SO3 + M

(39)

SO3 +

O

=>

SO2 + Og

(40)

SO3 +

H

=>

SO2 + OH

(41)

Pebler (1974) carried out thermodynamic equilibrium calculations for the combustion of a
low-suiphur fuel (0.5 %wt sulphur) with between 90 % and 200 % of the stoichiometric air
requirement. In the presence of excess air, he showed that SO2 is by far the dominant sulphur
species above 1000 K with some dissociation to SO atx>ve 2500 K.

Although increasing

amounts of SO3 are formed at higher temperatures, more of it decomposes back to SO2 giving
an overail lower equilibrium concentration. Below 1000 K SO3 dominates and at less than 750 K
the SO3 reacts with water vapour to form sulphuric acid which condenses around 400 K. The
amount of sulphuric acid in the flue gases is generaily small (20 to 50 ppm) but, because of its
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high boiling point, it condenses on surfaces maintained below 400 K (Crumley and Fletcher 1956,
Anderson and Manlik 1958).

The condensate containing up to 80 % acid causes severe

corrosion of the construction material of the boiler and, consequently, frequent interruption in
boiler operation. Even over a wide range of excess air from 1 % to 100 %, there is little change
in the distribution of the sulphur compounds.

The principal unresolved problems in fuel-sulphur oxidation processes in combustion lie on the
fuel-rich side of stoichiometry. In fuel-rich combustion at 90 % stoichiometric air requirement,
Pebler (1974) found that the equilibrium mixture was quite different. At high temperatures above
1400 K SOg is still dominant although SO3 is essentially absent. The thermodynamic equilibrium
of these species was calculated at 1800 K using the Chemix model and displayed graphically in
Figure 2.7 (Chemix will be described in more detail in section 3.1).

However, at lower

temperatures HgS dominates with other reduced sulphur compounds such as COS and Sg
present at small levels.

As the temperature falls below 1200 K, these minor components

disappear leaving only HgS. Thus these calculations show that it is quite likely that sulphur will
be present in forms other than SOg in fuel-rich flames which may improve the prospects for its
removal from the combustion products; for example in the first stage of a low-NO^
staged-combustion system. The volume of the flue gas requiring treatment could be reduced,
and the corrosion of heat-transfer surfaces could be minimised, if the sulphur was removed early
in the flame.

There have been several experimental studies to demonstrate the applicability of thermodynamic
equilibrium methods. Such experiments have been carried out by injecting a sulphur species
such as HgS or thiophene (C^H^S) into a hydrogen or hydrocarbon vapour flame rather than the
combustion of a high sulphur liquid or solid fuel.

Fenimore and Jones (1965) studied

low-pressure HyOg flames with the addition of SOg or HgS under both lean and rich conditions.
With excess oxygen, the experimental data matched the predictions although the SO3 level was
higher than expected for equilibrium with SOg because of oxidation of SOg by O atoms and OH
radicals which are present at super-equilibrium concentrations early in the flame. Under reducing
conditions the sulphur was found as SOg, rather than HgS, early in the flame because the sulphur
catalyses the recombination of flame radicals. Only when the H atoms have been lost from the
flame in this way is the predicted equilibrium established.

Although, it will be discussed in

greater detail later, it is interesting to note that this catalytic effect of SOg on radical
recombination is responsible for the presence of fuel-sulphur reducing thermal NO^ yields in
combustion.

Fewer experiments have been reported in which a hydrocarbon fuel such as propane was used.
Kramlich et al (1981) detected COS and CSg in such flames in addition to HgS and 80^. The
0 -8 species increased in concentration at the expense of HgS as the flame became richer. They
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measured much more HgS than expected and attributed this to the formation of SO in the flame
which then reacted in the sample system to form HgS.

During the combustion of heavy fuel oils caitonaceous particulates are formed (soot and coke
particles). Heterogeneous catalysis of SOg to SO3 occurs by cartx>n and transition metals such
as vanadium, iron, nickel, chromium, manganese, and cobalt present in the particulates
(Tartarelli et al 1979). The amorphous carbon consists of graphite-like layers with unsatisfied
bonds, which are very reactive, at the edges; in the presence of oxygen, oxygen complexes are
formed, which are intermediates in SOg oxidation (Otake et al 1971).

Increasing amounts of

sulphuric acid and transition metal sulphates form at the surface of the particulates.

2.2.4

Particulates

The emission of particulate matter formed during the combustion of heavy fuel oil in industrial
boilers is undesirable from the point of view of combustion efficiency and air pollution.

This

emission depends on the bumer conditions and the composition of the fuel. The effect of burner
conditions on the emission of particulates in the flue gases is now fairly well documented (Lawn
et al 1987), although the bumer design is only one component in a much larger system.

2.2.4.1

Particulate formation theorv

When residual fuel oils are atomised by the bumer to a fine droplet spray and ignited, a spray
diffusion flame results. Initially the volatile components at the surface and those that diffuse to
the surface evaporate and form a diffusion-type flame (Clayton and Back 1989).

Then the

resulting heavier residue (containing significant concentrations of high molecular weight aromatic
compounds) undergoes a succession of pyrolysis reactions in which gaseous cracked products
are emitted. This diffusion and evaporation of the volatile components causes a viscous shell to
form consisting of the remaining components of asphaltene and resin. The shell then slows
further diffusion of volatile components from the interior, but as the interior temperature
increases, additional volatile components vaporise, increasing the size of the drop with fuel
eventually escaping through a weak portion of the shell.

It is also possible that the surface

remains intact and large thin-walled "balloons" form in the flame, which due to their fragility and
large surface area bum out quickly (Sjogren 1971). Kohen et al (1990) and Witzel et al (1991)
have observed large honeycombed structures forming in a hot inert atmosphere, which under
oxidising conditions will no doubt bum out quickly. Eventually at the end of the pyrolysis and
cracking reactions a hollow residue remains that is composed of mainly carbon and ash. These
particulates are termed cenospheres (from the Greek for empty sphere) which are hollow porous
spheres with relatively thin walls having diameters from a few pm up to around 100 pm. Authors
such as Bomo et al (1984) believe that the cenosphere is formed inside the droplet and not by
oxidation of fuel at the liquid/gas interface. In the initial stages of cenosphere formation it is
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likely that the structure forms from within the droplet as volatiles are released from the oil forcing
holes in the droplet surface. In latter stages of coke bum-out the development of the cenosphere
structure will occur by oxidation at the solid/gas interface.

2.2.4.2

Single droplet work

The above process is fairiy weli documented and is summarised in a review by Burgess (1990).
Much of the work has been carried out in simpie studies invoking the combustion of single
droplets (suspended from silica fibre or thin thermocouples) or free droplet experiments. These
techniques do provide a simple way of probing the fundamentals of droplet combustion, but
some authors (Dryer 1977, Lawn 1987) express doubts about the relevance to spray combustion.
Single droplet experiments are carried out with large droplets (>200 pm) unrepresentative of
dropiets present in spray combustion. In particular the temperature, mass and diameter histories
of burning droplets may be substantially altered by the presence of a suspending fiiament. By
lowering the degree of superheat required for the intemai vaporisation of lighter fuel components,
the filament could influence the intensity of disruption experienced by the droplet.

With these limitations in mind, authors such as Lightman et ai (1983) and Taylor and Burgess
(1988) have characterised a single droplet lifetime into three stages. In the first stage before
ignition, evaporation of volatile material occurs. An envelope flame forms around the droplet as
soon as ignition occurs, in this stage the release of volatiles from the droplet can swell and
enlarge the droplet occasionally ejecting smaii sateilite droplets.

Urban and Dryer (1990c)

believe that the disruptions in the late stages of the droplet lifetime are the likely cause for holes
seen in the cenosphere. in the finai stage known as coke burn-out the evoiution of volatiies
stops, allowing oxygen to reach the surface.

Ignition of the residue then occurs as

heterogeneous reactions proceed rapidly at a tenriperature up to 1700 K. The coke bums until
quenching occurs as heat losses exceed heat generation. A coke deposit sometimes remains.

2.2.4 3

Relationship to fuel properties

Various studies have been carried out to investigate the relationship between fuel oil composition
and the formation and bum-out of cenospheres. Whitehead et ai (1983) showed there was no
significant relationship between the particulate emission level and any combination of measured
fuel properties. They found the best variable to correlate with particulate emissions was the
amount of residue in the fuel measured using a thin-layer chromatographic (T IC ) technique.
More recently Kelly et al (1989) reported that the particulate emissions are related to the
vanadium, sodium and sulphur content of the fuel.

Other authors have used the Conradson

Carbon Residue (COR) to correlate the particulate emissions (Munro et al 1978, Lawn et al 1987,
Witzel et al 1991). The OCR has a very poor correlation with measured particulates due mainly
to the different physical conditions existing between the COR test and a flame environment.
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Droplets undergo high heating rates in a flame (10* K/s) and under these conditions the level of
pyrolysis residue (coke) formed can be considerably reduced (Whitehead et al 1983). Recently
Urban and Dryer (1990 a,b,c) found the Coke Formation Index (or fractional coke production)
and the product of the cenosphere shell thickness and density were insensitive to change in the
droplet diameter for a given oil.

This work was carried out using mono-sized oil droplets

produced by chopping a capillary fuel jet and then passing them in a single stream through a
flat-flame bumer into a hot combustion duct. They hope to use this technique to facilitate the
modelling of particulate burn-out by predicting the particle size and mass from the spray size
distribution. Although the temperature and oxygen concentration can be adjusted, the limitations
with this experiment are that it is not truly representative of spray combustion. This technique
does not take into consideration the influence the droplets have on each other as they do in a
spray flame nor the wide size range present in a spray. To characterise the bum-out of droplets
from an industrial atomiser properly the best technique is to carry out the fundamental research
under true spraying conditions.

Taylor and Burgess (1988) and many other authors have shown that the presence of compounds
of metals such as V, Fe, Mn, Ca and Mg can assist in the burn-out of a fuel oil. The most
obvious thought is that the metal or its oxide are incorporated in the cenosphere and catalyse its
oxidation.

Metals do catalyse coke oxidation at low temperature but under combustion

conditions the metal is unlikely to have a catalytic effect when the rate of reactions at the surface
are going to be controlled by diffusion within the gas phase.

Barnes et al (1983) found the

presence of additives did have a strong effect on the pyrolysis of the fuel leading to cokes which
were much more porous and had more surface area. Since oxidation of coke should be diffusion
controlled at the high temperatures during the burn-out stage, anything which introduces more
pores or enlarges them will enhance the burn-out.

2.2.4.4

Thermocravimetrv

Attempts have been made to correlate particulate emissions from fuel oil combustion with the
caiton-forming tendency of the fuel as characterised by the Conradson carbon residue test (King
1981). The correlation is generally poor. This indicates that it is not only the propensity of a fuel
to form coke residue which determines its particulate emissions; but also the reactivity of the
coke towards oxidation.

Three rate-controlling regimes can be identified in the coke oxidation process (Walker et al
1959). At lower temperatures, chemical reaction rates are slow and oxidant molecules diffusing
into the coke's pore structure are more likely to diffuse out again than react at the carbon surface.
Under these conditions, termed zone I, the oxidation rate is controlled by chemical reaction
alone.

At higher temperatures, the chemical reaction rate increases to such an extent that

consumption of oxidant within the coke's pore structure exceeds the rate at which oxidant
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molecules can be transported there by diffusion. Under these zone II conditions, the oxidation
rate is controlled by both pore diffusion and chemical reaction. Further increases in temperature
increase chemical reaction rates to the point at which an oxidant molecule is consumed
immediately on reaching the outer surface of the coke particle.

Under these conditions, the

oxidation rate is controlled solely by boundary layer diffusion. The rate of this latter process is
inversely proportional to the diameter of the particle. Therefore the factors which are important
in controlling carbon bum-out in industrial burners are the chemical reactivity of the carbon, and
the nature of its pore structure.

Thermogravimetry has been used in the past by several workers to measure oxidation rates of
cokes or chars at single fixed temperatures (McCarthy 1982).

The rate of oxidation of the

sample is measured by following the procedure in Appendix 2. Generally the rate of mass loss,
dm/dt, at first increases with increasing bum-off, passes through a maximum at 20-25 % bum-off,
and then decreases, approaching zero asymptotically. A qualitative explanation of this behaviour
can be offered on the basis of the development of porosity in the coke during bum-off.

At some point, however, the increase in pore diameter results in the coalescence of adjacent
pores and hence a decrease in the total surface area of pores. This results in a decrease in the
rate of mass loss as bum-off proceeds. A further effect which may influence the shape of the
mass loss curve is catalysis of the oxidation by metals in the coke.

The shape of at least the lower part of the mass loss curve may be described by a power-law
equation of the form;
^ -k m »
dt

where k is the rate coefficient for the oxidation, and m the mass of coke, calculated on an ashfree basis, remaining at the point where the rate of mass loss, dm/dt, is measured. The value of
the empirical index a can be determined from a ieast-squares fit to a plot of In dm/dt vs ln(m). A
typical plot is shown in Figure 2.8. it can be seen that, at low carbon bumoff, the plot is strongly
curved as developing porosity causes the rate of mass ioss at first to increase. At about 30 %
bumoff, the rate plot becomes linear, in this region the rate of mass ioss can be described by the
equation above, the gradient giving a.
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60

It has become accepted practice (Laurendeau 1978) to define the reactivity or rate coefficient, k,
at a particular temperature for coke oxidation as:

,
1 dm
k = —
m dt

The errors introduced by assuming that the index a is unity, rather than the observed values
which lie in the range 0.60-0.95, are quite small. In defining k in this way, however, it is very
important to ensure that dm/dt is measured in the region where ln(dm/dt) is a linear function of
ln(m). In practice, this condition may usually be satisfied by ensuring that at least 30 % of the
coke sample has burned off before commencing rate measurements.

There are limitations to this technique: firstly sufficient bum-off of the coke must have taken
place before commencing measurements in order to avoid changes in coke porosity affecting the
results; and secondly, the size of the sample must be small enough to ensure that the oxidation
rate is not limited by bulk diffusion of oxidant to and through sample.

2.2.5

Emulsions

The originai concept for the development of water-continuous emulsions was to reduce the
viscosity of high viscosity crude oils and bitumens. By reducing the heat input this made the
transportation of crude oils and bitumens over long distances in pipelines and ships more
practical and cheaper. Orimulsion is the registered trade name for a new fuel comprised of a
bitumen in water emulsion whose source is the vast Orinoco Belt reserves in Venezuela (Reader
1990). The generation of Orimulsion down the well assisted in production and transportation of
the reserves and led to the concept of direct end use by combustion of the emulsion. Because of
the pre-atomised nature of emulsions the fuel could be burnt by conventional means, without
de-emulsification, resulting in significant emissions reductions (Esso 1961, Petroferm 1987).

Water-continuous emulsions have been developed at the BP Research Centre in collaboration
with Petroleos de Venezuela SA. As residual fuel oils produced at refineries have a similar
viscosity to heavy crude oils they also lend themselves to produce good emulsions.
Water-continuous emulsions of crude oils, bitumens or residual fuel oils consist of oil droplets
with a mass mean diameter of between 2 and 50 pm dispersed in a continuous water phase
(Intevep 1987). A small quantity of surfactant is added to prevent the oil droplets coalescing and
separating from the water phase. A typical mass ratio of oil to water is 70/30.

Under these

conditions the viscosity of the emulsion is dramatically lower than the viscosity of the original fuel
at 350 K and hence allows tor easier transportation.
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It has been known for some years that the Incorporation of water into oil leads to a reduction in
particulate emissions and the size of the coke particles (Law et al 1980). This occurs because
the water is trapped in the oil droplets and explosively boils on entry into the furnace, leading to
fragmentation of the coke particulates which are produced. Such emulsions are oil-continuous;
on the other hand, water-continuous emulsions of heavy crude oils containing water also bum out
cleanly.

A number of explanations have been postulated for why the caiton burn-out performance of
water-continuous emulsions is superior to that of the neat base oils (Liddy and Newey 1989).
The first is that water-continuous emulsions have been shown to be in the pre-atomised state for
combustion. This recognises that in an emulsion the oil droplets are finely dispersed prior to
atomisation.

Hence providing each droplet in the atomised spray remains as an oil-in-water

emulsion and contains several discrete oil droplets, and providing that the oil droplets do not
agglomerate as the water is vaporised, the effective size of the oil droplets will be smaller than
the spray droplet size. This is much finer than the spray size distribution that can be produced by
a commercially available fuel oil atomiser with oil having a viscosity of 15 cSt. A second reason
is that emulsions produce less carbonaceous residue than the base fuel because the expanding
water vapour cloud around the droplets partially shielding them from contact with oxygen. This
reduces the liquid-phase cracking reactions allowing more volatiles to escape from the droplet
before the onset of a carbonaceous residue (Jacques et al 1980). A third reason is that the
presence of water modifies the heating rate experienced by the droplets, and this in turn modifies
the structure and chemical reactivity of the resultant carbonaceous residue. This is illustrated in
Figure 2.9 through observation of the emulsion particulates which have smooth surfaces and
very few holes, unlike typical fuel oil particulates which are larger, rougher objects with lots of
holes (Liddy and Newey 1989). Other authors (Marcano et al 1991) believe the good carbon
burn-out is caused by violent microexplosions attributed to homogeneous nucléation initiated by
water and low-volatile components trapped in the core of the droplet.

Reductions in NO^ emissions using water-continuous emulsions are believed to be primarily due
to a reduction in thermal NO^.

This is most likely to be due to a reduction in peak flame

temperature from the presence of the water. A chemical effect is also believed possible as
reductions are in excess of that predicted on the basis of a decrease in adiabatic flame
temperature. Another advantage with emulsified fuels is that NO^ emissions can be reduced
concurrently with particulate emissions. At all levels of flue-gas oxygen greater than 1%, the
particulate emissions remain close to, or at, the ash level of the fuel. Hence carbon burn-out is
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0.5 pm

essentially complete allowing the minimum level of excess air to be used. A minimum level of
excess air both maximises the thermal efficiency of the plant and reduces NO^ levels. Further
investigation into the mechanism behind emulsion combustion is given in the discussion.

2.3

THE INTERACTION OF COMBUSTION SPECIES IN HEAVY
FUEL OIL COMBUSTION

2.3.1

The interaction of nitrogenand sulohur species

A literature search from 1970 to the present has been carried out using APILIT (The American
Petroleum Institute Literature Data Base) and it is surprising how few reports of NO^-SO^
interactions in real combustion systems are available, especially for heavy oil combustion. Work
was normally carried out under sub-stoichiometric conditions, although a few papers covered
both fuel-rich and lean conditions. It is presumed that rich conditions were used to provide an
environment of competition for oxidant species. Small changes in oxidant concentration may
therefore result in large changes in NO^ or SO^ profiles.

The majority of the work was also

carried out at temperatures between 1800 K and 2000 K.

2.3.1.1

Fuel-rich combustion

A

Hvdrooen combustion

Hydrogen gas contains no fuel-bound nitrogen, so any NO^ emitted from hydrogen or any other
pure gas flame must come from the thermal oxidation of atmospheric nitrogen. Hydrogen is one
of the simplest systems to study as no prompt NO^ is formed from hydrocarbon interactions. All
of the experimental work carried out requires the use of nitrogenous and sulphurous species to
dope the flame (Cullis and Mulcahy 1972). In this way gradually increasing quantities of N and S
species can be added to form fuel NO^ and monitor the effects on combustion.

Tseregounis and Smith (1984) report the results of an experimental investigation on premixed,
low pressure (35-88 Torr) H J O J kx flames, seeded with CgNg/SOg mixtures. The addition of
small amounts of SOg to the flames was found to decrease the H, O and OH concentrations by
up to 50%. It appeared that the sulphur catalyses the recombination of flame radicals:

X + SO2 + M =>

XSO2 + M

(42)

XSO2 + Y

XY + SO2

(43)

=>

where X and Y represent the major radicals in the H2/O2 system, namely H, O and OH. The
effect was most noticeable in the high pressure (88 Torr) flame closest to stoichiometric
(0=1.29). Changes in H concentration due to radical recombination will affect the NO reduction
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in post-flame regions.

For the sulphur-seeded flames with lower H concentrations no

consumption of NO was observed In the post-flame region, resulting In an Increased NO
concentration compared to sulphur-free flames. In the absence of sulphur, NO was consumed
further downstream at a rate which Increased with both pressure and equivalence ratio. The
overall effect SOg has on NO^ under these conditions In hydrogen flames Is to Increase the NO^
emissions beyond those of sulphur-free flames. The postulated mechanism Is:

H + NO + M

=>

HNO + M

(44)

HNO + H

=>

NH + OH

(45)

HNO + H

=>

NO + Hg

(46)

NH + NO

=>

Ng + OH

(47)

Other work carried out by Meuller et al (1979) with Hg/Og/Ng flames doped with hydrogen
sulphide showed reductions In NO^. Sulphur added to the flame was again found to accelerate
significantly the recombination of H atoms and consequently OH. This provides an explanation
for why thermal NO^ production Is reduced In the presence of fuel-sulphur because the lower OH
concentration results In a lower rate for the extended Zeldovlch reaction:

N + OH => NO + H

(17)

SOg reduces thermal NO^ but has little effect on fuel NO^ In the post-flame region. This may
result from the radical recombination occurring too late In the flame to have any effect on fuel
NO^ which Is normally formed early In the flame. As thermal NO^ Is formed later In the flame
when temperatures are high enough, the radical recombination may have a more pronounced
effect on Its formation.

Tseregounis and Smith (1984) observed Increases In NO for sulphur-doped flames whilst Meuller
et al (1979) observed a general decrease. The carrier gases used were different In each case,
allowing the formation of thermal NO^ In the nitrogen carrier-gas work by Meuller, and preventing
Its formation In the argon carrier-gas work by Tseregounis.

An explanation of why Meuller

observed a decrease and Tseregounis did not Is therefore that the reduction In NO^ caused by
the presence of SOg Is predominantly of thermal NO^

B

Methane combustion

The majority of the work on NO^-SO^ Interactions has been carried out on methane flames, a
simple system with no complications from fuel NO^ for base fuel. With no nitrogen present In the
base fuel NO^ levels can be ascertained before the fuel Is doped with nitrogen-containing
species. The fuel Is again doped with Increasing quantities of N species to give fuel NO^ and S
species to give SOg. Although the results so far obtained from methane flames have been
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variable, clear NO^ reductions have been observed over a range of equivalence ratios for
increasing sulphur concentrations. Equivalence ratios of 1.1 to 1.7 are normal in this work giving
a stoichiometry for maximum conversion of fuel-nitrogen to molecular nitrogen.

Wendt and Ekmann (1975), using a methane flat flame doped with SOg or HgS, showed that
fuel-sulphur can inhibit the formation of nitrogen oxides, and that inhibition was significant at all
fuel/air ratios although smaller changes were observed under leaner conditions. These results
are similar to the hydrogen work of Meuller (1975) who explained the reduction of NO through a
lower rate of thermal NO^ production. In the work by Wendt and Ekman (1975), it was proposed
that sulphur and nitrogen oxides were interacting at low temperatures resulting in gas-phase
homogeneous catalysis by NO of the oxidation of SOg to SO3.

It is known that the direct

homogeneous oxidation of SOg with molecular oxygen is a slow process;

2SO2 + O2

=> 2SO3

(48)

2NO + O2

=>

2NO2

(49)

NO2 + SO2

=>

NO + SO3

(50)

but the two reactions:

can both occur with reasonable speeds since trimolecular reactions with NO are well known and
NO2 can oxidise SO2 in a low energy bimolecular process (Medley 1967). From this we see the
slow reaction is replaced with two fast reactions, with NO2 present as an intermediate product.
The NO could thus t>e regarded as a homogeneous catalyst. The reactions are known to occur
readily at low temperatures, but under combustion conditions where sufficient energy is available
to ignore the catalysis, the trimolecular reaction is expected to be of minor importance.

Since it has been shown (Halstead and Jenkins 1969, Durie et al 1971) that SO2 is an effective
catalyst in reducing super-equilibrium free radical concentrations of H and OH, and since O atom
concentrations are related to those of H and OH, it is reasonable to expect the SO2 and other
fuel-S compounds to inhibit the formation of NO in flames. This confirms similar observations
found from hydrogen combustion.

Later work by Wendt et al (1982) showed both enhancement and apparent inhibition of fuel NO,
depending on the equivalence ratio, and the residence time at which the measurement was
made. Low levels of S enhance prompt NO in the luminous zone of a flame and it is not until the
equivalence ratio is below 1.47 that the NO consumption in the post-flame region passes below
the NO level in the absence of SO2. The slow NO reduction observed in the post-flame region
cannot result from reactions with CH or other hydrocarbon fragments, since one would not expect
them to exist so far from the reaction zone.

Using ethane as an example, Churchill (1984)
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proposed that the equilibrium of sulphur species in a rich flame shifts towards reducing species
such as HgS, SH,

and CS:
N O ,N

so

NH:

A
▼

t

N O ,N

NH

SH

t
S2

I

CS

Therefore this mechanism could reduce post-flame NO^. The time (distance) the flame radicals
exist in a flame between the luminous zone and flame front, and the temperature profile of this
region, are critical in determining the NO^-reducing reactions that are going to occur. Therefore
the results obtained from flames sampled at different points or having different flame shapes
could alter the results quite dramatically. This in turn could lead to the variable results obtained
from different combustion systems. This variability shows how important a comprehensive study
of the interaction of fuel-sulphur with fuel-nitrogen during fuel oil combustion is to optimising
emissions reduction techniques.

Recent work by Chagger et al (1991) investigating the interactions of NO^ and SOg during
rebuming with doped methane flames proposes that NO is slightly reduced by SOg under these
rich conditions. Their mechanism for a slight reduction in NO^ concentration is similar to that of
Churchill (1984) and is based on the formation of the reducing species SH and NS.

SH + NO =» NS + OH

(51)

SH + NO =» NH + SO

(52)

SH + NO => HNO + S

(53)

Of these Reaction 51 is the most probable path, followed by

NS + NO

Ng + SO

(54)

2NS

N 2

(55)

+

S2

Reaction 51 is analogous to the CH + NO reaction involved in rebum. This is not an efficient
process because 0.1% SO2 caused a 1-2% reduction in NO^ compared with ordinary rebum
where 0.8% methane caused 65% reduction.
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The altemative reaction. Reaction 53 which

produces HNO and S is unlikely as a major reaction because it would mainly involve
regeneration of NO.

There is also some evidence that fuel-sulphur may alter the HCN or ON species profiles by
interfering with the recycling of NO to HCN by reaction with CHj species.

However, caiixjn

interactions are unlikely to explain the effects of sulphur on fuel NO^ production because work by
Tseregounis and Smith (1983, 1984) showed a significant enhancement of fuel NO^ in the
presence of fuel-sulphur in Hg flames. The formation of thermal NO^ was prevented by using a
nitrogen-free carrier gas.

Another paper by Jeffries and Crosley (1986) shows how important a role the NS intermediate
radical plays in N-S interactions.

S + NO

NS + O

(56)

O + NS

SO + N

(57)

N + NS

N2 + S

(58)

Wendt et al (1982) concluded that the reactions above were responsible for the increased Ng and
decreased NO in these flames. To determine whether direct interactions between nitrogen and
sulphur were significant, kinetic data for several N-S reactions were calculated. With reference
to Table 2.2, the right hand column gives figures for the fonward rate coefficient (k^) at 2000 K
(Wendt et al 1975).

A

n

Ea

N + SO => NO + S

6.31(11)

0.5

1.01(3)

1.7(13)

NO + S

1.0(12)

0.5

17.5(3)

7.1(9)

6.31(11)

0.5

4.03(3)

3.76(12)

REACTION

NS + 0

NS + 0 => SO + N

kf

a)

Forward rate coefficients as k^=AT"exp(-Eg/T) with units of cm^ g mole, s, K.
Numbers in parentheses refer to powers often, ie, 1.0(13)=10^^.

b)

k^taken at a temperature of 2000 K.

TABLE 2.2 KINETIC DATA FOR NITROGEN-SULPHUR INTERACTIONS
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From this It can be shown that reaction 57 occurs most readily and reaction 56 is a slow process,
determining the rate of this reaction sequence.

This indicates that it is unlikely that the NS

intermediate will be formed in this reaction sequence and that a reduction in NO will occur by this
mechanism. The equilibrium data obtained from Chemix in Table 2.3 shows the equilibrium
constants at different temperatures for the reaction:

N + SO => NO + S

Temperature (K)

(59)

Equilibrium constant (Kp)

350

2 35x109

2000

33.15

3000

10.68

4000

6.00

a) Kp taken for 1 mole of N and 1 mole of SO at 1 atm pressure tor reaction 59.

TABLE 2.3 EQUILIBRIUM DATA FOR NITROGEN-SULPHUR INTERACTIONS

From this it is found that the forward reaction is most significant at lower temperatures. The
balance of the equation lies strongly on the NO side at room temperature, but as the temperature
rises NO becomes less significant but still dominant. Therefore it seems atomic nitrogen has a
greater affinity for oxygen than sulphur has in combustion.

It is therefore unlikely under

combustion conditions that this mechanism will reduce NO significantly. Again the equivalence
ratio was found to have a strong effect on the N-S interactions, with increases in NO in rich
flames (0 >2) and insignificant reductions in leaner flames until <ï><1.0.

Corley and Wendt (1984) carried out work with a fuel-rich, premixed methane flame to
investigate the distribution of nitrogenous species in the far post-flame regions.

The NO

increased at equivalence ratios of 1.71 and 1.44 and unexpectedly decreased at 2.18. This latter
result shows that the chemistry is more complex than previously thought, and may involve the
soot-formation mechanism. Unfortunately the flame was too rich (0>1.44) to substantiate the
NO reductions observed in leaner flames by Wendt and Ekmann (1975) and Jeffries and Crosley
(1986).

One point to note from Corley and Wendt (1984) is the small discrepancy in the nitrogen balance
which is put down to NgO forming early on in the flame
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NH + NO => NgO + H

(4)

and then being destroyed later in the flame.

H + NgO => Ng + OH

(6)

This shows the importance of being able to measure NgO emissions in a flame to complete the
nitrogen balance.

C

Propane combustion

Chen et al (1984) studied S-N interactions in stirred propane flames. Most of the work used NO
as the fuel-nitrogen dopant although various other species were used such as CgNg and CH^CN
which react to form HCN more quickly. The fuel-sulphur dopant was normally SOg since this is
the major sulphur species in combustion systems, although HgS was also used because sulphur
is often found in the reduced state in natural fuels. In general, the sulphur additive ranged from
0.1 to 5.0 mole percent of the fuel; the nitrogen contents were 0.1 to 2.0 mole percent of the fuel.

Kinetic interpretation shows the increase in NO yield is caused by the depression in H
concentration by sulphur. Less NH and N are formed; therefore less NO is reduced to Ng.

NO + H + M

=> HNO + M

(44)

HNO + H,OH

=> NO + H2,HgO

(60)

Some NH and N form from HNO, leading to NO reduction.

HNO + H

=> NH + OH

(45)

NH + H,OH

=> N + Hj.HjO

(61)

NO + N,NH

=> Ng + 0 ,0 H

(62)

If sulphur decreases H curtailing NH and N then less NO is reduced to Ng. It was also interesting
to note that the increase in NO was greater under richer conditions. From these results it seems
likely the mechanism of NO reduction is connected to the OH radical concentration. The second
effect observed by Chen et al (1984) was the weakening of the NO-to-HCN recycle, as sulphur
oxides apparently compete for the hydrocarbon fragments required for the recycle.

Another observation made from Chen's work (Chen et al 1984) was the increase in NO at a
particular equivalence ratio for hydrocaiton flames. Below an equivalence ratio of 1.1 to 1.4
(less rich flame) the fuel-sulphur has the effect of reducing the final NO^ below the respective
NO^ from sulphur-free combustion (Tang et al 1980, Wendt et al 1982, Wendt et al 1983, Jeffries
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and Crosley 1986). This is because slightly rich flames have a greater concentration of OH and
O radicals than richer flames. It is also known that SOg accelerates the recombination of H and
OH radical species which would be dependent on the concentration of radical species. For the
less rich case a more significant reduction in OH radicals is expected because of the greater
likelihood of a trimolecular reaction to occur which in tum will reduce the NO^ formed through the
Zeldovich mechanism. This is shown in section 4.1.1 equations 1 and 2. The end result will be a
smaller reduction in OH radicals in the rich case and hence a less significant reduction of NO^
compared to leaner cases.

D

Carbon monoxide combustion

The post-flame behaviour of nitrogeneous species was studied for a rich (0=2.17) premixed
CO/Ar/Og (trace Hg) in the presence of fuel-sulphur by Wendt et al (1983). The reason carbon
monoxide was used as a fuel is because its kinetics are fairly well understood. In the absence of
hydrocarbons, NO reacted homogeneously with N to form Ng at high temperatures. The effect of
fuel-sulphur was to decrease post-flame NO levels and increase Ng more rapidly. The observed
decay in NO and formation of Ng were consistent with detailed kinetic calculations employing
only the reverse Zeldovich mechanisms to form N and N g.

N + NO => Ng + O

(-15)

where the N atoms come from:

O + NO => N + Og

(-16)

No other mechanism for Ng production could be responsible in this H-lean flame.

The most

plausible explanation for an NO decrease was SOg breaking down to SO and increasing the
nitrogen-atom concentration through direct interactions between N, NO, 8 and SO and then
reducing the NO.

2.3.1.2

N + SO => NO + s

(59)

NO + S => NS + o

(56)

NS + O ==> SO + N

(57)

Summary

A factor that has not yet been considered is the constitution of carrier gas. It was noticed that
three of the four papers observing increases in NO under rich conditions with addition of fuelsulphur had argon (Tseregounis and Smith 1983, 1984) and helium (Corley and Wendt 1983) as
carrier gases, to stop the formation of thermal NO^. The other work has been carried out using
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nitrogen or air as carrier gases, giving the possibiiity for thermal NO^ production. However Chen
et al (1984) had a low-temperature flame with an adiabatic flame temperature of 1600 K, a
temperature too iow to form significant amounts of thermal NO^. From this it can seen that the
reductions in final NO^ emissions come from flames producing thermal NO^. This is consistent
with the reduced OH radical concentration in sulphur-doped flames limiting the amount of
thermal NO^ produced through the Zeldovich mechanism. Also, Ng may be a more effective
third body for radical-radical recombinations than He or Ar, resulting in reduced OH
concentrations and less thermal NO.

2.3.1.3

Fuel-lean combustion

Further work was carried out by several authors on NO^-SO^ interactions in flames covering a
range of equivaience ratios from rich to lean. The apparatus, dopants and flame types were
similar to the work discussed in the rich flame section.

Methane

Again the majority of the research was carried out on methane fiat flames, due to the simplicity
of separating the thermal and fuel NO^ components. Wendt and Ekmann (1974) found fuelsulphur to inhibit the formation of NO^ significantly at all equivaience ratios (where 0=0.83-1.25).
The reduction was put down to the catalytic action of SOg on the super-equilibrium free-radical
concentrations and the resultant inhibition of NO formation via the Zeldovich reaction.

Early

super-equilibrium concentrations of SO3 were detected in the flames, substantiating the radical
recombination theory as SO3 is often found as an intermediate in this reaction. One point worth
noting in the formation of the super-equilibrium concentrations of atoms and radicals is the lower
temperature that results from the energy requirement for the dissociation of the oxygen,
hydrogen and water molecules. Therefore sulphur which catalyses atom-recombination rates,
lowering free-radical concentrations, will raise

the flame temperature and in tum

increase the thermal NO. It was also observed that the NO formation rate was higher in the first
10“^ s with SOg than without it and it was not until post-flame region that NO reductions occurred.
It was also found that SOg had the greatest effect on NO inhibition in slightly fuel-iean conditions
(where 0=0.95) when NO reductions of 36 % were achieved compared to sulphur-free flames.

B

Ethane

Recently Pfefferle and Churchill (1989) carried out some work on a premixed ethane/air flame in
a thermaliy-stabiUsed piug-flow bumer doped with ammonia and hydrogen sulphide. They found
that sulphur reduced both thermal NO^ and fuel NO^ emissions at equivalence ratios between 0.8
and 1.6. The reductions in thermal NO^ were between 5 % and 10 % with a sulphur loading of
between 0.03 and 0.06 %wt. This reduction agrees with the theory that the sulphur assists the
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recombination of the H and OH radicals reducing thermal NO^. The authors also observed a
reduction in fuel NO^ of 10 % to 20 %, a contrast to the results observed by other authors (Corley
and Wendt 1983, Tseregounis and Smith 1983, 1984, Chen et ai 1984). Pfefferle and Churchill
proposed that the fuel NO^ increase observed by other authors is due to back mixing of
reactants. They have proposed a model to predict the qualitative effect of sulphur additives on
fuel NO^ emissions from both the piug-flow and conventionai back-mixed burners, supporting
both sets of experimental data. The experimental results and numerical model will be discussed
in more detail in Chapter 4.

C

Liquid hvdrocarbon combustion

Wendt et al (1988) have discussed the NO^-SO^ interactions in fuels such as CH^, CO and diesel
oils in flames of various fuel/air ratios.

It is important to note here that diesel was the only

realistic liquid fuel system used by researchers in this field.

For diesel combustion SOg was

found to lower the final NO level under fuel-lean conditions and increase the NO under rich
conditions. Again the narrow range of NO reduction occurred between 0=1.10 and 0=0.85. The
most critical factors in determining the final emission of NO were flame temperature and local
stoichiometry which are then controlled by the atomisation of the fuel and the air/fuel mixing. For
well-mixed combustion sulphur could inhibit NO formation under lean conditions, but for
poorly-mixed flames with local fuel-rich regions the overall NO emission will increase. Therefore
the presence of sulphur may influence the effectiveness of staged combustion where the first
stage is fuel-rich.

Tang et al (1980) found a similar correlation between NO^ and stoichiometry for hexene
combustion. They observed that the NO inhibition was confined to the period of formation in the
immediate post-flame zone, where SO3 levels were found to be in excess. This agrees with the
post-flame reduction of NO through reduced OH concentration.

They also found the

concentration of sulphur (2 %-5.5 %) in the fuel made little difference to the overall NO reduction
in this case.

2.3.1.4

Summary

Progress in the area of NO^-SO^ interactions has been very limited, in large part because the
results are rather confusing. Both reductions and increases in NO^ have been observed with
fuel-sulphur present. This review has shown that there are several ways in which fuel-sulphur
can interact with NO^ production mechanisms. It must be emphasised that the majority of the
work carried out was on doped gas flames and light hydrocarbon liquids with no work carried out
on heavy fuel oil or coal. Some investigators have found sulphur to enhance fuel NO^ production
uniformly (Tseregounis and Smith 1983, Corley and Wendt 1984, Chen et al 1984).

Others

found enhancement or reduction depending on equivalence ratio and distance from the flame
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front (Wendt et al 1982). In still other bumer configurations sulphur seems consistently to reduce
NO^ from fuel-nitrogen at equivalence ratios studied (Wendt and Ekmann 1974, Wendt and
Ekmann 1975, Wendt et al 1983, Churchill 1984). Therefore the experimental conditions used
can dramatically affect the interactions and the overall emissions.

There is a strong possibility that NO^ might increase if sulphur is removed from the fuel prior to
combustion. The majority of the authors believe that the OH radical concentration diminishes to
some extent in the presence of SOg. This in tum will lower the amount of thermal NO^ produced
through the Zeldovich mechanism and also increase the concentration of reduced sulphur
species available to reduce NO^. Thermodynamic data have shown that it is unlikely that sulphur
species directly reduce NO, but it is possible that the sulphur indirectly reduces NO by reducing
the OH concentration available for the Zeldovich reaction (Wendt et al 1982). The equivalence
ratio will therefore play a large part in this reaction with the most significant reductions in OH
radicals occurring close to stoichiometry and then becoming less significant as the equivalence
ratio increases. Overall the effect of sulphur is to reduce thermal NO^, but not fuel NO^, and the
effect is strongest just lean of stoichiometric. As industrial combustion normally occurs with a
slight excess air level the NO^-SO^ interactions must be fully understood before a fuel is
desulphurised, since there is a possibility of NO^ emissions increasing in the absence of sulphur.

2.3.2

Th9 IntgraçtiQn QtNPyand oarbon

The reduction of NO^ by carbonaceous particles offers a potential means of controlling NO^
emission. Most of the practical evidence for the importance of NO reduction reactions has been
seen in coal combustion by the observation that the NO concentration passes through a
maximum and undergoes substantial reduction in the latter stages of combustion, particularly
under fuel-rich conditions (Wendt et al 1979). The rate of reduction of NO observed in coal
flames is much higher than that in the combustion products of gaseous or liquid fuels.

This

suggests that coal products, such as ash or char, may be responsible for the reduction.
Literature could not be found to show the effect that particulates formed during heavy fuel oil
combustion had on NO emissions. Therefore much of the literature is for coal and the effects
char has on NO emissions. The composition of char and heavy fuei oil particulates are not
dissimilar, with the exception of the higher ash content for chars and higher solids loading in
exhaust. The results from coal combustion should therefore bear some relevance to heavy fuel
oil combustion.

Levy et al (1981) carried out experiments in a packed-bed reactors at 1250-1750 K to provide
mechanistic insight on the reactions between NO and carbon. They proposed that the reduction
of the NO by carbon is probably through dissociation of the NO on the surface with rapid surface
diffusion of the dissociated atoms to form Ng.

The oxygen produced by the dissociation is

strongly chemisorbed and will inhibit further reaction, ie:
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NO + 2C

=>

C (N) + C(N)

C(N) + C(0)

(63)

(N2>g + 2C

(64)

where C represents a surface carbon, C(N) and C(0) adsorbed nitrogen and oxygen atoms. The
chemisorbed oxygen can either desorb to produce CO or react with CO to form COg.

The

reaction is enhanced by CO and retarded by oxygen and water vapour. As the temperature is
increased, enhancement of the rate of activated decomposition of the chemisorbed oxygen takes
place increasing the rate of the carbon to NO reductions. De Soete (1981) also found that Og
preferentially adsorbed on to active sites, shielding these sites from NO adsorption and a
resultant reduction.

Cheng et al (1989) have recently carried out work in a shock tube on carbon black at
1500-2000 K. They proposed that two mechanisms were responsible for the reductions observed
with carbon black. One is a dual-site dissociative (DSD) mechanism in which one NO molecule
occupies two adjacent sites on the carbon surface and the N-O bond ruptures. The other is the
dual-site non-dissociative adsorption (DSND), which requires two molecules and two adjacent
carbon sites. The resulting reaction yields two carbon oxide surface complexes and a nitrogen
molecule.

No direct evidence has been reported as to which mechanism dominates during

combustion. These mechanisms would not necessarily be involved in the post-flame reductions
in lower temperature flue gases.

De Soete (1990) recently determined the heterogeneous NO and NgO reduction reactions on
bound carbon atoms. Due to these simultaneously occurring reactions the overall fuel-nitrogen
conversion was found to be between 30-70 %. These opposing processes would also apply for
heavy fuel oil combustion. A balance between the two reactions could exist with no resultant
change in NO emissions.

NO formation:

Og + (-C) + (-CN)

=>

(-CO) + (-CNO)

(65)

(-CNO)

=>

NO + (-0)

(66)

NO + (-0)

=>

I / 2N2 + (-CO)

(67)

NO + 2(-C)

=>

(-CO) + (-C...N)

(68)

(-C...N)

=»

N2 + 2(-C)

(69)

(-CN) + (-CNO)

=>

N2O + 2(-C)

(70)

N2O + (-C)

=>

N2 + (-CO)

(71)

NO reduction:
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NgO was found to be more readily reduced, so NgO concentrations from heavy fuel oil
combustion are likely to be very low. The reduction reactions also seem to be highly dependent
on the temperature for adsorption and reaction, so an investigation into this is required. The rate
of oxidation of soot with NO has been found to be considerably slower at temperatures lower
than 2000 K. This suggests that higher temperatures promote NO reduction on soot, unlike the
adsorption reactions occurring at lower temperatures on carbon surfaces.

Recently Peck et al (1991) found that the conversion of fuel-nitrogen in coal post-flame is
controlled by heterogeneous processes. They modelled the nitrogen chemistry on a fuel-rich flat
flame accounting for radical removal reactions on the surface and compared this to
time-resolved experimental data. The post-flame conversion of fuel-nitrogen was found to be
controlled by heterogeneous removal of radicals practically quenching the gas phase chemistry
in this region.

There is also considerable heterogeneous removal of NO, apparently with

surface-catalysed reduction of NO by NHg being the most important process.

2.4

ATOMISATION OF HEAVY FUEL OILS

2.4.1

Introduction

Atomisation is a very important factor in the spray combustion of liquid fuels. The performance
of the combustion unit is critically dependent on the size distribution and velocities of the fuel
droplets and the manner in which the combustion air is mixed with the fuel. The structure of the
flame and internal stoichiometry will influence the NO^ and particulate emissions.

The

combustion of water-continuous emulsions of heavy fuel oils has produced advantages
compared to the combustion of fuel oil in some applications. These are normally reduced NO^
emissions and reduced particulate production. The reduction in particulate production has been
attributed to the pre-atomised state of the oil in an emulsion leading to small particulates which
bum out quickly in the combustion zone (Liddy and Newey 1989). The size of the oil droplets in
a particular emulsion is readily measured and is one of the major control variables during
production and as a quality control assessment. The particle-size distribution of the sprayed oil
or emulsion depends on the atomiser configuration and operating conditions used.

A short review was carried out as described in this section to provide a greater understanding of
the spray behaviour of oils and emulsions.

2.4.2

Tvoes of atomiser

Oil burners used in industrial plants, such as furnaces and boilers, normally use intemal-mix
twin-fluid atomisers such as F or Y-jets, pressure Jet atomisers or rotary cup atomisers (Williams
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1976). A twin-fluid atomiser uses the momentum of the atomising fluid, air or steam, to create
the fuel spray and to cause mixing in the combustion zone.

Both types of bumer normally

employ register devices to impart swirl and to maximise air entrain ment in the flame.

The atomiser configuration used in this thesis was a simple atomiser of the co-axial extemal-mix
type. Oil is pumped through the central pipe and is sheared by the high velocity air coming out
of the annular gap between the nozzle tip and air cap.

This type of atomiser was selected

because it is readily available in an appropriate size and was thought to produce a size
distribution similar to a large scale boiler, it is a very simple design and is described in detail in
section 3.4. A small version of a more complicated design was not used because the relevant
forces do not scale in a linear fashion.

2.4.3

Theory of the atomisation process

Atomisers produce a fine spray of liquid by increasing the surface area of a liquid until it
becomes unstable and breaks down, in an extemai-mix twin-fluid atomiser the high velocity air
shears the low velocity oil into waves, ligaments and droplets. The distribution produced is a
function of the amount of energy supplied (and the efficiency with which it is transferred) by the
atomising air to the liquid, and of the cohesive forces of the liquid that it must overcome to
produce droplets. Only a small fraction of the total energy input is used to overcome the liquid
surface tension and viscous forces; most is used to provide kinetic energy to the droplets and
atomising air.

The relative velocity of the gas to oil flow is an important determinant of the distribution.
However, for most twin-fluid atomisers the velocity of the liquidis so muchlower thanthat of the
atomising gas that it is possible to use the initial gas velocity

as theimportantparameter.

For

optimum atomisation the gas pressure should be high enough to produce sonic velocity at the
exit orifice, it is very important that atomisation is achieved within the region of highest gas
velocity.

The atomisation process is promoted by aerodynamic shearing forces imparted by the gas and
resisted by the viscous and cohesive forces of the liquid.

The relevant variables can be

combined to give non-dimensional parameters. Two different and complementary measures of
atomisation have been recognised (UMiST 1990). The first of these represents the ratio of the
aerodynamic to surface tension forces as embodied by the Weber number. We:

We =

a'1
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where pg is the air density, Ug is the air velocity, D is a characteristic dimension of the atomiser
that determines the thickness of the jet subjected to the air flow and o, is the liquid surface
tension.

The second measure, which represents the viscous forces in the liquid, is given by the
Ohnesorge number Z:

z =

where

a,p,D

and p, are the liquid viscosity and density. The kinematic viscosity of the liquid, v,, is

p/p and is therefore contained in this equation.

Practically, these dimensionless groups are most often altered by increasing the relative velocity
of atomising gas to liquid and therefore increasing W e, or heating a viscous liquid to reduce its
viscosity which will reduce Z.

Several empirical correlations of mean droplet diameter and atomiser design and operating
conditions have been devised (Masters 1976, UMIST 1990). Typically, these consider each of
the relevant parameters and assign each of them an exponent to describe the influence of the
property. One of the most well known is the Wigg equation (Wigg 1964):

D v „5 - 0 .004v°"m ;"(l +

a °7 p “ U^

where m, and mg the mass flow rates of the liquid and gas, h is the exit orifice diameter for a
specified design of atomiser and U^g, is the relative velocity of gas and liquid. DVqg is the droplet
diameter such that 50 % of the total liquid volume Is in droplets of smaller diameter. It is also
known as Volume Median Diameter (VMD) which is described later.

The mass ratio mg/m, is one of the most important variables to affect mean droplet size.
Increase in the ratio decreases droplet size. Values of mg/m, normally range from 0.1 to 10.0.
Below 0.1 atomisation deteriorates rapidly even for easily atomised liquids. Above ratio values
of 10 atomisation proceeds with excess energy expended without marked decrease in mean
droplet size. Mean droplet size decreases with increase in relative velocity, U^^,. An increase in
liquid viscosity produces increased mean droplet size. The effect of surface tension is small, and
probably underestimated, because it was not varied very much in the original work (Mugele and
Evans 1951). Although originally devised to describe a prefilming swirled atomiser, the Wigg
equation has been used on different types with some success.
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The Kim-Marshall equation:

Dv„, - 5 . 3 6 . 1 0 - 4 4 . 1 0 -

m = -1

for nig/mi > 0.33

m = -0.5

for nrig/m, < 0.33

. [ * f " .[^ f

was developed using the same atomiser that has been used in the experiments in this report.
is the area of the atomising gas orifice The relevant parameters are essentially the same
although the relative importance of each property is slightly different.

2.4.4

Characterisation of soravs

The large-scale characteristics of a fuel spray are important in determining combustion
conditions.

The spray angle and pattern will contribute to the flame shape and define the

combustion zones. Spray quality is often described in terms of particle-size distribution. Small
droplet-size is not always the objective. A narrow distribution is frequently the most important
aspect of atomiser design and performance, in combustion a lack of large droplets is required to
minimise particulates.

2.4.4.1

Graphical representation and mathematical expressions

Droplet size distributions are usually displayed as volume frequency distributions or cumulative
distributions (Figure 2.10).

Because the graphical representation is not easy to use when

determining the effect of experimental variables,many workers have replaced it with
mathematical expressions

that can be obtained

from a limited number of drop-size

measurements. Various functions have been proposed. Those in general use include normal,
log-normal, Nukiyama-Tanasawa and Rosin-Rammler (Lefebvre 1989).

These assume a

statistical relationship between droplet size and frequency either on the basis of probability
(normal or Gaussian) or empirically derived relationships.
distribution is assumed.

In all cases a single peaked size

It is usual to test any experimentally obtained distribution against

several of these distribution functions to obtain the best fit.

2.4.4 2

Mean diameters

In many calculations it is convenient to work only with mean or average diameters instead of the
complete drop-size distribution. It is possible to calculate a number of different mean diameters,
depending on the parameter of interest.
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Figure 2.10 Typical particle size distribution
showing representative and mean diameters.

The concept and notation of mean diameters has been standardised (Mugele and Evans 1951)
and can be generalised as

D.bn .d

!*

where i denotes the size range considered, N| is the number of droplets in size range I, and D| is
the middle diameter of size range i The values of a and b correspond to the effect investigated.
Examples are;

is the diameter of a droplet whose volume, if multiplied by the number of

droplets, equals the total volume of the sample; and Dgg (Sauter Mean Diameter, SMD) is the
diameter of the drop whose ratio of volume to surface area is the same as that of the entire
spray.

2.4.4.3

Representative diameters

If a distribution can be represented by a mathematical expression such as the Rosin-Rammler, it
can be expressed concisely as a function of two parameters, one of which is a representative
diameter and the other a measure of the spread of droplet size.

Examples of representative

diameter include:

Dq = Droplet diameter such that 10% of the total liquid volume is in droplets of smaller
diameter

Dq 5 = Droplet diameter such that 50% of the total liquid volume is in droplets of smaller
diameter. This is also known as the mass median diameter (MMD) and, if the
density of the droplets is constant with size, it will also be the volume median
diameter (VMD).

Dq g = Droplet diameter such that 90% of the total liquid volume is in droplets of smaller
diameter.

The locations of various representative and mean diameters is shown on Figure 2.10. Various
relationships between these and other representative diameters can be deduced on the basis of
the mathematical expression of the distribution.

It is important to distinguish between the concept of a representative diameter and a diameter
that provides an indication of atomisation quality. A reduction in the VMD does not necessarily
mean that the spray is finer, instead it may be that the width of the distribution is narrower. The
SMD is a better guide to the fineness of a spray and is considered by many authors (Mugele and
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Evans 1951) to be the most relevant to combustion studies, although VMD is recommended as
the generally used representative diameter.

24.4.4

Drop-size distribution

The width of a droplet-size distribution is an important factor when assessing the effectiveness of
the atomisation process. Two sprays may have the same average droplet size but the spread of
sizes may be very different. In some aspects of the study of combustion, such as particulate
formation, the droplets of interest may be the very large ones present and this will not always be
evident when comparing the SMD or VMD of sprays produced under different conditions. The
ratio of VMD/SMD has been use by some workers (Martin and Markham 1979) to indicate the
width of a distribution, but is said to be not a very sensitive indicator for some types of sprays.
Another simple indicator is the relative span factor (RSP), frequently abbreviated to span,
defined as;
RSP=

^
24.4.5

0.5

Summarv of sorav characterisation

No single parameter can completely define a droplet size distribution. There is no universal
correlation between the mean diameter (or representative diameter) of a spray and its
droplet-size distribution. Mean diameters and representative diameters are different in nature
and should not be confused. The VMD is not a mean diameter; it is a representative diameter. If
a mathematical expression such as the Rosin-Rammler distribution adequately describes the
observed spray, the droplet-size distribution can be defined by two parameters, a representative
diameter and a measure of drop-size dispersion. The RSP can be used to indicate the spread of
droplet sizes in a spray.

2.5

SUMMARY

The production of nitrogen oxides from the combustion of heavy fuel oil is affected by many
variables which must be resolved in order that combustion control techniques can be made fully
effective.

Some studies have shown that NgO may contribute up to over 25 % of NO^ emissions.

It is

important to clarify just how much NgO contributes to NO^ emissions from heavy fuel oil
combustion as NgO has recently come under scrutiny as a greenhouse gas and may soon have
legislative limits enforced on its emission. By continuously sampling emissions the concern over
the reliability of batch sampling and subsequent NgO formation prior to analysis can be clarified.
Information on the mechanism and kinetics of NgO formation from fuel-nitrogen is scarce and
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interactions with other combustion species such as sulphur are not known.

It is also unclear

whether the conditions used for staged combustion for NO^ control favour NgO production. This
is also true for NO^ formation whichforms fromrapidquenching

reactions.

It istherefore

important to carry out work under therichconditions used in staged combustion or other NO^controlling techniques to investigate whether formation of NgO and NOg are favoured at the
expense of a NO reduction.

Thermal NO^ formation is fairly well understood and presents few unresolved problems unlike
prompt NO^ and fuel NO^ formation which still present many unanswered questions. As fuel NO^
formation is so important when considering heavy fuel oil combustion this will be the main area
of discussion in this thesis. A few of the important parameters that affect fuel NO^ production
are:

i)

The temperature

ii)

The equivalence ratio

iii)

The fuel-nitrogen content

iv)

The droplet size

v)

The fluid dynamics

vi)

Fuel properties

vii)

Interaction of combustion species

The release of the fuel-nitrogen from the spray droplets is dependent on many of these
parameters and is important when considering the initial environment in which the nitrogen
species react, which in turn will dictate whether NO^ or Ng is formed. A thorough insight into the
effect atomisation has on fuel NO^ formation is essential before many of these other parameters
can be investigated.

Again little information is available specifically on heavy liquid fuel

combustion.

The use of emulsions for control of NO^ and particulate emissions is clear but the mechanisms
behind the reductions are far from understood.

This review has shown that there are several ways in which fuel-sulphur and carbon can interact
with NO^ production mechanisms. Overall the effect of sulphur is to reduce thermal NO^, but not
fuel NO^, and the effect is strongest just lean of stoichiometric.

As industrial combustion

normally occurs with a slight excess air level the NO^-SO^ interactions must be fully understood
before a fuel is desulphurised, since there is a possibility of NO^ emissions increasing in the
absence of sulphur. As the majority of research has been carried out on doped gas flames and
light hydrocarbons there is a need to carry out a comprehensive experimental study on a real
combustion system such as heavy fuel oil. This can be carried out on the drop tube furnace
(DTP) at BP which has the facility to sample at different points in the flame. The intention from
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this is to produce a NO^, SO^ and carbon combustion modei which can be used in conjunction
with kinetic models such as Chemkin in studying topics such as staged combustion. Only then
will it be possible to establish the effect the interactions will have on legislative emissions and
combustion controls.
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CHAPTER THREE
EXPERIMENTAL

3.1

Introduction

Traditionally two distinctly different approaches have been taken in studies of the combustion of
fuel droplet sprays. These approaches involve either studies of single isolated droplets, usually
in quiescent atmospheres, or global studies of droplet sprays. For practical fuel oil combustion
devices, dense droplet sprays prevail and conditions experienced by discrete droplets may be
quite different from those simulated in the single-droplet approach, notably because of droplet
interaction. Single-droplet combustion experiments have been carried out using supported drops
as well as drops falling or projected into a hot environment (Marrone et al 1984, Malik and
Burgess 1985). Single-droplet experiments in which a droplet is suspended from a fine support
have also been criticised on the grounds that the support may interfere with the evaporation and
combustion of the droplet, and that the suspended droplet is usually much larger than those
formed in spray combustion.

The drop tube furnace (DTP) has been designed to study the combustion of sprays of fuel oils
and emulsions. The key element of the experimental system is the twin-fluid atomiser which
allows the fuel to be atomised into a fine spray with characteristics similar to those of a practical
device. The spray is projected into a hot furnace which provides a thermal environment to ignite
and sustain a flame. This is preferable to single droplet experiments which often use pre-mixed
flat-flame burners to simulate the flame conditions.

The resultant combustion can then be

followed as a function of time, providing a relatively large proportion of collectable products for
analysis.

3.2

Drop tube furnace 1

3.2.1

General features

The DTP is described with reference to Figure 3.1.

The furnace is electrically heated and

provides a vertical cylindrical hot zone about 1200 mm long. The fuel sample, droplets of fuel
oil, is injected into the top of the hot zone through a cooled probe. The fuel emerging from the
probe is rapidly heated when it meets the hot gases within the furnace and is simultaneously
exposed to the radiant heat flux from the fumace walls. Heating rates for a typical fuel oil droplet
have been calculated to be in excess of 10^ K/s. The fuel then travels down the fumace tube
entrained on a gas flow before being removed through the sample extraction probe.

This

water-cooled probe not only cools the particulates rapidly but also quenches any combustion by
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immersing the fuel in a cool atmosphere.

Solid samples extracted through this probe are

collected by two glass cyclones in series whilst a small sample of gas is taken from the probe,
cleaned and dried before passing to a gas analysis system.

The separation between the sample injection and extraction probes can be altered in order to
vary the residence time of fuel in the fumace over the range 100 to 2000 ms. The furnace is
designed to operate over the temperature range 900 K to 1800 K.

The furnace, built to a specification formulated by BP, was constructed and installed by Severn
Science Ltd of Bristol.

3.2.2

Fumace construction

A schematic drawing of the fumace is presented in Figure 3.1 and a photograph of the lower
section of the fumace is presented in Figure 3.2.

Top probe

Insulation

Electrical elements
Ceramic tube _

Windows
nsu ation

Platform

Gas bo
(Not to scale)
Water cooling -

Bottom probe

Figure 3.1 Schem atic diagram of the drop tube furnace
86

p
h

Figure 3.2 Drop tube furnace.
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1.

Fumace

2.

Withdrawal probe

3.

Solid sampling equipment (see Figure 3.7)

4.

Cooling water system

5.

Atomising/probe air flowrates

6.

Fumace temperatures

7.

Fumace ammeters

8.

Alarm system

9.

Water cooled condenser

10.

Balston coalescer

11.

Heated sample line

12.

Gas analysis chart recorder

13.

HP85 computer

14.

Fuel supply temperatures

15.

Heated line controls

16.

ADC triple gas analyser - SOg, COg and CO

17.

Heated oven and filter assembly

18.

Signal NO^ analyser

19.

ADC Oxygen analyser

20.

Gas sample drying equipment

Table 3.1 : Key to Figure 3.2
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The work tube of the fumace is made of a ceramic material that can withstand temperatures up
to 1800 K. The axial ceramic work tube has a bore of 80 mm. The fumace is heated by silicon
carbide (SIC) resistance heaters arranged in a three-zone configuration.

The main heater

comprises four cylindrical SIC elements arranged in a two series-two parallel configuration,
running the full length of the hot zone and equidistantly spaced around the work tube.

The

maximum power which can be supplied to the main heater assembly is 15 kVA. Four pre-heater
elements are located at the upper end of the hot zone. This heater assembly counterbalances
heat losses from the top end of the fumace.

The heating elements, located equidistantly

between the main heater elements, are again configured as two series-two parallel pairs, and
have a maximum power rating of 5 kVA. Four secondary heater elements are situated at the
lower end of the hot zone, and serve to counterbalance heat losses from this end of the fumace.
Again, these elements are located between the main heaters.

They are configured in a

four-series arrangement, and have a total power of 2 kVA.

Both the main heater and pre-heater are controlled by Eurotherm 810 three-term proportional
controllers via current-limited thyristor stacks and step-down transformers. The 810 controllers
can receive their set point temperature from a Eurotherm 818P temperature programmer. This
device not only ensures that the warm-up and cool-down of the fumace proceeds at a slow
enough rate to avoid thermal shock to fumace components, but also permits the fumace to be
heated and cooled without requiring operator intervention. The secondary heater is controlled by
a Eurotherm 818P controller, which slaves its temperature to that of the main zone.

Temperatures in each of the three zones are controlled and monitored for alarm purposes by two
independent Pt-13 %Rh/Pt thermocouples in each zone located adjacent to the outside wall of
the work tube.

The fumace is insulated at the sides and top and bottom with ceramic fibre insulation
approximately 60 mm thick, with a further 25 mm of "Microtherm" insulation outside that. The
whole construction is assembled inside a mild steel case whose outside dimensions are 0.5 m
diameter and 2 m overall length. The ceramic tut>e is attached to a gas box at each end of the
fumace with seals. The ceramic tube is gas-tight to enable the atmosphere inside the tube to be
controlled.

The whole fumace is mounted on a steel framework approximately 4 m high. The base of the
fumace is mounted 2 m above floor level to allow access and permit withdrawal of the sample
extraction probe from the underside of the fumace. A platform about 0.5 m wide is provided
around the fumace at this level. A second platform is located level with the fumace top plate, at
a height of approximately 4 m above floor level. Sample feeding equipment is mounted on this
second platform.
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3.2.3

Fuel feeding system

Figure 3.3 shows schematically the fuel feeding and solids sample collection systems. Figure 3.4
is a photograph of the fuel feeding system.
Pump

stirrer
Fuel pressure

0

O 'E x h a u s t
Can
Insulation

Peristaltic pump

Heated fuel line
Balance

Scrub air

—* |-® -

Atomising air

r Thermocouple

Cooling water

Injection probe
Figure 3.5
Heated water bath
Atomiser

Top of fumace
Figure 3.1

Bottom of fumace

Cooling water

Bottom probe

Computer
Bypass line

Gas analysis sytem

Exhaust
Cyclone
Venturi system

Figure 3.8
Orifice plates
Solid collection system

Figure 3.3 Schematic diagram of the fuel feed and solid sampling system
The fuel is electrically heated in a 2 litre can, placed on a frame which stands on a Sartorius
181 OOP balance. The can is insulated with a silver painted aluminium bag containing a 5 cm
thick layer of Rockwool. A stirrer set at a speed of 20 rpm is used to ensure even heating of the
fuel to a typical temperature of 350-370 K. The hot oil vapour is removed from the top of the can
by a small pump, which exhausts the vapour to atmosphere outside the building. The vapour
loss is insufficient to alter the fuel viscosity significantly.

A tap fitted to the bottom of the can allows fuel to be gravity fed to a peristaltic pump (Gilson
Minipuls 2) which is set to provide a nominal flow of 3.5 g/min for neat oil and 5 g/min for
emulsion with an oil equivalence of 3.5 g/min.

The flowrate is calculated using a simple

programme on an HP 85 computer. This takes the signal from the balance through a GPIB
board interface and calculates the weight loss over a several minute period outputting the
flowrate every few seconds. This smoothes the signal preventing disruptions from balance noise.
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Figure 3.4 Fuel feeding system,

91

1.

Fuel can

2.

Stirrer

3.

Fume extraction

4.

insulation

5.

Balance

6.

Heated fuel line

7.

Peristaltic pump

8.

Pressure gauge

9.

Injection probe

10.

Probe fuel line heating system

11.

O-ring and clasp

12.

Water supply from heated bath

13.

Water return

14.

Heated water bath with heat exchangers

15.

Bursting disc

16.

Fumace

Table 3.2: Key to Figure 3.4
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The fuel supply is heated to reduce the viscosity of the fuel to an acceptable level for handling.
An electrically heated tape is wrapped around the length of pipework external to the heated can.
This heated line is maintained at a temperature of about 370 K by altering a Variac in the control
panel. Immediately downstream of the pump a 0-4 barg Budenburg pressure gauge indicates the
pressure of the fuel in the system and therefore the fuel atomisation pressure. The fuel pressure
is normally maintained at 1.7 barg by regulating the torque on the peristaltic pump.

3.2.4

Iniection probe

A stainless-steel probe is positioned at the top of the fumace and is sealed with gas-tight O-rings
to a gas box.

This probe houses the fuel injector system and normally remains in a fixed

position. The probe is shown schematically in Figure 3.5.
Oil feed
Atomising air

Water cooling

Scrub air

Thermocouple

Nozzle block

Spacing peg

Figure 3.5 Schematic diagram of the injection probe
It consists of a water-jacketed tube, with alumina insulation on the outside. The purpose of this
insulation is not so much to keep the probe cool, as to prevent it extracting heat from the hot gas
flowing into the main zone of the fumace. The atomiser and nozzle block can be assembled and
placed firmly in position within the probe. Initially the thermocouple connections to the nozzle,
fuel line and top probe are connected. The fuel from the external heated line is then connected
to a narrow-bore stainless-steel line placed inside the injection probe. The line is heated by a 30
A low-voltage supply which maintains a steady fuel temperature to ensure a steady feeding rate.
The electrically-heated line is connected to a temperature controller via two crocodile clips, one
connected directly to the probe fuel line and the other to an insulated return line. Label 10 in
Figure 3.4 shows these connections. A high-current heating supply is considered to be the best
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heating source because the thermal output Is constant and hot-spots in the line are prevented.
The heated line is maintained at a temperature of about 370 K via a Variac situated in the control
panel. The fuel is finally fed into a brass nozzle block with the atomiser screwed in it as shown in
Figure 3.6.

The atomisation process is described in more detail in the next section.

The atomiser

temperature is regulated by a supply of water from a water bath. Initially the water bath is heated
to 340 K to maintain a steady warm-up temperature for the fuel of about 370 K. When the fuel is
atomised the atomiser temperature rises, due to radiation from the flame in the combustion
chamber. To prevent over-heating of the atomiser and the nozzle, the water-bath temperature is
reduced to about 320 K, while at the same time the mains cooling water supply to the coil inside
the bath is tumed on and the external heat exchanger set at a flow of 1.5 to 2 l/min. This quickly
reduces the temperature in the bath and preventsthermal runaway of the atomiser temperature.
A stable fuel temperature in the atomiser is critical in maintaining a constant fuel viscosity and
spray distribution at the tip. Whilst supplying fuel to the fumace the recirculating water from the
water bath is switched on, but whilst the fumace is not being used a mains supply of cooling
water circulates through the probe.

3.2.5

Atomisation

The top injection probe is used to supply two streams of compressed air to the fumace along with
the fuel. One of these air streams passes down the length of the probe through a PTFE hose
into the back of the nozzle block and atomiser as shown in Figure 3.5. The atomiser has three
specially-sized spacing legs on the far end of it which hold it tight on a metal lip at the bottom of
the injection probe. The atomiser must be firmly pushed into location with the spacing legs
sitting on the probe lip before the top of the probe can be sealed up with an O-ring and a clasp.
It is around these metal pegs through an orifice of about 1 mm between the atomiser and the
bottom probe that the other stream of compressed air flows. This provides a scrub air flow which
passes across the face of the atomiser cap preventing build-up of oil and coke. Because the
atomising air is set at a constant flowrate of 11 l/min at 1.7 barg the equivalence ratio inside the
combustion chamber can be changed by varying the scrub air flow. The nozzle block can be
withdrawn from the injection probe to clean the atomiser between runs.

The atomiser is composed of three distinct pieces, the fluid cap, the air cap and the retaining ring
with the three spacing legs. Figure 3.6 shows a breakdown of the pieces. The fluid cap threads
on to the nozzle block with a PTFE washer for a good fit. The washer has a several holes
located around it to allow the atomising air to pass through from the nozzle block into the fluid
cap. The air cap fits over the fluid cap with the tip of the fuel line situated in the hole of the air
cap. The retaining ring is screwed on to provide a tight fit between the fluid cap and the air cap.
The atomising air passes through three equally spaced holes around the base of the fluid
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Probe body

Scrub air
Atomising air

/
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Nozzle block

Fluid cap (letter)
Spacing washer
Air ca 3 (number)

Scrub air gap
Central oil hole (1.0 mm)

Atomising air gap
Spray

Scale drawing

Actual size

Figure 3.6 Coaxial external-mix twin-fluid atomiser
used on DTP.
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cap and is forced from these to a space underneath the air cap. The air is then forced through
the gap between the air cap and the tip of the fuel nozzie causing the fuel to atomise into a fine
spray. The dimensions and engineering quality of the atomiser are critical in the atomisation
process.

The fluid cap is a Spraying Systems Co type 2850ss with a 70ss air cap, a 1158ss retaining ring
and a 3612ss gasket. The fluid cap originally caused too much back pressure on the fuel line so
it was drilled out to give a 1 mm diameter orifice. The air cap which originally had a flat plane
adjacent to the atomising hole was machined away to form a conical face on the cap.
helped prevent oil and coke deposits building up on the air cap.

This

This spraying system is

designed to produce a fine round spray with a spray angle of 21° at a pressure of 1.5 barg for
0.41 m before It becomes turbulent.

3.2.6

Sample withdrawal

The bottom probe is used to extract gas and any entrained solids from the fumace as shown in
Figures 3.1 and 3.3. This probe is also movable axially, and so by changing the separation
between the probes, samples can be collected at varying residence times.

The probe is

insulated with a thin layer of Triton Kaowooi fibre and water cooled to quench the combustion
products. The insulation prevents over-chiiiing of the flue gas and SO3 condensation in the
probe before gas analysis. The gas sample is withdrawn by a venturi system pre-callbrated to
give 30 l/min through the solids collection system. The flow is metered to ensure that known and
consistent sampling at greater than isokinetic conditions is maintained.

The venturi system

works on the same principle as the water Jet pump, with compressed air supplying the required
pressure drop to sample from the fumace. The outside diameter of the bottom probe is 40 mm
with a 15 mm diameter sample orifice to ensure that as much of the exhaust gas from the
fumace passes through the solid collection system as possible. The complete exhaust system is
heated to 430 K to prevent condensation of SO3 and corrosion of the metai work. The exhaust
probe slides over self-cleaning graphite O-rings to vary the residence time of the combustion
products within the fumace. The separation between the fuel injector and the sample probe can
be varied between 100 and 800 mm.

3.2.7

Solids collection

The solids collection equipment is shown in Figure 3.7. Solids in the gas stream are collected by
two glass cyclones in series backed up by a silica wool filter, all contained in a box heated to
430 K. The particulates are collected in small sample vials which are attached with clips to the
bottom of the cyclones. The clean dry glassware is weighed before use and held together with
metai clips and high vacuum grease between the Viton O-ring seals. After particulate collection
the glassware is cooled in a dessicator and the grease removed from the seals before
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Figure 3.7 Solid sample collection system,
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1.

Solids collection box

2.

Insulation

3.

Heating elements

4.

Thermocouple

5.

Flue gas inlet

6.

Large cyclone

7.

Solid collection bottles

8.

Small cyclone

9.

Silica wool filter

10.

Flue gas exit

11.

Metal clasps

Table 3.3: Key to Figure 3.7
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re-weighing. The particulates collected in the cyclones are emptied into their respective sample
vials before analysis. The lower cut-offs for the two cyclones have been calculated to be 3.4 and
1.4 pm at the sampling conditions normally used (Perry 1976).

The heated box can be bypassed so that the solids collection system can be replaced without
disturbing the flows through the fumace. The bypass system is also used during rig warm-up
before theoretical exhaust gas composition has been achieved or when particulate collection is
not necessary.

The bypass system has a large brass cyclone which collects unwanted

particulates which might pass through the system and disrupt the venturi. The bypass system is
connected with flexible stainless steel/PTFE hoses to allow easy movement of the withdrawal
probe.

3.2.8

Gas analvsis

A schematic diagram of the gas analysis system is shown in Figure 3.8.
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Figure 3.8 Schematic diagram of DTF1 gas analysis system
I

Filter unit

This system is designed to monitor levels of carbon dioxide, carbon monoxide, oxygen, nitrogen
oxide and sulphur dioxide. A small probe with three 1 mm holes placed on the underside is
inserted horizontally into the withdrawal probe to sample the exhaust gas. The inertia of the
particulates on the gas flow prevents a build-up and blockage of the sample ports. The exhaust
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gas sample then enters the system via a 5 m long heated line suppiied by Signai Instruments
which is maintained above 433 K. The heated iine terminates within the gas anaiysis rack at an
oven assembiy containing repiaceable filter units.

The DH grade filter elements used are

capable of 93 % retention of 0.1 pm particles and greater than 99.5 % retention of 2 pm particles.
The sample flow is then divided into two channels; one channel flows into the NO^ analyser, the
second flows into a Permapure drier unit and feeds ail remaining analysers.

II

Drvina unit

The Permapure drier (type PD-1000-24) utilises a hygroscopic, ion exchange membrane in a
continuously drying process to selectively remove water vapour from mixed gas streams.

A

bundle of tubes with a common header is fabricated in a shell, which has openings adjacent to
the sample inlet and product outlet.

If a wet gas stream flows through the tubes and a

counter-current dry gas stream purges the shell, water vapour molecules are transferred through
the walls of the tubing. The wet gas is dried, and the dry purge gas becomes wet as it carries
away the water vapour. A nitrogen flow of 40 l/min is used to purge the water from the flue gas.
The membrane is sensitive to degradation by hydrocaiton vapour so a hydrocarbon filter
consisting of an active-carbon sieve is fitted directly before the drier. The temperature of the gas
to the inlet of the Permapure is controlled at 350 K, whilst that of the exit is ambient. To ensure
the Permapure is working effectively the flue gas is passed through a coalescing filter which will
condense any water vapour remaining in the flue gas into a bulb indicating faulty operation of the
Permapure.

III

Sample inlet

The flue gas is withdrawn from the furnace using a Charles Austin double-headed diaphragm
pump (type B85 D/E) which can supply an adequate flow of 5 -10 l/min to the gas-anaiysis unit.
A vacuum gauge measuring to - 30 mm Hg is present on the inlet side of the pump to indicate
blockages in the sample line. By blanking off the heated sample line at the furnace end the
pressure gauge can also be used to test for leaks upstream of the pump. This is especially
important as the sample is under vacuum and intake of air will give faulty gas analysis readings.
Down stream of the pump the sample gas is passed to a four-way valve. This four-way valve
feeds the COg, CO and SOg triple gas analyser with calibration gas, zero gas and sample gas
depending on its position. In the measurement position the sample gas passes to the triple gas
analyser. A small flow of sample gas also passes through to the oxygen analyser. The NO^
analyser is suppiied with wet sample gas which has not passed through the Permapure drier.
The NO^ analyser uses a Adam Baumuller (type 3EK 63 CX4) vacuum pump to supply sample.
All exhaust gases having passed through the analysers are emitted to an exhaust duct which is
vented outside. A bypass iine exists to prevent the system over-pressurising and also allows
control of a fast or slow response time to the system.
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IV

gas anaiyggr?

Qyyq?n analyser

The analyser measures the paramagnetic susceptibility of the sample gas by means of a proven
magneto-dynamic measuring cell.

The paramagnetic susceptibility of oxygen is significantly

greater than that of other common gases. This means that oxygen molecules are attracted much
more easily to a magnetic source than are other gases. The test body of the analyser consists of
two nitrogen-filled quartz spheres arranged in a dumb-bell, placed in a non-uniform magnetic
field. When a sample of gas containing oxygen surrounds the dumb-bell, the oxygen molecules
are attracted to the strongest part of the magnetic field. The force acting on the dumb-bell is
detected with a photocell and displayed on a meter.

The oxygen analyser type 02-704 series manufactured by ADC contains a paramagnetic cell
manufactured by Servomex. The ranges provided are 0-10 %, 0-25 % and 0-100 %. Using Ng
the Og analyser is zeroed, and it is re-calibrated to read 20.9 % Og using air as the calibration
gas. A fast-response gas circuit which includes bypass and sample flow meters is fitted.

NQx 9nalY?er
The chemiluminescent method used in this analyser is based upon the gas-phase reaction
between ozone and nitric oxide to give nitrogen dioxide and oxygen. A proportion of the nitrogen
dioxide produced is in an electronically excited state, and the transition from this state to the
ground state, as the molecules lose energy, gives rise to light emission. The intensity of this
emission is proportional to the mass flowrate of nitrogen dioxide into the reaction chamber, and
the emission is measured with a photomultiplier tube. To measure the total NO^ a separate
channel is employed which consists of a heated tube containing carbon which converts any
nitrogen dioxide to nitric oxide before passing through the photomultiplier tube.

The NO^ analyser type 4100 chemiluminescent manufactured by Signal Instruments has ranges
0-4 ppm, 0-10 ppm, 0-40 ppm, 0-100 ppm, 0-400 ppm, 0-1000 ppm, 0-4000 ppm and
0-10000 ppm. This analyser is capable of measuring the NO and total NO^ concentration, and,
by difference, the NOg concentration can be calculated.

Wet sample gas is supplied to the

analyser, which is heated throughout to prevent condensation.

It is important to correct the

concentrations given with this analyser to take into account the water present in the gas sample.

The NO^ analyser is zeroed using a flow of nitrogen and then re-calibrated using a supply of nitric
oxide whilst in the NO^ channel.

On switching to the NO channel the instrument must be

balanced to give a similar reading.
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Triple gas analyser

This gas analyser is designed to measure the quantity of a particular (infrared absorbing) type of
gas in a gas mixture. The analyser consists of three non-dispersive single beam analysers in
which the gas to be measured is passed continuously through an optical cell.
separate analysers respond to the absorption band unique to that gas.

Each of the

When the gas to be

measured enters the sample cell it absorbs some radiation and alters the ratio of the sample gas
to a known reference signal. It is this change in energy levels which is amplified to give the
analyser output signal.

The triple gas analyser manufactured by ADC measures carbon dioxide, sulphur dioxide and
carbon monoxide levels.

Each of the analysers cover a specific range: the carbon dioxide

analyser has a range 0-25 %; the sulphur dioxide has ranges 0-1000 ppm and 0-5000 ppm; the
carbon monoxide has ranges 0-0.5 % and 0-5 %.

The triple gas analyser is zeroed with nitrogen gas when the four-way valve at the front of the
control panel is positioned on Ng. The selection switch on the four-way valve is then positioned
on COg/SOg calibration mix to calibrate these two analysers.

Finally the CO analyser is

calibrated by positioning the four-way valve in the CO position.

Each of the analysers above has a linear output response which is used on a chart recorder to
give a visual display of the gas concentrations throughout the run.

V

Calibratipj3 aas

The calibration gas is supplied by BOC in size AJ cylinders with grade K quality. Two cylinders
are supplied with the following nominal composition as measured by volume:

1.

2.

1000 ppm

NO

1000 ppm

CO

Balance

No

2000 ppm

SOg

9.0 %

COg

Balance

N*2

BOC supply a certificate of analysis with the calibration gases giving the concentration of the gas
to + 5%. The gases have been mixed together as indicated above so that there is no interaction
during storage or with the gas analysis.
102

3.3

3.3.1

Drop tube furnace 2

introduction

The existing drop tube furnace has several limitations which have led BP to replace it with a new
furnace.

The combustion chamber in the new furnace is heated by ten separate electric

elements in place of the three in the existing furnace producing as near isothermal conditions as
possible. The withdrawal probe is also motor driven allowing a continuous profile of emissions
through the furnace. Several new gas analysers including an NgO analyser are available on the
new furnace, allowing a better nitrogen balance to be made. All the useful data available from
the furnace is also continuously logged using a data-logging facility. The new furnace therefore
offers greater capabilities for probing into the emission of pollutants from heavy fuel oil which will
complement the work carried out on the old furnace.

3.3.2

Furnace

The new drop tube furnace, DTF2, is shown in Figure 3.9. The fumace is a vertical electrically
heated ten-zone fumace 1300 mm in height with a cylindrical hot zone about 1 m in length. The
fumace is supported on a framework about 1 m off the floor which also supports a platform with
the fuel feeding equipment. The fumace comprises 44 Crusilite low voltage heating elements,
set in 10 separate zones each 100 mm in length. The maximum temperature for control of the
fumace is 1400 K with a temperature difference of ± 10 K between the zones. This is achieved
by reducing the insulation around the fumace such that heat from the flame can be dissipated
quickly giving isothermal conditions. The heat input to each of the zones is measured by logging
the current, giving an impression of the flame length. The work tube is a ceramic tube 80 mm
bore. The control of the zones is via a Eurotherm 810 master programmable controller which
downloads the same setpoint to nine Eurotherm 815 controllers. Three type "R" thermocouples
are provided for each zone for control, trip and data-logging functions respectively.

3.3.3

Fuel feeding svstem

A similar set-up to Figure 3.3 has been used with fuel supplied to the peristaltic pump from a
heated can placed on a balance. Fuel flowrates were maintained at 3.5 g/min for oil and 5 g/min
for emulsion with an oil equivalence of 3.5 g/min. The heated can and fuel line were electrically
heated with temperature controllers ensuring temperatures with tolerances of ± 2 K.

More

accurate measurement of atomising and scrub air was achieved using HI-TEC mass flow
controllers; series F-201AC-FD for the atomising air and series F-202A-FD for the scrub air.
These devices measure the flow of gas upstream of the probe independently of any pressure or
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Figure 3.9 Drop tube furnace 2.
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’fr» ^

1.

Fumace

2.

Withdrawal probe

3.

Stepper motor

4.

Solid collection box

5.

Hole tor solid collection box to enter

6.

Flue gas exit - bypass

7.

Cyclone

8.

Heated filter and Permapure assembly

9.

Signal NO^ analyser

10.

ADC COg analyser

11.

Coalescers

12.

ADC oxygen analyser

13.

ADC SOg analyser

14.

ADC CO analyser

15.

ADC NgO analyser

16.

Fumace element current and temperature indicators

17.

Stepper-motor control assembly

18.

Patol alarm panel

19.

Pressure/temperature controllers

20.

Over temperature trips

21.

Heating switches

22.

Pressure/temperature indicators

23.

Atomising air controller

24.

Scrub air controller

25.

Peristaltic pump controller

26.

Bypass/solid sample box flow switches

27.

Schlumberger data logger

28.

Printer

29.

Cooling water flowmeters

30.

Heated fuel can

31.

Peristaltic pump

32.

Injection probe

33.

Malvem particle-size analyser

34.

Malvem particle-size computer

Table 3.4: Key to Figure 3.9
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temperature changes. The outputs from these devices in g/min are dispiayed on the controi
panei with controllers to vary each flow from 0-30 g/min for the atomising air and 0-60 g/min for
the scrub air, each at 1.7 barg. Again each of the readings is logged.

3.3.4

Inlection Probe

The injection probe has a similar design to Figure 3.5. The fuel line and atomising fluid iine can
be heated by a low voltage high current supply to the metal tubing.

To maintain a steady

temperature at the atomiser, three Firerod 50 W cartridge heaters are embedded into the nozzle
block. A temperature controller is used to maintain a steady temperature at the atomiser and
replace the manual operation of a heated bath. A supply of water is circulated at 1 i/min through
the injection probe to protect the probe components from over-heating from the fumace. The
atomiser configuration; atomising fluid spacing, fuel nozzle diameter, scrub air spacing, were all
maintained to the original DTF 1 design.

3.3.5

Probe drive

The probe drive unit for the bottom probe consists of a stepper motor, gearbox, ballscrew and
linear bearing. The unit is capable of positioning the bottom probe which has the solid sampling
box attached rigidly to the bottom of it vertically within the fumace. The drive unit has variable
speeds between 10 mm/min and 1200 mm/min and is capable of positioning the probe and solid
sample box to a tolerance of + 0.5 mm. The drive unit positioning controls are housed in a rack
and include a digital readout of position in the range 0-650 mm with 1 mm resolution. The
position can be logged by measuring the potential through a potentiometer. The drive unit also
has limit switches to inhibit further travel in the current direction of probe travel.

3.3.6

Sample withdrawal

The withdrawal probe is fitted to the gas box under the fumace with self-cleaning seals to prevent
sticking. The dimensions and principle of operation are similar to DTF 1 with the exception that
the solids collection system is connected directly onto the bottom probe.

This allows for

movement of the solids collection system with the bottom probe instead of by manual
adjustment. The exhaust gas can be directed through the solids collection system or bypass line
using solenoid valves placed in the lines controlled from switches on the controi panei. The rate
of suction on the extract line is controlled by an orifice plate arrangement connected to a flow
indicating controller that in tum connects to the bleed airline that bleeds into the suction line of an
air ejector. This system provides the most efficient way of controlling the rate of air/exhaust
gases injection. A supply of nitrogen has also be fitted to the bottom probe. The system can be
purged with nitrogen to check for leaks between the fumace and the oxygen analyser in the gas
anaiysis system under normal operating flowrates.
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3.3.7

çjas analy?!?

I

$ampi? trgatmgnt

The gas analysis pre-treatment system was modified from that used in DTF1 as shown in Figure
3.10 to ensure the gas analysers were not contaminated.
SPAN GAS
CO. NO & N20

VENT

N02
NO/NOX
Analyser

HEATED LINE

C02 & S02

VAC PUMP

SAMPLE GAS
INLET

■C02 Analyser

OVEN
353 K
433 K

CONDENSE R
FILTER

PERMAPURE

02 Analyser

—

^► Sœ Analyser
COALESCE R

SAMPLE

I

PUMP

DRAIN

»»jcO Analyser

PERMAPURE PUMP

120 Analyser

DRAIN

Figure 3.10 Schem atic diagram of DTF2 gas analysis system

To ensure that most of the solid burden is removed prior to gas analysis the gas sample is taken
from the heated exhaust duct downstream of the withdrawal probe and solids cyclone. A 0.5 m
long water-cooled condenser was added before the heated sample line to remove the water. A
Balston coalescer Type 45G is used with 100-25-DX filters to ensure removal of 98 % of the
water. A tap fitted to the coalescer could then be used to drain the condensate. The heated
sample line is attached to the coalescer and heated to 430 K to ensure moisture is kept in the
gas-phase. The sample gas is then passed through a Balston DH grade solids filter in an oven at
430 K as before. The sample is then split supplying an NO^ analyser through a heated sample
line and a Permapure drier. The Permapure drier ensures complete removal any moisture that
still remains in the sample before passing through to a diaphragm pump and on to the analysers.
As shown in Figure 3.10 all the analysers are in separate units each with separate supplies of
calibration gas and nitrogen. This makes the repair of individual analysers much easier than on
DTF 1. All the gas analysers were similar types to those used on DTF 1 with the addition of a
N2O analyser.
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Il

Gas analysers

NO^ analyser

The NO^ analyser Is a type 4100 as manufactured by Signal Instruments. To allow continuous
monitoring of the NO, NO^ and NOg in the sample gas a solenoid valve is fitted to switch the
sample between the two different modes of operation. The sample gas can then be analysed for
15 s for NO and then NO^ allowing the continuous monitoring of the nitrogen oxides via the
data-logging system. The analyser was also calibrated with NOg to balance the two modes of
operation properly.

Oxvaen analvser

This is a type 02-724 as manufactured by ADC containing the same components as the type
02-704 used before with the addition of a digital display. The ranges used were 0-10 %, 0-25 %
and 0-100 %.

Carbon diQxidg.analy?gr
This is a type SB-305 as manufactured by ADC The analyser has one logarithmic range from
0-20 %, although the output to the data logger is linearised. To avoid interference in the optical
components from cartx)n dioxide in the air, the gas is continuously removed with soda lime. The
soda lime is replaced when the colour changes from green to brown.

Sulphur dioxide analvser

This is a type RF/2E-002 as manufactured by ADC The analyser has one range from 0-1 %. A
sample of gas is scrubbed of caiton dioxide and water vapour by passing through a column of
magnesium perchlorate. This ensures that the optical compartments of the analyser are purged
by clean air to allow accurate measurement of the gas in the sample cell.

The magnesium

perchlorate is changed after the powder coalesces.

Carbon monoxide analvser

This is a type RF/2E-002 analyser as manufactured by ADC The analyser has ranges of 0-0.1 %
and 0-1 %.
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Nitrous oxide analvser

The NgO analyser is also a type RF/2E-002 type analyser as manufactured by ADC It has a
single range from 0-100 ppm. The analyser works in a similar way to the other infrared gas
analysers. When measuring NgO there is some interference from carbon monoxide. A signal
indicating the amount of carbon monoxide In the sample gas is passed from the carbon
monoxide analyser to the nitrous oxide analyser compensating for the carbon monoxide signal.
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Calibration cas

The calibration gas is supplied by BOC in size AJ cylinders with grade K quality. The nominal
cylinder compositions used on DTF 2 as measured by volume were;

1.

900 ppm

NO

900 ppm

CO

90 ppm

NgO

2000 ppm

SO2

9.0%

CO2

3.

100 ppm

NO;

3.3.8

Data loaoina

2.

The data-logging system for DTF 2 comprises a stand-alone Schlumberger Orion 3531D
data-acquisition system. This system collects data from over one hundred channels on DTF2.
The Orion has a display with front panels, a built-in printer and an Epson SMD-280H 3.5 inch
micro floppy disc drive. The disk drive can be used to store and replay logged data, such that
data manipulation can continue concurrently with data logging.

Tasks can be set up to log

channels at different Intervals. The time intervals for logging to disk can be varied from every
15 s to half an hour. During warm-up periods the channels are logged every two minutes and
during the run the channels are logged every 15-30 s. The channels are logged at different rates
depending on the variability or importance of the readings.

The Orion is connected via an

General Purpose Interface Bus (GRIB) which enables a Compaq 486/33L PC to manipulate data
stored on the Orion. The GPIB is a standard interface specified by the Institute of Electronic and
Electrical Engineers for computer control of laboratory scale equipment (Institution of Electrical
and Electronic Engineers 1975).

The Compaq uses some dedicated Schlumberger "AXIS"

software to manipulate the data whilst running or later from floppy disc. Microsoft Excel 4.0 is a
high-powered spreadsheet integrated with business graphics and a fast database. It is used with
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the Compaq PC to manipulate the data in spreadsheet format. The software has been used to
present constantly updated data from the rig in the form of a schematic diagram giving a clear
display of the major rig conditions. A Epson EX-800 printer and a HP PaintJet are used on-line to
provide immediate presentation of data.

3.4

MALVERN PARTICLE SIZER

3.4.1

Equipment and operating principles

Measurements were made with a Series 2600 Malvem Particle Sizer as illustrated in Figure 3.11.
This operates on a laser-diffraction principle and has been described in detail elsewhere (Yule
1981, Malvem 1991).

The optical measurement unit comprises a low power He-Ne laser, a

detector unit and an optical bench. The light from the laser is used to form a collimated and
monochromatic beam of light, 18 mm in diameter.

When a spray of particles is introduced into the beam the light is scattered and the degree of
scattering depends on the particle size. The light scattered by the particles and the unscattered
remainder pass through the detector, or range lens, which operates as a Fourier-transform lens.
An array of 31 concentric annular detectors gathers the scattered light. The unscattered light is
measured and used to calculate the obscuration of the beam.

The detector provides an

electronic output signal proportional to the light energy measured on the detector sectors. A
computer reads these signals, analyses them and calculates the particle size distribution, using
anomalous diffraction or Fraunhofer theory.

The system makes many measurements of the

detector readings so that a time averaged result for the continuous spray of particles passing
through the beam is obtained.

The particle size distribution can b>e presented as model

independent or can be assumed to be a known form, such as Rosin-Ramm 1er or log-normal.
Other derived values can be calculated and displayed.

3.4.2

Reported results

The Malvem particle sizer produces results based on volume and uses these to calculate derived
diameters and distribution statistics. All of the results included in this report were obtained using
the model independent analysis.

The Ids (liquid droplet spray) model employing Fraunhofer

diffraction theory was used for calculation purposes when sprays were evaluated. Particle size
determinations on emulsions were carried out using a sample cell in the beam with suitably
diluted emulsion and the pil (particle in liquid) calculation model.

The degree of adequacy of fit of the data to the calculated particle size distribution is represented
by a log difference value for each result. Inadequate obscuration, dirty lenses or an inadequate
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Danger

Figure 3.11 Spray equipment.
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1.

Malvem 2600 particle size analyser

2.

Water cooled injection probe

3.

Atomiser

4.

Catchment container

5.

Vertical probe adjustment

6.

Horizontal probe adjustment

7.

Heated fuel line

8.

Fuel pressure gauge

9.

Atomising air line

10.

Top of drop tube fumace

11.

Bench

Table 3.5: Key to Figure 3.11
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number of sweeps could result in log difference values higher than 4.0. All such results were
rejected and the determination repeated until valid values could be obtained, unless othenvise
noted.

3.4.3

Constraints

Various constraints on the experimental design are imposed by the equipment and limitations of
the technique.

There are upper and lower limits to the optical obscuration that can be accommodated by the
system. Close to the origin the spray is narrow and obscures only a small fraction of the 18 mm
diameter laser beam and this produces an obscuration below the recommended minimum. At
positions greater than 80 mm along the axis of the spray, it is too diffuse and the obscuration is
again below the recommended minimum.

It was not possible to examine the spray at any

positions other than the centre line because the obscuration values were too low. During the
current series of experiments it was difficult to meet the minimum recommended obscuration and
the maximum was never approached.

The focal length of the detector lens must be matched to the particle size. The lens focal lengths
and size ranges are:

63 mm :

1.2 pm to 118 pm

100 mm :

1.9 pm to 188 pm

300 mm :

5.8 pm to 564 pm

To avoid vignetting (erroneous results due to diffracted light missing the detector because of
large diffraction angle), all of the spray volume must be within a specified distance from the
detector lens. The maximum distance is a function of the focal length of the lens:

63 mm :

maximum distance is 55mm

100 mm :

maximum distance is 133mm

300 mm :

maximum distance is 400mm

The two requirements of matching the focal length of the lens to the expected size range and
choosing a lens that could accommodate the spray cone entirely within the specified distances
reduced the flexibility of the system.

The configuration of the atomiser and optical bench must ensure that the spray does not impinge
on the laser or detector lenses. The spray angle of the atomiser is about 20°; however some
spray was evident outside this solid cone. Background runs (no spray in beam) were conducted
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between each determination. If the background was high, due to droplets of oil on the detector
lens, the optics were cleaned and the previous run repeated.

The relative position of the spray cone and detector lens, sufficiently distant to prevent
contamination of the lens with oil, yet close enough to prevent vignetting and to maintain a
reasonable obscuration, prevented any characterisation of different portions of the spray.

3.5

Atomisation

3.5.1

Atomiser set-uo

The atomiser configuration was altered by changing the cap and the size of the atomising hole to
adjust the spray size distribution. The size of the atomising hole was varied between 1.68 mm
and 3.05 mm. The atomiser configuration is shown in Figure 3.6. It was supplied by Spraying
Systems Co and includes a fluid cap (part No 2850). The central oil orifice was enlarged to
1.0 mm to lower the back pressure experienced during oil feeding.

Several different air caps were used in this work:

Air cap

Central orifice diameter

No.1

1.68 mm

No.2

1.77 mm

No.3

1.95 mm

No.4

2.50 mm

No.5

3.05 mm

These were combined with several fluid caps:

Fluid nozzle

Fluid nozzle diameter

A

1.30 mm

B

1.27 mm

The atomiser was mounted on the end of the injection probe of DTF2.

Each air cap had a

different cone angle such that when it was fitted into the injection probe gave different scrub air
gaps.
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3.5.2

Atomising air mass flowrate

For a particular air cap/fluid cap configuration with a specific annulus dimension the atomising air
velocity is related to mass flowrate as shown in Figure 3.12. The increase in air velocity with
increasing air mass flowrate is limited when the velocity becomes sonic, although the mass flow
can still be increased.
Air velocity at nozzle annulus nVs
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Atomising air mass flowrate (g/min)
No 2 AIR CAP No 3 AIR CAP NO 4 AIR CAP No 5 AIR CAP
1.77 mm
1.95 mm
2.50 mm
3.05 mm

Figure 3.12 Atomising air velocity vs mass flow rate (effect of air cap)
The normal operating atomising air flowrate is 23.2 g/min (@ 1.6 barg) which produces a velocity
of 312 m/s with the No. 2 air cap. The effect of air cap orifice diameter on atomising air velocity
at different mass flowrates is shown in Figure 3.12.

The velocity of oil exiting the 1.0 mm orifice of the fluid cap at a standard fuel mass flowrate is
very low (7.5x10'^ m/s).

3.6

Fuels assessed

The properties of the fuels used in the experimental work are shown in Table 3.6. The analytical
techniques used to determine the fuel properties are given in Appendix B.

3.6.1

Wolf lake crude oil (WLCO)

The properties of this Canadian crude oil are illustrated in Table 3.6.
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3.6.2

Low sulphur aas oil

The viscosity of the gas oil was 4.0 cSt at 298 K. The gas oil contains no detectable nitrogen or
sulphur.

3.6.3

Lavera Inland fuel oil (LIFO^

The properties of the LIFO used in this study are illustrated in Table 3.6. The LIFO contains
some visbroken material from the BP refinery at Lavera, France. It is cut back with a light cycle
oil to reduce the viscosity to meet fuel oil specification. This fuel oil originates from a Middle
Eastern cmde oil and has a high sulphur content.

3.6.4

LIFO + 10 %wt gas oil

LIFO was blended with 10 %wt gas oil to produce a lower viscosity oil to assess the effect of
viscosity on spray particle size. The viscosity of this blend at 373 K was 25 cSt.

3.6.5

Rotterdam visbroken residue fRVBR)

The properties of the RVBR used in this study are illustrated in Table 3.6. The RVBR contains
some visbroken material from the BP refinery at Nerefco, Holland. It has not been cut back with
lighter components to fuel oil specification.

3.6.6

Neuhof residue + extract

The properties of the residue used in this study are illustrated in Table 3.6. The residue contains
visbroken material from the BP refinery at Neuhof, Germany.

It has a 3:1 ratio of residue to

extract. The extract is highly aromatic material originating from a waste stream during solvent
extraction in lubricant manufacture. It has a high wax content which makes it non-Newtonian at
low temperatures.

3.6.6

WLCO emulsion (Wolf lake crude oil 70/30 oil in water)

The emulsion was prepared from WLCO and is a 70 %wt oil in water emulsion. The particle size
distribution of the emulsion is shown in Figure 3.13 and the VMD is 24.14 pm.

The emulsion exhibits non-Newtonian rheology; the apparent viscosity is reduced at increased
applied shear rate. It is also slightly thixotropic. The effect of applied shear rate on apparent
viscosity is shown in Figure 3.14. The apparent viscosity does not recover as the shear rate is
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reduced, indicating very poor dynamic stability. The apparent viscosity at 338 K at 1000 s'^ is
39.7 mPa s and at 100 s"^ is 72.2 mPa s.

3.6.7

LIFO Emulsion (Lavera Inland fuel oil 70/30 oil in water)

This emulsion was prepared from a more concentrated (65:15 oil in water) emulsion prepared by
the HIPR technique (Intevep 1987). The emulsion was stabilised with a nonylphenol ethoxylate
(NP20) surfactant present in the final emulsion at 0.44 %wt/wt.

The appropriate amount of

softened water was added to lower the oil content from 85 % to 70 % weight. An emulsion was
also prepared with de-ionised water. The particle size distribution of the emulsion is shown in
Figure 3.15 and the VMD is 5.51 pm.

This emulsion also exhibits non-Newtonian rheology.

The effect of applied shear rate on

apparent viscosity at a temperature of 338 K can be seen in Figure 3.16.

The emulsion recovers well when the applied shear rate is reduced, indicating good dynamic
stability. The shear rate in the external mixing zone of the atomiser is difficult to calculate
because the dimensions of the mixing zone cannot be measured accurately. The maximum rate
of shear used in the measurement was 1000 s'^ and the apparent viscosity was 50.1 mPa s at
338 K. At 100 s"^ the apparent viscosity was 113 mPa s.
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Wolf Lake

Lavera Inland

Rotterdam

Neuhof

crude

fuel oil

visbroken

residue

oil

Density at 288 K

kg/l

0.9931

residue

1.0230

0.9688

0.9933

Kinematic viscosity
at 353 K

cSt

186.7

cSt

75.4

109.4

770.5

568.6

244

180.0

Kinematic viscosity
at 373 K

45.83

Hard asphaltenes
(IP 143-77)

%wt

9.8

9.6

2.5

1.4

Saturates

%wt

11.0

10.0

15.2

8.5

Aromatics

%wt

47.0

60.8

63.6

71.5

Resins A

%wt

36.0

21.1

17.9

18.3

Resins B

%wt

6.0

8.2

3.3

1.7

Water content

%wt

0.40

<0.05

<0.05

<0.05

Ash at 823 K

%wt

0.049

Carbon

%wt

84.0

86.4

88.1

86.6

Hydrogen

%wt

10.6

9.4

10.7

11.3

Nitrogen

%wt

0.40

0.50

0.41

0.53

Sulphur

%wt

4.3

3.0

1.1

1.1

Vanadium

ppm

183

105

22

26

Nickel

ppm

73

61

16

10

Sodium

ppm

25

59

40

18

Iron

ppm

8

16

9

4

iatroscan TLC

0.030

0.065

0.035

TABLE 3.6. INSPECTION DATA OF WOLF LAKE CRUDE OIL, LAVERA
INLAND FUEL OIL, ROTTERDAM VISBROKEN RESIDUE
AND NEUHOF RESIDUE
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Figure 3.13 Particle size distribution of 70/30
WLCO emulsion.
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Figure 3.14 Apparent viscosity vs shear rate
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CHAPTER FOUR
KINETIC MODELLING

4.1

INTRODUCTION

Previous investigators have shown that fuel-sulphur can affect the net formation of NO^ in
combustion sytems. Of these effects, equivalence ratio and residence time of the reaction were
found to influence the results most significantly. There is evidence to show that the OH radical
concentration decreases to some extent in the presence of SOg.

This in tum will lower the

amount of thermal NO^ produced through the Zeldovich mechanism. The effect sulphur has on
the production of fuel NO^ appears to be much more difficult to explain due to the complexity of
the mechanism and multiplicity of intermediate species.

The conclusions from the literature review (Chapter 2) show that it is important to carry out a
comprehensive study of NO^-SO^ interactions in a real combustion system such as heavy fuel
oil. Before this was carried out, an investigation was made into the effect fuel-sulphur has on
thermal and fuel NO^ using kinetic modelling.

The reactions shown in this chapter are specific to the kinetic model so a separate numbering
system has been used. The reactions are shown in Appendices 3A, 38, 30 and 3D. The figures
and illustrations used in the kinetic modelling section are shown at the end of the chapter.

4.2

REACTION MECHANISM FOR NITROGEN CHEMISTRY iN_COMBU$TION

The reaction mechanism used in this study is that of Miller and Bowman (1989) which is an
update on the mechanism of Glarborg et al (1986a) incorporating a further 3 years' progress in
terms of rate coefficient determinations and validation against experiments.The mechanism
includes a sub-set for the combustion of simple hydrocarbons (C^ and Cg). Many of the rate
coefficients for the elementary reactions have never been measured directly, some have been
estimated from theory and some are the result of fitting to maximise agreement between theory
and experiment. However, this modelling approach has been considered to be sound as the
mechanisms of Miller and Bowman (1989), and Glarborg et al (1986a) have been validated
against a large number of experimental investigations covering well-stirred reactors, isothermal
flow tubes, laminar premixed flames and laminar diffusion flames at pressures from a few torr to
several atmospheres.

The reaction mechanism has been implemented with as little modification as possible: some
changes were necessary to comply with the input format of the Chemkin Interpreter (Kee et al
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1980) and incorporation of the sulphur chemistry scheme.

All changes to the published

coefficients are detailed in the text below. The objective of the work was to determine how well
published and validated mechanisms can be used to predict performance in practical situations.
There can be no justification for adjusting coefficients to force agreement with isolated
experiments.

4.2.1

Implementation of the kinetic mechanism

The mechanism used did not include three-body pressure-dependent reactions that might be in
the fall-off region at atmospheric pressure. The fall-off region occurs between the transition point
of high and low pressure rate coefficients. Thus, implementation into the Chemkin Interpreter
was straightforward using the standard three-term expression for the rate constants (Appendix
3A). However, in order to model combustion it is necessary to model the hydrocarbon oxidation
reactions, some of which are pressure-dependent reactions in the fall-off region at atmospheric
pressure. Such reactions are usually assigned a high-pressure (pressure independent) rate, a
low-pressure rate and an expression for the fall-off region in between. This allows the rate of the
reaction to be calculated at any temperature and pressure within the applicable range of the three
expressions.

However, the Chemkin Interpreter can only accept a single expression for each

reaction with temperature as the independent variable.

For these reactions, the three

expressions in the published mechanism were evaluated over a range of temperature for a
pressure of 1 atm (taking into account the enhanced third-body efficiencies and a typical gas
composition).

A three-term expression was then fitted to the calculated values as pseudo

two-body reactions.

This procedure was required for five reactions in the scheme (Appendix 3A);

CH 3 + CH 3

=>

CH 3 + H

C2H6

(1)

CH4

(2)

H+C H

=>

C2H5

(74)

H + CgHg

=>

C2 H 3

(80)

CHgCO

=>

CH2 + CO

(99)

2

4

The closeness of fit of the fitted expression for reactions 2, 74, 80 and 99 can be seen in Figures
4.1 to 4.4. For reactions 2 and 99 it was possible to fit an expression over the entire temperature
range of the original data (300 - 2500 K). However, a satisfactory fit could only be obtained for
reactions 74 and 80 over the temperature range from 1000 - 2000 K. This is adequate for the
present investigation, but a different expression with a poorer fit in the mid range but with
adequate fit at the low and high temperature ends might be required for a universal model.
Reaction 1 required a more detailed investigation to establish a suitable rate expression.
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Miller and Bowman (1989) present an expression for the fall-off region of reaction 1 in Troe
(Gardiner and Troe 1984) form, and cite Wagner et al as the source of the expression (Wagner
and Wardlaw 1988). At first the reaction scheme was implemented with a rate expression fitted
to the expressions in the Miller and Bowman (1989) paper, although it was evident by inspection
of the tabulated evaluations of the fall-off expression that the values were not typical and
produced an unusually narrow fall-off region.

Initial results with the model showed that the

predicted NO^ level was sensitive to this reaction and further investigation was carried out.
Personal communication with Miller, one of the co-authors of the Miller and Bowman (1989)
paper, about the initial results regarding the sensitivity of the results to reaction 162 suggested
that reaction 1 may be the cause.

Drake and Blint (1991) present a similar but restricted reaction scheme which includes the
reverse of reaction 1 (Appendix 3A).

CgHg => CHg + CHg

(1r)

Expressions are given for the rate constant at a number of pressures including 1 barg. This
expression has been evaluated and combined with the computed equilibrium constant for the
reaction to give the rate constant for reaction 1. Figure 4.5 shows the rate constant for reaction 1
evaluated from the Miller and Bowman (1989) expressions compared with the values computed
from the reverse reaction due to Drake and Blint (1991). There is significant discrepancy.

On inspection of the original reference cited in the Miller and Bowman (1989) paper for
reaction 1, it was clear that the expressions for the fall-off behaviour in Troe form were not
identical. Evaluations of the two expressions revealed significant differences. Figure 4.5 shows
the rate constant evaluated according to the original reference (Wagner and Wardlaw 1988) and
this corresponds quite closely with values computed from the expression due to Drake and Blint
(1991). Thus, the rate coefficients for reaction 1 shown in Appendix 3A have been obtained by
fitting to the evaluations of the expressions in the original publication (Wagner and Wardlaw
1988). The closeness of fit can be seen in Figure 4.5, and a good fit has been obtained over the
temperature range of 600 - 2500 K. All results presented in this thesis have been produced using
this scheme.

4.2.2

Incorporation of the sulphur scheme

In the preliminary unreduced kinetic model (Miller and Bowman 1989) 235 reactions are used in
the mechanism for combustion of simple hydrocarbons (C^ and Cg) and nitrogen chemistry in
flames as given in Appendix 3A. Sulphur reactions from the scheme given by Pfefferle and
Churchill (1989) have been incorporated in the mechanism to model the sulphur/nitrogen
interactions as given in Appendix 3B. They included sulphur oxidation reactions (Muller et al
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1979, Frenklach et al 1981) and reactions of SOg and SO3 with atomic oxygen (Tseregounis and
Smith 1983). Also considered were sulphur, carbon, and NO^ reactions proposed by Wendt et al
(1983) and Fenimore (1976). The final reactions used in the model were chosen from these sets
by examining the production of species and sensitivity coefficients over a broad range of
operating conditions. They are listed together with the corresponding rate constants in Appendix
3B. The rate constants of some of the sulphur reactions and in particular reactions 4-9, 14, 20-23
in Appendix 3B, are only approximate. Quantitative measurements have not been carried out for
some of these steps, and the indicated values are from estimates by Muller et al (1979).

Exploratory calculations were carried out for the other proposed reactions listed in Appendices
3C and 3D. Several reactions with the NS radical were included due to the importance of this
intermediate species (Crosley and Jeffries 1986).

The forward rate constants for all of the

reactions listed in Appendix 3C and 3D were postulated to equal 1x10^^ cm^/(mol.s) at 2000 K.
The objective of adding these reactions was to test the qualitative effects of such reactions on
the scheme, although the reactions are only believed to be significant for fuel -rich regimes.

The rate constants of the reactions 21-23 were the estimated values from Muller et al (1979).
The literature review shows these reactions are important in nitrogen/sulphur interactions and
should therefore be included in the model.

4.2.3

Kinetic codes

At the Research Centre Sunbury there is the choice of two kinetic modelling packages:

- FACSIMILE produced at Harwell
- CHEMKIN produced at Sandia

Facsimile has the advantage that it is fully supported by Harwell and is more flexible. However,
Chemkin has been selected because of the large number of investigators, worldwide, who use
Chemkin and its associated databases. There is considerable advantage in using a consistent
database of the thermochemical and transport properties as there is some uncertainty in the
values for some of the less stable species.

The Sandia suite of computer codes is built around the Chemkin Interpreter and Library of
Algorithms (Kee et al 1980) which converts the chemical reactions in conventional notation to a
set of linear ordinary differential equations (ODE's) incorporating the thermodynamic data for the
species concerned from the database (Kee et al 1987). A Fortran code for a constant pressure
plug-flow reactor was written, based on the example in the Chemkin manual (Kee et al 1980).
This does not incorporate sensitivity analysis or rate-of-production analysis.

The code simply

integrates the ODE's including the governing conservation equations using a standard solver
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(LSODE). For the well-stirred reactor simulations, use was made of the code PSR (Giarborg et
al 1986b) which uses the Chemkin code and which incorporates sensitivity and rate-of-production
anaiysis. The code Senkin (Lutz et ai 1987) was used for the plug-fiow reactor simuiations and
incorporated sensitivity anaiysis.

A laminar premixed flame code (Kee et al 1985) and its

associated transport properties database (Kee et al 1986) also makes use of the Chemkin
Interpreter and completes the suite of codes aithough these have not been used in this study.

4.2.4

Validation of imoiemented mechanism

The mechanism of Miller and Bowman (1989) has already been validated against a iarge body of
experimental data. However, in order to check on the accuracy of the impiementation of the
mechanism the model has been compared with resuits from the Milier and Bowman (1989)
paper.

The Research Centre Sunbury (RCS) modei was run using the same Sandia

perfectiy-stirred reactor code and the same Sandia thermochemical data base. The results were
compared with the published results over a range of fuel/air equivalence ratio, from 0 = 1.0 1.75 at a singie temperature of 1750 K and a residence time of 7 ms.

There is exceiient

agreement between the modei results produced at the Research Centre Sunbury and the
published model results. The very slight differences are iikely to be due to siight differences in
inlet conditions. A more rigorous test wouid require more information on the iniet conditions than
is provided in the paper. The resuits were compared in terms of the variation of the important
species NO, NHg and HCN with equivaience ratio.

However, a more sensitive test is the

comparison of a piot of first order sensitivity coefficients of the important reactions with
equivalence ratio. Figure 4.6 shows the plot produced with the RCS modei compared with the
figure reproduced from the paper; there is aimost perfect agreement.

4.3

KINETiC STUDY OF THE SULPHUR/NiTROGEN MODEL

The survey of work on the interactions of suiphur and nitrogen species in combustion has
produced several papers, but only one paper by Pfefferle and Churchill (1989) has proposed a
model validated with experimental results for these interactions,

in this chapter the Sandia

piug-flow reactor code was used in conjunction with the suiphur scheme of Pfefferle and Churchill
(1989) to compare with their work.

4.3.1

Effect of fuel-suiphur on nitrogen oxide formationin a thermally
gtablllggd pltid-flç>VLbümer

Recently Pfefferle and Churchill (1989) carried out some work on a premixed ethane/air flame in
a thermaliy-stabilised piug-flow bumer doped with ammonia and hydrogen suiphide. They found
that sulphur reduced both thermal NO^ and fuel NO^ emissions at equivalence ratios between 0.8
and 1.6. The reductions in thermal NO^ were between 5 % and 10 % with a sulphur loading of
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between 0.03 and 0.06 %wt in the total premixed system. This reduction agrees with the theory
as
that the sulphur recombines the H and OH radicals reducing thermal NO described in section
4.5.3. The authors also observed a reduction in fuel NO^ of between 10 % and 20 %. These
experimental results are in contrast to those of previous investigators using lower temperature,
back-mixed burners, which show enhancement of fuel NO^ in the presence sulphur additives for
most stoichiometries and fuels. Pfefferle and Churchill (1989) propose that the fuel NO^ increase
observed by other authors is due to back-mixing of reactants. They have proposed a model to
predict the qualitative effect of sulphur additives on fuel NO^ emissions from both the piug-flow
and conventional back-mixed bumers, supporting both sets of experimental data.

The

experimental results and numerical model will be discussed in more detail in the next section.

4.3.2

Experimental work bv Pfefferle and Churchill

The experiments carried out by Pfefferle and Churchill (1989) were in a "igneslytic" bumer
(thermally-stabilised bumer) described in detail elsewhere (Berstein and Churchill 1977). The
advantages of this bumer for kinetic studies include: essentially piug-flow operation, a very thin
flame front, a wide range of controllable residence times (2-10 ms) in an essentially
one-dimensional, isothermal postflame zone, and enhanced stability with respect to external
perturbations. Thus, recirculation, back-mixing, and diffusion, one or more of which complicate
the analysis of combustion in most other bumers, are avoided. The system approaches plug flow
in that burnt gas, hydrocarbon fragments, and fresh oxidiser are not mixed.

Due to minimal

back-mixing, the profiles of concentration and temperature are very steep, and the flame front
itself is very thin. The experimental conditions allowed the authors to use a piug-flow reactor
model which when incorporated with a kinetic sulphur scheme as shown in Appendix 38 was
called the "sparse model".

The model used in this work to compare with the experimental and modelling results of Pfefferle
and Churchill (1989) was the Sandia piug-flow reactor (PFR) model. Ethane was used as the fuel
and NHg and HgS used as the nitrogen and sulphur dopants. All the sulphur/caiton/nitrogen
reactions in Appendices 38, 30 and 3D were used in conjunction with the hydrocarbon/nitrogen
oxidation scheme in Appendix 3A to give the RCS model.

Thermochemical data were not

available in the Sandia thermochemical data base for HSOg, therefore reactions 21-23 were
excluded from the initial scheme. The kinetic data for these reactions was changed (as shown in
brackets) and incorporated in a modified scheme as discussed later.
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4.4

ThlERMAL.NQx

4.4.1

Effect of the adiabatic flame temperature

As discussed in the review, complex interacting mechanisms of NO^ and SO^ are reflected in the
conflicting results of investigators. Because the relative importance of the various mechanisms
discussed above depends strongly on temperature, the production of NO^ in the presence of
sulphur species is dependent on the bumer and, in particular, the operating temperature profile.
In this work special attention was made towards inputting the correct temperature profile into the
model.

Pfefferle and Churchill (1989) calculated the flame temperature for ethane from the wall
temperatures of the thermally-stabilised bumer to be 2450 K. The experimental thermal NO^
emissions were between 40 ppm and 100 ppm at residence times of between 4 and 8 ms and
equivalence ratio of 1.0. Using the RCS model. Figure 4.7 shows that over 3000 ppm thermal
NO^ are formed under these conditions.

The RCS model was also used to calculate the

adiabatic flame temperature for ethane which was found to be 2300 K. This is the maximum
flame temperature possible, so the actual temperature will be lower when taking account of the
heat losses. In Figure 4.8 a temperature of 2000 K gave approximately the same amount of
thermal NO^ as the experimental work by Pfefferle and Churchill (1989). This temperature was
thought to be closer to the actual experimental conditions so it was used throughout the
modelling work carried out with the RCS model. In recent discussion with Pfefferle, it was agreed
that the temperatures used in the sparse model were probably too high.

4.4.2

Effect of temperature profile

A temperature programme was used to simulate the bumer conditions and give a better
agreement with the model. A temperature profile rising from ambient to the maximum flame
temperature of 2000 K after 0.6 ms was the input into the RCS model.

The temperature

programme used was determined from the first two experimental temperatures given by Pfefferle
and Churchill (1989) and the final flame temperature of 2000 K and followed a simple quadratic
equation:

T = -3955.6 f + 5206.71 + 300

where

T = temperature (K)
t = residence time (ms)

The effect this temperature has on the thermal NO^ emissions is shown in Figure 4.9.

The

programme has the effect of inhibiting NO^ formation until 0.4 ms and it is not until 0.6 ms that
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the formation rate is comparable with the model without the temperature programme.

The

thermal NO^ formation is considerably lower using the temperature programme than was
expected. A higher temperature than 2000 K would have been more appropriate to achieve the
thermal NO^ levels by Pffeferle and Churchill (1989). However, the maximum temperature was
maintained at 2000 K throughout this work, using the temperature profile calculated here. The
trends and reductions observed by Pffeferle and Churchill (1989) should be repeatable with this
model, although levels may be slightly reduced by the lower temperature.

4.4.3

Effect of equivalence ratio

The NO^ production at different equivalence ratio and residence times is illustrated using the
RCS model in Figure 4.10 and experimental work by Pfefferle and Churchill (1989) in Figure
4.11.

The thermal NO^ (illustrated in clear symbols without sulphur dopant) was found to

decrease rapidly under rich conditions using the RCS model.

The experimental results by

Pfefferle and Churchill (1989) show slight decreases in thermal NO^ under rich conditions and
larger decreases under lean conditions with a peak in NO^ at stoichiometry. The decrease in
thermal NO^ under lean conditions is most likely to have occurred due to the reduction in peak
flame temperature from the increase in air flow. In the RCS model the temperature is constant at
2000 K for each equivalence ratio, therefore the NO^ will increase as the oxygenate radicals
increase with decrease in equivalence ratio.

4.4.4

Effect of residence time

The residence time was not found to affect the NO^ from the RCS model to the same extent as
the experimental work by Pfefferle and Churchill (1989) as shown in Figures 4.10 and 4.11
respectively. It is believed that the differences are caused by the lower flame temperatures used
in the work at Research Centre Sunbury. The majority of the NO^ formed at 2000 K is during
ignition when super-equilibrium concentrations of radicals exist. Because of the low temperature,
relatively small amounts of thermal NO^ will form beyond the flame front. Residence time has a
greater effect at a higher temperature when larger proportions of NO^ are formed after the flame
front from the tempe rature-dependent Zeldovich reaction.

4.4.5

Effect of fuel-sulohur

Figure 4.12 shows the effect of a sulphur dopant on the NO^ emissions for the RCS model with
and without the temperature profile. The sulphur dopant was HgS and was present in the fuel
and air at a concentration of 0.06 %wt (35 ppm in fuel). A reduction of up to 25 % in thermal NO^
emissions was observed with the addition of sulphur. This compares with the 5-10 % reduction
observed in the experimental work of Pfefferle and Churchill (1989).

It is possible the RCS

model over-estimates the reduction at the lower temperature. The sulphur affects the radical
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concentration at the flame front which, because a higher proportion of NO^ is formed at a lower
temperature in the flame front, will have a more significant effect. Figure 4.12 shows a 20 %
reduction at 2000 K and 25 % reduction with the temperature programme, confirming the larger
effect of sulphur at lower temperatures.

The addition of sulphur was found to affect the radical concentration quite considerably as can be
observed in Figure 4.13 for the OH and O concentrations and Figure 4.14 for the N
concentration, both figures including the temperature programme. From these figures the OH
and O concentrations rise quite rapidly to super-equilibrium levels in the first 0.4 ms of
combustion. On addition of sulphur the OH and O concentrations are reduced slightly and the
time the radicals reach a super-equilibrium level is delayed slightly by 0.1 ms. As expected,
most of the reduction predicted by the model is as a result of a reduction in the rates of the
Zeldovich (1946) reactions due to the decreased concentrations of OH and O in the presence of
sulphur (Appendix 3A):

N + OH => NO + H

(235)

NO + N => Ng + O

(233)

Work by Pfefferle and Churchill (1989) shows the OH, O and N radical concentrations calculated
with the sparse model are similar to those calculated with the RCS model in Figures 4.13 and
4.14.

4.5

FUEL NO^

4.5.1

Effect of fuel-sulohur

Figure 4.15 shows the NO^ emissions from the RCS model incorporating the temperature profile
for ethane with NHg present in the total system (fuel and air) at a concentration of 0.14 %wt
(80 ppm in fuel) with and without HgS in the total system at a concentration of 0.03 %wt (17 ppm
in fuel).

Figure 4.16 shows experimental results obtained by Pfefferle and Churchill (1989)

showing large differences exist between their experimental work and the RCS model. Residence
times for all cases were 3.1 ms. Pfefferle and Churchill (1989) found reductions of 10-20 % in
the concentration of NO^ at the exit of the bumer with sulphur present, whilst the RCS model
showed less than 5 % reduction with sulphur. It is believed the kinetic data in Appendix 3B for
sulphur/nitrogen reactions require modification for a better fit to experimental data. Figure 4.18
also shows similar small reductions of NO^ with sulphur addition for the sparse model which uses
the same kinetic data. The reduction in NO^ with variation in equivalence ratio was similar for
both model and experimental as shown in Figures 4.15 and 4.16 respectively.
concentration of sulphur dopant did not produce an equivalently large reduction in NO
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A higher

4.5.2

Effect of residence time

Figures 4.17 and 4.18 show the NO^ emissions as a function of residence time for the RCS
model and Pfefferle and Churchill (1989) work respectively. Similar trends were observed with
the RCS and sparse model for increase in NO^ with residence time, although higher conversion
efficiencies are achieved with the sparse model.

This is likely to be due to the higher

temperatures used in the sparse model.

4.5.3

Effect of radical recombination reactions

One of the NO^ reduction mechanisms found in the literature review was the radical
recombination mechanism as shown in reactions 21-23 of Appendix 3B:

H + SOg + IVI =» HSOg + M

(21)

H + HSOg => Hg + SOg

(22)

OH + HSOg => HgO + SOg

(23)

These reactions are important in OH and O radical competition and in turn the formation of NO
from N radicals.

Estimated thermochemical properties were given for HSOg in the NASA

polynomial format such that these three reactions could be included in the RCS model
(Zachariah and Smith 1987). These reactions with the estimated kinetic data given by Pfefferle
and Churchill (1989) made little difference to nitrogen and sulphur interactions.

The rate

constants given by Pfefferle and Churchill (1989) for these reactions are considered to be low
especially the three-body reaction 21. A literature search was carried out at Sunbury to find more
appropriate kinetic data for these reactions.

The modified kinetic data used are shown in

brackets in Appendix 3B. A large difference was observed between the kinetic data for the
three-body reaction 21 used by Pfefferle and Churchill (1989) and that of Zachariah and Smith
(1987).

It is believed the data presented by Zachariah and Smith (1987) gives a better fit,

although no difference was observed with the addition of the modified sulphur scheme compared
to the original Pfefferle and Churchill (1989) sulphur scheme. This suggests that these reactions
are not important in the reduction of the OH and O radicals and other reactions are involved in
the radical reduction.

4.6

KINETIC MODEL OF THE DROP TUBE FURNACE

This examination of the work by Pfefferle and Churchill (1989) using Chemkin concluded that
sulphur reduced both thermal and fuel NO^ emissions but that the reductions in thermal NO^
were greater. The modelling work was applied to the DTF and the combustion of heavy fuel oil
and heavy fuel oil emulsion. Modelling the DTF is more difficult than the plug flow bumer used
by Pfefferle and Churchill (1989). The fuel and air mixture during atomisation will produce a
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turbulent region and beyond this a piug-flow region will exist. A combination of the perfectly
stirred reactor (PSR) code and the piug-flow reactor (PFR) code was required to model the DTF
properly.

Using results from combustion work discussed in section 5.2 it is believed that

approximately the first 100 ms of the fumace is turbulent and the rest is plug flow. There is no
sharp transition between turbulent and plug flow in the DTF, but for these purposes a two-stage
model was believed to be adequate. The modified kinetic data for Reactions 21-23 (Appendix
SB) were used in this work.

To model the Lavera Inland fuel oil (LIFO) and the Rotterdam visbroken residue (RVBR) used in
work on DTF1 the following composition was used for the model:

LIFO

RVBR

CgHj

0.778

0.800

CzHg
HCN

0.180

0.180

0.012

0.010

HgS

0.030

0.010

containing approximately 3 %wt sulphur and 0.5 %wt nitrogen in the LIFO, and 1 %wt sulphur
and 0.4 %wt nitrogen in the RVBR. The carbon/hydrogen ratio in this gaseous composition is
similar to that of heavy fuel oil. Unfortunately longer chain carbon molecules cannot be modelled
in this scheme, so the above composition was used to model fuel oil combustion.

The

atomisation of droplets, droplet interaction, fuel and air mixing, volatile release and particulate
interaction are some of the assumptions made about the combustion process in using this
gas-phase model to predict the NO^ formation from heavy fuel oil combustion.

The main

differences with the heavy fuel oil system and the gas-phase system are the gradual non-uniform
release of fuel-nitrogen from the droplet in a changing environment of stoichiometry, temperature
and chemistry.

As the model has shown good agreement with the NO^ emissions these

assumptions in the combustion process can be ignored until a combustion model is available that
takes these into account.

Work using nitrogen-free gas oil has shown that a maximum of 25 ppm of thermal NO^ is formed
in DTF1 at a fumace temperature of 1373 K and 2 % oxygen in the flue gas. The adiabatic flame
temperature was calculated from the model as 1623 K to give 25 ppm of thermal NO^. The
temperature decreased from a flame temperature of 1623 K for the first 100 ms to the fumace
wall temperature of 1373 K at the exit of the fumace.
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This was calculated assuming the rate of heat loss is proportional to the temperature difference;

T-T„ = (T „ -V e -3 '

where

is the max. wali temp
is the max. flame temp
T is the temperature at time t

4.6.1

Effect of sulphur on NO^ formation

Figure 4.19 shows the effect 0,1 and 3 %wt sulphur has on the fuel NO^ emissions from a fuel oil
with 0.5 %wt nitrogen and a similar C/H ratio to LIFO at 1623 K using the kinetic model described
above. The large reductions observed with sulphur present are due to the competition for O and
OH radicals in the fuel NO^ mechanism. The addition of the PSR code and the decrease in
temperature has increased the effect the suiphur has on the fuel NO^. The sulphur was found to
decrease the fuel NO^ emissions by 10-25 %.The back-mixingassociated
seems to influence the competition for the radicalsmore dramatically.

with the PSR code

FuelNO^ is formed very

early in the flame where back-mixing might increase the recombination of oxygenate radicals
with sulphur reducing the fuei NO^ emissions.

Previously Pfefferle and Churchill (1989)

proposed that the fuel NO^ increase on addition of sulphur observed by some authors is due to
back-mixing of reactants. The results from the RCS model indicate othenmrise, with significant
reductions in fuel NO^ occurring on the addition of the PSR code which promotes back-mixing
and radical competition.

The thermal NO^ mechanism will not be important at these

temperatures as the maximum thermal NO^ is 25 ppm.

Figure 4.20 gives modeiling results for the RVBR and LIFO compositions given above.

The

predicted NO^ emissions were found to be similar for each fuel. The high suiphur content in the
LIFO compensated for the 20 % higher level of fuel-nitrogen.

4.7

SUMMARY

The kinetic model used at the Research Centre Sunbury gave a good comparison with
experimental results presented by Pfefferle and Churchill (1989) when the lower temperatures
used in the RCS model are taken into account.

The experimental results and RCS model

compare quite well with variation in equivalence ratio.

The exception occurs under iean

conditions in the experimental work when lower temperatures are likely from the excess
combustion air required, which in turn reduces the thermai NO^. The RCS model underestimated
the effect of residence time on the thermal NO^ emissions due to the low temperatures. Overall
the sulphur reduced the thermal NO^ emissions by 25 % using the RCS model which exceeds the'
5-10 % reduction observed in the experimental work by Pfefferle and Churchill (1989).
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It is

believed the RCS model overestimates the reduction at lower temperatures.

On addition of

sulphur the OH and O concentrations reduce slightly which is likely to reduce the rate of the
Zeldovich reaction and thermal NO^

The experimental results of Pfefferle and Churchill (1989) show a 10-20 % reduction in fuel NO^
on addition of sulphur. The model of Pfefferle and Churchill (1989) and RCS predict only 1-5 %
reductions in fuel NO^ on addition of sulphur.

On addition of the PSR code and the lower

temperatures to model the experimental results from the DTF, sulphur was found to decrease the
fuel NO^ emissions by 10-25 %.

The back-mixing associated with the PSR code seems to

influence the competition for the radicals more severely. Due to the significant reduction in fuel
NO^ in the experimental work of Pfefferle and Churchill (1989) it is likely there is certain amount
of back-mixing in the reactor leading to radical competition. It is believed better kinetic data are
required for sulphur/nitrogen interactions before good modelling comparisons can be made with
experimental data.
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Figure 4.1 Fitted expression for reaction 2.
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(RCS model).
140

1.2

OH radical

O radical
o 0 %H2S
o O.OeVoHzS

o 0 % H 2S
A 0.06% H2S

(2) (2 .5 ) (3 ) g> ( 3 . 5 ) (4 )

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Residence tim e (m s)

Figure 4.13 Effect of sulphur on OH and O radicals
(RCS model).

N radical
O 0 % H 2S
A 0.06% H2S

(8) n

I (8 2) -

’•M

I

(8 .4 ) -

0

1 (8.6) O)

o

( 9)
0.0

0.2

0.4

0.6

0.8

1.0

Residence tim e (m s)

Figure 4.14 Effect of sulphur on N radicals
(RCS model).
141

1.2

3 ,5 0 0 -

□ 0.14% w t NH 3

3 ,0 0 0 -

^ 0.14% wt NHs+0.03% wt HgS

?
•D 2 ,5 0 0 £
a 2 ,0 0 0 Q.
X

O
z

1 ,5 0 0 -

1 ,0 0 0 500 0.6

I

I

I

0.8

1.0

1.2

T"

1.4

1.6

1.8

Equivalence ratio

Figure 4.15 Effect of fuel-sulphur on fuel NO;
(RCS model).

O 0.14% wt NH 3
0.14% wt NH3 + 0.03% wt HgS

3 ,5 0 0 -1
3 ,0 0 0 -u

2 ,5 0 0 -

Q-

2 ,0 0 0

-

1 ,5 0 0 -

1,000

-

500

0.6

0.8

1.2

1.0

1.4

1.6

1.8

Equivalence ratio

Figure 4.16 Experimental effect of fuel-sulphur on
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and Churchill 1989).
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CHAPTER FIVE
RESULTS AND DISCUSSION
5.0

INTRODUCTION

This chapter is divided into six sections dealing in turn with particulate formation (5.1), NO^
formation (5.2), atomisation studies (5.3), particulate formation (5.4), NO^ formation (5.5) and the
interaction of NO^ and SO^ (5.6). The work described in the first two sections was performed in
drop tube fumace 1 and in the final four sections in drop tube fumace 2. Before the results and
discussions are presented, a brief summary of the aims of each part of the work is given. Then
each section is treated separately; discussion following results in each case.

The reactions

shown in this chapter are illustrated in Appendix 1. The tables, figures and photographs used in
the chapter are shown at the end of each relevant section.

i)

PARTICULATE FORMATION STUDIES (Drop tube fumace 1)

The first section describes fundamental combustion studies carried out in DTF1 to determine why
the carbon bum-out performance of emulsions is superior to that of neat base fuels, and hence
what emulsion properties are required to achieve good carbon bum-out. A number of reasons for
the good carbon bum-out performance of emulsions have been postulated (Liddy and Newey
1989). One of these is the "pre-atomised fuel" hypothesis. This recognises that in an emulsion,
the oil is finely dispersed prior to atomisation. Hence providing each droplet in the atomised
spray remains as an oil-in-water emulsion and contains several discrete oil droplets, and
providing that the oil droplets do not agglomerate as the water is vaporised, the effective size of
the oil droplets will be smaller than the spray droplet size.

It is important to identify whether the emulsion does bum as pre-atomised fuel and what factors
are responsible for its enhanced performance, since this will affect the way in which emulsion
properties should be optimised for combustion. The carbon bum-out of Wolf Lake crude oil
emulsion was compared to that for the neat oil. The volume median diameter of oil droplets for
the emulsion was similar to the volume median diameter of spray droplets for the neat fuel.
Particulates were collected and weighed from the fumace at residence times of 340, 765 and
1275 ms. The chemical reactivity, total surface area and ash content of the particulates were
determined, and SEM micrographs taken.

ii)

NO^ FORMATION STUDIES (Drop tube fumace 1)

It has become clear from the literature review that the formation of fuel NO^ is largely dependent
on the prevailing conditions that exist when fuel-nitrogen is released from the fuel oil droplets.
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This section describes how the equivalence ratio, flame temperature and residence time were
altered to investigate the effect on NO^.

The separation of the NO^ produced from the

fuel-nitrogen and that from atmospheric nitrogen was carried out by reducing the wall
temperature of the fumace below that required to produce thermal NO^ ie 1800 K.

Fumace

temperatures were varied between 900 K and 1200 K to investigate whether temperature has a
significant affect on fuel NO^ formation as discussed by Pfefferle and Churchill (1986). At low
temperatures it was hoped that the heat input from the fumace was high enough to ignite the fuel
and sustain a flame but low enough to slow down combustion. In this way it should allow the
release of fuel-nitrogen and the formation of NO^ to be followed as a function of time.
Temperatures lower than this were avoided as they were not expected to ignite the fuel. The
most important NO^ control strategy is the effective use of stoichiometry especially during fuelnitrogen release. To leam more about the NO^ reductions that occur under these conditions the
NO^ emissions were measured at different equivalence ratios. This was easily carried out by
adjusting the scrub air flow and therefore the oxygen availability for combustion.

In this work

NO^ emissions were measured under rich, lean and stoichiometric conditions.

An investigation was carried out on Rotterdam visbroken fuel oil and the water-continuous
emulsion of Lavera Inland fuel oil.

As the DTF has a vertically moveable probe the gas

emissions can be analysed as a function of residence time. Gas samples were collected from
the fumace for residence times of between 150 ms and 2000 ms. Probe penetration below 150
ms was not possible without significantly affecting the flame. This allowed profiles of NO^, NO,
NOg, CO, SOg and Og emissions to be analysed at different temperatures and equivalence
ratios. The effect of homogeneous NO^ reactions can be investigated by analysing these gas
profiles. It should also be possible to follow the heterogeneous reduction of NO^ from analysis of
the profiles beyond the flame front during the coke burn out stage of the flame.

The fuel-nitrogen could also be followed by collecting the particulates from the fumace and
analysing for nitrogen. By collecting the particulates at varying residence times it was proposed
to follow the release of fuel-nitrogen from the oil. Together with the NO^ profile, the fuel-nitrogen
conversion to NO^ could be followed as a function of residence time. Several other analytical
techniques were used on the collected particulates to investigate coke bum-out as a function of
the temperature, equivalence ratio and residence time.

iii)

ATOMISATION STUDIES (Drop tube fumace 2)

Atomisation is a very important factor in the spray combustion of liquid fuels. The performance
of the combustion unit is critically dependent on the spray-size distribution and velocities of the
fuel droplets and the manner in which the combustion air is mixed with the fuel. As the majority
of combustion data for heavy fuel oil has emerged from either single-drop experiments or from
full-scale plants, there is a great opportunity to use the DTF to probe real flames fundamentally.
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On constructing DTF2 a spray-testing facility was specifically built to characterise the twin-fluid
atomiser and the spray characteristics of several fuels, including both fuel oils and fuel oil
emulsions. The atomiser was characterised under different atomising air velocities by altering
the flowrate of air and/or the atomising air annulus. To characterise the spray, a Malvern 2600
particle size analyser was used to measure the size and distribution of the spray droplets. These
studies are especially important for emulsions, as the effect atomisation has on the oil drop
distribution in an emulsion has not yet been documented.

iv)

PARTICULATE FORMATION STUDIES (Drop tube fumace 2)

The key to obtaining the full benefits of emulsion combustion is to ensure that the emulsion
enters the combustion chamber unbroken. The atomisation process exposes the emulsion to
high shear rates, albeit for a very short time, but it is not commercially viable to increase
emulsion stability with the use of more or different surfactants. The "pre-atomised" theory for
emulsion bum-out shows that when the water surrounding the oil droplets has vaporised, the oil
droplet size distribution is effectively the same as the original oil droplet size distribution of the
emulsion. If good burn-out of the emulsion is to be achieved, the droplet size in the emulsion
must be less than the droplet size in the atomised sprays. The work in this section was carried
out to investigate the potential for the combustion of coarser emulsion sprays which, according to
the pre-atomised theory of emulsion combustion, should still bum well whilst requiring less shear
and energy for atomisation.

The aim of this investigation is to compare the bum-out of the carbonaceous particulates
produced from an Lavera Inland fuel oil emulsion with varying spray-size distributions.
Particulates were collected from DTF2 at a residence time of 1000 ms at 1273 K and analysed
by SEM and for C, H, N and reactivity.

v)

NO FORMATION STUDIES (Drop tube fumace 2)

The combustion of water-continuous emulsions has produced advantages such as reduced NO^
and particulate emissions compared to the combustion of the base oil. It has been proposed that
the reduction in NO^ is attributed to a lower flame temperature and a reduction in thermal,
prompt and fuel NO^ mechanisms (BP, Bumer test rig 1992). To investigate which mechanisms
apply in DTF2, work was carried out using a nitrogen-free gas mixture containing Og/Ar/COg to
prevent thermal and prompt NO^ formation. To ensure thermal NO^ is not formed in the DTF the
work was also carried out with a nitrogen-free fuel under similar experimental conditions. To
achieve a greater understanding of the NO^ formation mechanisms in DTF2, experiments were
carried out on Lavera Inland fuel oil and its water-continuous emulsion under different conditions
of atomiser configuration, atomising air, scrub air, temperature and equivalence ratio.
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To

understand the formation of NO^ from the combustion of emulsion, experiments were carried out
on emulsions with different oil droplet size distributions.

V i)

INTERACTION OF NO^ AND SO^ (Drop tube fumace 2)

The literature review and kinetic modelling have shown that there are several ways in which fuelsulphur can interact with NO^ production mechanisms. It is clear that work on a real combustion
system such as heavy fuel oil and heavy fuel oil emulsion is necessary.

Much discussion in

Chapter 2 was centred around the effects sulphur has on the fuel and/or the thermal NO^
mechanisms. To investigate the effect sulphur has on fuel NO^, several different sulphur content
fuels with as similar nitrogen content as possible were bumt at different temperatures and
equivalence ratios. A doped fuel containing several different concentrations of sulphur but the
same nitrogen content was also used.

5.1

PARTICULATE FORMATION STUDIES (Drop tube fumace 1 )

5.1.1

RESULTS

5.1.1.1

Size distribution

The droplet size distribution of the WLCO emulsion measured by Coulter counter has a mass
median diameter of 24 pm as shown in Figure 3.13.

The spray size distribution of WLCO

emulsion using a No 2 air cap (1.77 mm) and measured with a Malvern particle size analyser
gave a volume median diameter (VMD) of 46 pm as shown in Figure 5.1.1.

The spray-size

distribution of WLCO using a No 2 air cap gave a VMD of 29 pm as shown in Figure 5.1.2.

Particulates were collected from DTF1 at residence times of 340, 765 and 1275 ms at a fumace
temperature of 1173 K and flue gas oxygen level of 2 % for WLCO and WLCO emulsion. The
particulate size distribution was determined using a Malvem particle size analyser. The particle
size distributions of the material collected are shown in Figures 5.1.3 and 5.1.4 for base oil and
emulsion respectively.

5.1.1.2

Particulate structure

SEM micrographs of some of the particulate samples are shown in Figure 5.1.5. Samples of the
particulates were also analysed for BET surface area using nitrogen adsorption at 77 K. The
samples were outgassed for 16 hr at 573 K under a vacuum of 10^ torr prior to analysis. Carbon
dioxide sorption at 273 K was carried out using a Digisorb 2600 automatic sorption analyser.
Using the Dubinin-Polanyi method the microporous surface area of the particulates were
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determined and given in Table 5.1.1. The repeatability of determining the surface area using this
technique falls within +2 %.

The macroporosity of the samples could not be determined by

mercury intrusion due to insufficient sample weight.

5.1.1.3

Particulate reactivity

The ash content of the material combined from the collection bottles beneath the two cyclones
was measured using the thermobalance at 823 K as illustrated in Figure 5.1.6. Any material
caught on the walls of the cyclone was mixed with the bottles, whilst that trapped in the silica
wool filter was neglected.

The chemical reactivity of the particulates was calculated using

thermogravimetry as described in section 2.2.4 and Appendix 2 results shown in Table 5.1.2.

5.1.2

DISCUSSION

5.1.2.1

Size distribution

The aim of this work was to investigate the effect of residence time on the bum-out of an
emulsion and its crude oil. In the present work the oil droplet distribution of the WLCO emulsion
as shown in Figure 3.13 has a VMD of 24 pm. The spray droplet size distribution produced by
the WLCO emulsion as shown in Figure 5.1.1 has a VMD of 46 pm. Each spray droplet in this
case will contain several oil droplets.

The particulate size distributions given in Figure 5.1.3 show that the VMD of the particulates from
the crude oil vary with residence time. It might be expected that the VMD will decrease with
residence time as the particulates burn-out, but this is not the case as the particulates collected
at 1275 ms were much larger than those collected at the shorter residence times. The particulate
size distributions for the WLCO emulsions as shown in Figure 5.1.4 are all much smaller than
those for the neat oil. The particulates collected at 340 ms and 1275 ms have almost identical
distributions with over 90 % of the particulates falling below 10 pm. The particulates collected at
765 ms have a larger distribution and maybe a sign that the emulsion has inverted during
atomisation during this particular test.

Inversion may result in agglomeration of oil droplets

forming larger particulates to be bumed out.

5.1.2.2

Particulate structure

A SEM photograph of the particulates collected from the neat oil at 1275 ms is shown in Figure
5.1.5. The other photographs in this figure show the particulates collected from the emulsion are
smaller than those from the crude oil confirming the size-distribution data. Comparing the three
photographs of emulsion particulates at different residence times, it is apparent that the
particulates have fewer holes and a smoother spherical surface than those produced from the
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base oil.

However, the particulates collected at 765 ms, which may have inverted during

atomisation, have many more holes. The photograph at 1275 ms shows an overview of the
particulates Illustrating a few larger Intact balloon type particulates were also present with the
small spherical particulates.

There are differences between the size and structure of particulates produced from the emulsion
and those from the neat fuel which can be accounted for as follows. For emulsion fuels, the
atomised spray consists of water droplets containing droplets of oil and the presence of water
surrounding the oil droplets acts as a heat sink. Not only must the water be vaporised but It must
be expelled from the Immediate vicinity of the droplet before convection from the surrounding
hot gas can start to heat the droplet. The absence of hydrocarbon volatile material released from
the droplet during this early stage of combustion leads to a longer Ignition delay period than that
of the neat oil spray. Whilst the Increase In Ignition delay may be very Important In determining
particulate structure, quantitatively It Is likely to be a quite small effect and so difficult to
measure. The longer Ignition delay period means that oil droplets In the spray are subjected to a
slower rate of heating due to the lower temperature regime encountered during the early stages
of combustion. The slower heating rate allows more of the volatile species to escape from the
droplet before the formation of a viscous surface layer. The limited amount of volatile material
remaining trapped within the oil droplet Is Insufficient when vaporised to expand the shell
structure significantly. Hence smaller cenospheric particulates with thicker shells are produced
and the number of holes Is reduced, as shown In Figure 5.1.5.

Another Important factor to consider for particulate structure Is the size of the spray droplet.
Surface blow holes are normally formed when oil that Is trapped In the centre of a droplet
vaporises, forcing the skin on the surface of the droplet to expand.

This expansion finally

ruptures the surface layer at weak spots and allows the gaseous species to escape through holes
In the surface. The oil must be plastic for the gaseous species to blow a hole In the surface. If
the oil hardens rapidly then no vapours will escape easily, therefore the particulate may split
open and bum out In fragments.

In the case of large oil droplets a significant temperature

difference occurs between the surface and the Inside of the droplet allowing a plastic surface to
occur at a similar time to Intemal release of volatiles. On the other hand small oil droplets have
a smaller temp>erature difference and more likelihood of an even release of volatiles before a
surface skin can trap any vapour Inside the droplets. Hence small smooth particulates are likely
to result from the small oil droplets present In an emulsion. The heating rate of a particle, which
In turn depends on the droplet size. Is therefore very important In determining the particulate
structure.
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5.1.2.3

Particulate burden

The ash level of the particulates as illustrated in Figure 5.1.6 shows an Increase in the coke burn
out for emulsions and no change in coke bum-out for neat oil with residence time.

Another

method used to indicate the burn-out is the solid burden or the percent weight of collected solids
relative to the total fuel burnt.

These results are shown as a function of the ash level in

Figure 5.1.7. For both fuels the solid burden decreases gradually with increase in ash content as
the particulates bum out. One exception to this is an excessiveiy high particulate collection of
0.63 %wt of original fuel at 1275 ms for the neat oil. This reflects the large particulates that were
collected at this condition as shown in Figure 5.1.3 and indicates poor atomisation/carbon burn
out for this run, which may have occurred due to excessive atomiser coking. The solid burden
from the emulsions was always much lower than the neat oil, again showing the better carbon
burn-out properties of emulsions.

5.1.2.4

Phvsical properties

The benefits from spraying emulsions are most likely a result of the tight spray distributions that
form during atomisation. The WLCO may have a VMD of 29 pm as shown in Figure 5.1.2, but
the droplet diameters vary from 1-200 pm, much larger than the tight spray distribution of the
emulsions which range from 1-100 pm. It is large droplets in excess of 100 pm which will be
difficult to bum out completely; causing poor carbon bum-out and large solid burdens for the neat
oil.

The surface area of the particulates was determined to establish whether boundary layer control
is the determining factor for burn-out. The nitrogen surface area for the samples was low, of the
order of 5 m^/g, the lower limit of the instrument. This suggests that the samples are either
genuinely non-macroporous or they are in fact ultra-microporous.

Carbon dioxide sorption

results in Table 5.1.1 show that the particulates are ultra-microporous. The emulsion particulates
from the DTF generally have a larger surface area than the neat oil particulates.

The

particulates collected at longer residence times also tend to have larger surface areas.

The

micro pore distributions for the particulates ranged between 0.5 and 1.4 nm with a mean around
0.8 nm. The distributions were similar for emulsion and neat oil particulates, although the upper
size limit did tend to increase with longer residence time.

5.1.2.5

Coke burn-out

The oxidation of the particulates in the DTF will take place under boundary layer control in the
high temperatures which prevail in the flame and under boundary layer/diffusion control in the
coke burn-out region. This means that an emulsion which consists of a large number of smaller
particles will have a large surface area to volume and will therefore be able to bum out more
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rapidly because only the size, and not the reactivity, controls the rate of oxidation in a zone III
environment. Thus the smaller particulates produced from the emulsion can bum faster than
those formed from the neat oil in this regime.

The microporous surface area of the particulates is misleading as the oxidant is unlikely to
diffuse through micropores under zone II conditions. The macroporous surface area will be more
important as this wiil give the actuai surface area available for oxidation.

The droplet-size

distribution of the emulsion is smaller than the spray-size distribution of the neat oil, so the
emulsion is termed pre-atomised. If the fuel is pre-atomised then the emulsion should produce
smaller particulates, as it is widely believed that each oil droplet produces only one particulate,
although this is difficult to prove rigorously (Bomo et al 1984). An emulsion spray will result in a
larger number of smaller particulates with a larger total surface area per unit of fuel.

Examination of the data in Tabie 5.1.2 shows that the oxidative reactivity of the emulsion coke is
greater than that of the neat oil at any particular residence time. Previous work has shown that
the ionger the ignition delay period the slower the heating rate and the more time for the carbon
structure to develop (Bomo et al 1984). Thus fewer grain boundaries and hence reactive sites
for oxidation are formed reducing the oxidative reactivity.

The results obtained for WLCO

emulsion conflict with previously-held ideas that the emulsion coke forms over a longer period
forming less reactive particulates (Liddy and Newey 1989). Observation of the rate of mass loss
for each of the samples of particulate shows that emulsion particulates are more reactive
following a different carbon burn-out pattern to the crude oil particulates. Because of the high
ash content of the emulsion particulates catalysis may have a large effect on the reactivity of the
particuiates under the conditions used in the thermobalance. The particulates collected at longer
residence times were also found to be more reactive, again possibly due to higher ash content
particuiates. It is also likely that the pore structure develops during bum out, opening up more
available surface area for oxidation.

If the temperature beyond the flame in the DTF is low

enough zone I or II conditions wiil exist and the bum-out of the particulates will be controlled to
some degree by the intrinsic reactivity. It is under these conditions that the chemical reactivity
will become important and the more reactive emulsion particulates will bum out more rapidly.

5.1.2.6

SUMMARY

The experiments on Wolf lake crude oil emulsions have shown that an emulsion with a VMD of
24 pm produces less than half the unbumt carbon losses of the neat oil at the same excess air
level. The spray-size distribution produced by the emulsion is much narrower than that of the
neat oil with far fewer droplets forming in excess of 100 pm. As large droplets are more difficult
to bum out the use of emulsions prevents high unbumt carbon losses. The VMD of the oil
droplet distribution in the emulsion is smaller than that of the spray distribution of the neat oil so
there will be many more smaller oil droplets in the case of the emulsion which wiil bum out more
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easily. It is likely a combination of these two processes results in lower unbumt carbon level for
the emulsion.

The bum-out of emulsion particulates is greater than the burn-out of neat oil particulates at all
residence times. Under boundary-layer control, the size, and not the reactivity, will control the
rate of oxidation. The oxidation of the particulates under these conditions occurs on the outer
surface and in the larger pores, increasing the burn-out of the larger number of smaller emulsion
particulates which overall have a larger available surface area. Under chemical control in the
low temperature regions of the DTF, the reactivity of the particulates will control the rate of
oxidation. As the emulsion particulates are more reactive the rate of oxidation will be greater.

Because emulsion particulates bum out to a much greater degree than neat oil, the emulsion can
bum out at a much lower excess air level which offers the potential to reduce particulates and
NO^ simultaneously.
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Fuel

Residence time

Surface area

(ms)

(m^/g)

Neat WLCO

340

227

Neat WLCO

765

212

WLCO emulsion

340

279

WLCO emulsion

765

246

WLCO emulsion

1275

339

TABLE 5.1.1 CO2 DUBININ-POLANYI SURFACE AREA

Fuel

Residence time

Rate constant for oxidation

(ms)

at 773 K (s'i)

Neat WLCO

340

0.22

Neat WLCO

765

027

Neat WLCO

1275

0.29

WLCO emulsion

340

0.89

WLCO emulsion

765

1.60

WLCO emulsion

1275

3.88

TABLE 5.1.2 BURN-OUT RATE CONSTANTS FROM DTF1
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5.2

NO^ FORM ATION STUDIES (Drop tube furnace 1)

5.2.1

RESULTS

5.2.1.1

Heavy residue

The atomiser used for the Rotterdam visbroken fuel oil (RVBR) was a No 2 air cap (1.77 mm)
with a constant atomising air flowrate of 18 i/min (NTP).

The experimental results for the

measurement of NO^ and particulate emissions at different temperatures, residence times and
equivalence ratio for the combustion of RVBR on DTF1 are given in Table 5.2.1. The scrub air
flowrate was altered to obtain equivalence ratios, 0 = 0.8, 0.9,1.0, and 1.25.

Particulates were collected at various residence times under the different conditions and
analysed. The C, H, N, S and ash content of the particulates collected are given in Tabie 5.2.1.
The C/H molar ratio of the particuiates was calculated to give an indication of how the
particuiates bum out.

Gas analysis measurements were taken of CO, SOg, NO^, Og and COg under the different
conditions. Throughout the thesis NO^ measurements were taken as the combination of NO and
NOg as measured by the Signal 4100 chemiluminescent analyser (section 3.2.8).

The NOg

readings were always found to be insignificant, generally less than 10 ppm. Measurements for
gas analysis were taken at probe separations of 100-800 mm (residence times of between
150 ms and 2000 ms) in 100 mm steps. Profiles of the NO^ emissions from RVBR are given in
Figures 5.2.1 to 5.2.11 as a function of the residence time in the fumace. The graphs include
CO emissions to indicate the stoichiometry of combustion.

The predicted NO^ assuming

complete conversion was calculated from the experimental conditions and the N content of the
fuel and from this the percentage conversion of N in the fuel to NO^ could be calculated. These
results are shown in Table 5.2.1.

A.

Effect of equivalence ratio

Figures 5.2.2, 5.2.5, 5.2.8 and 5.2.10 show the NO^ emissions produced at 923 K for 0 = 1.25,
1.0, 0.9 and 0.8 respectively.

The NO^ emissions are compared in Figure 5.2.12.

It was

observed that increasing the equivalence ratio from 0.8 to 1.25 reduces the NO^ emissions quite
significantly. The NO^ emissions from this work are similar to those given in the literature (Miller
and Bowman 1989) for a residue with this nitrogen content. Figure 5.2.14 shows the conversion
of fuei-nitrogen to NO^ for RVBR at different temperatures.

The largest variation in NO^

occurred at an equivalence ratio just lean of stoichiometry. The conversion decreases as the
equivalence ratio increases, confirming the result that stoichiometry is the most important factor
in fuel NO^ production. All the points decrease together in a narrow band between about 45 %
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and 15 % conversion. These results are similar to results other authors have obtained from
heavy residue combustion (Economic Commission for Europe 1985).

B.

Effect of temperature

Figures 5.2.9, 5.2.10 and 5.2.11 show the NO^ emissions produced for 0=0.8 at fumace
temperatures of 973 K, 923 K and 873 K respectively. Figure 5.2.13 shows that temperature has
little influence on fuel NO^ production at the temperatures used in this work in the DTF
(cf Pershing et al 1979). It also suggests that thermal NO^ is not produced under the fumace
conditions used in this work as thermal NO^ production is very sensitive to temperature. Figure
5.2.14 shows the temperature has little effect on the conversion of fuel-nitrogen to NO^.

0.

Effect of residence time

At a fumace temperature of 873 K the heat input is low enough to delay the combustion process,
allowing the formation of NO^ to be followed as a function of time as shown in Figure 5.2.11.
Between 200-600 ms significant concentrations of CO were measured showing incomplete
combustion of the fuel. The delay in combustion results from the slow oxidation of CO below a
temperature of 1023 K. In this region fuel NO^ measurements rise from 170 to 270 ppm as the
CO decreases from 12000 ppm to several hundred ppm. An inverse relationship between the
NO^ and CO emissions was observed as shown in this figure and many of the other results. The
exception to this trend is Figure 5.2.3 which shows high NO and CO concentrations which
decrease with residence time. All the NO^ profiles obtained from this work remain remarkably
steady as the residence time varies.

D.

Effect on particulates

Nitrogen content

Table 5.2.1 gives the elemental analysis of particulates collected from the profile experiments.
These samples were collected post-flame but prior to significant coke bum-out. At a temperature
of 873 K and 0 = 0.8 particulates were collected at 210 and 420 ms.

The nitrogen content

increases from 0.41 %wt in the base fuel to 1.4 %wt in the particulates at 210 ms and 1.9 %wt at
420 ms. The results indicate that nitrogen in the fuel is released at a different rate to that of the
hydrogen, carbon and sulphur, concentrating with residence time.

At 973 K and 0 = 1.0

particulates were collected at 370 and 490 ms, but no significant differences in nitrogen content
were observed.
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Bum-out

The C/H molar ratio varied from under 1 in the fuel to approximately 4 in the particulates. This
indicates that cracking and dehydrogenation reactions have lowered the proportion of hydrogen
in the fuel. Slightly more cracking occurs at higher temperatures, oxygen concentrations and
longer residence times as would be expected. The ash was used as a tracer for quantifying the
combustion efficiency.

No trends were observed from these results with any of the other

combustion parameters.

Structure

SEM photographs of particulates collected from RVBR combustion are given in Figure 5.2.15.
From photographs a and b the effect of residence time on the particulate formation process can
be observed. The main observation to be made from the particulates collected at 210 ms is the
appearance of thin-walled particulates and broken shells.

At 410 ms the majority of these

thin-shelled particulates have bumt out leaving behind objects which, because of the low
temperature of combustion, are stiil early in the coke combustion process. Photograph c shows
particulates collected at 1023 K having a more advanced cenosphere-type structure with surface
blow holes, formed from the intemal release of volatiles, visible throughout the structures.
Finally photograph d shows particulates collected under rich conditions. Agglomerates of soot
are visible on the surface of these particulates formed under the rich conditions of this work.

5.2.1.2

Emulsion

The atomiser used for the Lavera Inland fuel oil (LIFO) was a No 5 air cap (3.05 mm) with a
constant atomising air flowrate of 18 I/min (NTP).

A RVBR emulsion could not be used for

comparative purposes due to phase-instability problems during atomisation. The experimental
results for the measurement of NO^ and particulate emissions at different temperatures,
residence times and equivalence ratio for the combustion of LIFO emulsion on DTF1 are given in
Table 5.2.2. Particulates were collected at various residence times under the different conditions
and analysed as shown in Table 5.2.2. Profiles of the NO^ emissions from LIFO emulsion are
given in Figures 5.2.16 to 5.2.24 as a function of the residence time in the fumace.

A.

Effect of equivalence ratio

Figures 5.2.17, 5.2.18 and 5.2.22 (5.2.21 and 5.2.22 are included to demonstrate the excellent
repeatability of the results) show the NO^ emissions produced at 1023 K at <E>= 1.25, 1.0 and 0.9
respectively. The results are combined in Figure 5.2.25. As with the results obtained from the
RVBR, the NO^ emissions decreased with equivalence ratio and remained steady with residence
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time. Again the largest variation in NO^ occurred just lean of stoichiometric. The NO^ emissions
are higher for the RVBR than the LIFO emulsion as shown in Figure 5.2.27, even though RVBR
has 20 % less fuel-nitrogen. The conversion of fuel-nitrogen to NO^ for emulsions has been
plotted in Figure 5.2.28 taking into account the extra water in the emulsion and the higher
fuel-nitrogen content. At all stoichiometries the conversion of fuel-nitrogen to NO^ was lower for
emulsion combustion than straight residue combustion. At some points the RVBR has twice the
conversion efficiency of the emulsion.

B.

Effect of temperature

Figures 5.2.22, 5.2.23 and 5.2.24 show the NO^ emissions produced at 0 = 0.9 at 1023 K, 973 K
and 923 K respectively. Again the temperature had only a minor effect on the NO^ emissions, as
observed in Figure 5.2.26, with small decreases in NO^ at the lower temperature of 923 K.

C.

Effect on particulates

Burn-out

Table 5.2.2 gives the analysis of emissions of particulates and NO^ from the combustion of LIFO
emulsion. The ash contents which indicate the extent of burn-out are quite different from the
RVBR results. The ash varies, depending on the equivalence ratio, from 9.4 %wt under rich
conditions to 53.7 %wt under lean conditions. The present work shows that the equivalence ratio
is more important than in heavy residue combustion. The temperature had no effect on the ash
content of the particulates collected, although it did increase the C/H ratio.

Therefore the

emulsion particulates collected have undergone more cracking and dehydrogenation reactions.
The emulsion ash level shows that the emulsion particulates are further down the coke bum-out
path and are therefore more likely to have a higher C/H ratio.

Nitrogen and sulphur

The nitrogen content of the emulsion particulates is slightly lower than the heavy residue
particulates, even though the emulsion particulates are more bumt out and LIFO contains more
fuel-nitrogen.

The sulphur content of the emulsion particulates is similar to the heavy residue

particulates when the original sulphur concentration in the fuels are taken into account.

Structure

Some of the particulates collected from emulsion combustion are shown in the SEM photographs
in Figure 5.2.29. Typical small sized high ash content particulates can be observed in these
photographs. Photographs a), b) and c) show the effect of increasing the equivalence ratio on
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the morphology of the particulates. The only significant difference between the particulates is the
build up of soot under the rich conditions. In all the photographs large balloon-type particulates
were observed with a similar appearance to those observed with heavy residue.

5.2.2

DISCUSSION

5 2.2.1

Heaw residue

A.

Effect of equivalence ratio

The NO^ emissions from this work are similar to those given in the literature at the equivalence
ratios used (Miller and Bowman 1989). The thermodynamic equilibrium as calculated by Chemix
(CSIRO 1986) in Table 5.2.3 suggests that the reductions in fuel NO^ observed in the DTF as a
result of decreasing the equivalence ratio are orders of magnitude too low. The equilibrium data
shows that NO^ emissions under rich conditions are insignificant. The table also shows that at
the low fumace wall temperatures used in the experimental work, relatively small amounts of
NO^ are formed, suggesting that the actual flame temperatures in DTF1 are much higher than
the fumace wall temperatures.

In the early stages of combustion before perfect mixing has taken place, fuel-nitrogen will be
converted to NO where lean conditions prevail and nitrogen where fuel-rich conditions prevail. If
the overall combustion is lean it is most likely that the NO which has formed will be emitted in the
exhaust, but if the combustion is rich, reduction reactions will limit the NO emitted. Reduction of
NO under rich conditions by gaseous reducing agents (eg hydrogen, carbon monoxide) occurs
readily in the presence of hydrocarbon radicals (Chen et al 1988). The hydrocarbon radicals
provide a route for recycling NO into species that can then be reduced to molecular nitrogen.
This is discussed in section 2.2.2 2 of the review. The equilibrium predicted by Chemix differs
from a real system in that the calculations are carried out at a pre-determined stoichiometry
under perfectly-mixed conditions.

The difference in results between this model and a real

system show that the formation and reduction of NO^ in a real system is controlled by the mixing
of fuel and air and the local stoichiometries that exist in the flame.

B.

Effect of temperature

The results show that increasing the temperature from 873 K to 973 K had no effect on the
fractional conversion of fuel-nitrogen to NO^. This is in agreement with Pershing et al (1979),
although the temperatures used in this work are much lower. There is no evidence to show that
the flame temperature increases with increase in fumace wall temperature, so until work in DTF2
under isothermal conditions, the effect of temperature on fuel NO ^ remains unanswered.
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c.

Effect of residence time

All the NO^ profiles obtained from this work remain remarkably steady as the residence time
varies.

One exception to this is Figure 5.2.3 which shows a gradually decreasing NO^

concentration with residence time. The conversion of nitrogen to NO^ gradually decreases from
45 % close to the atomiser to 19 % at the exit of the fumace.

The likely reasons for this

relationship are similar to those given for the effect of equivalence ratio, in that the NO^
decreases as the CO and hydrocaitons increase as the equivalence ratio increases. Several
authors have reported that the presence of solid particles in the flame and in its combustion
products gives rise to the existence of heterogeneous NO reduction on the gas/solid interface
(Wendt et al 1979, Levy et al 1981, Cheng et al 1981, DeSoete 1990).

It is possible that

solid-bound hydrogen, caiton or nitrogen reduce NO to molecular nitrogen, or to NHg or HCN,
intermediates which can further react to form molecular nitrogen. The particulates formed In
heavy fuel oil combustion enhance the likelihood of NO reduction because of the large surface
areas available for heterogeneous reactions to take place. If these mechanisms of NO reduction
by hot carbonaceous particulates do occur significantly they may offer a potentially useful
mechanism for enhanced NO^ control.

A certain amount of scepticism should be applied in

considering the NO^ reductions occurring in the post-flame region of Figure 5.2.3.

This is

because the work was carried out with a stoichiometric mixture, a difficult experimental condition
to maintain, and a slight shift towards rich or lean conditions has a large effect on the NO^
emissions.

D.

Effect on particulates

Nitrogen content

The results show that the nitrogen in the fuel is released at a different rate to that of the carbon,
hydrogen and sulphur; concentrating as the burn-out proceeds. Therefore the fuel-nitrogen is
likely to be associated with the less volatile higher molecular weight compounds such as the
asphaltenes. Data has been obtained for the evolution of fuel-nitrogen from a heavy fuel oil
showing that less than 30 % of the nitrogen is evolved after 85% of the mass has been vaporised
(Hanson et al 1982).

In the particulates collected from the DTF the nitrogen remaining

accounted for between 2 % and 5 % of the total nitrogen. A real combustion environment would
have higher temperatures and higher combustion efficiencies (99.9 %), giving a low particulates
burden to trap nitrogen. At 973 K and 0 = 1.0 the particulates collected at 370 ms had a nitrogen
content of 1.5 %wt and those collected at 490 ms had a nitrogen content of 1.6 %wt.

This

implies that the nitrogen is concentrated during the volatilisation of the fuel droplet and is then
oxidised at a similar rate to the carbon during the coke formation stage. The coke burn-out is
controlled by boundary-layer diffusion forcing the oxidation of all the non-ash constituents to
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occur at a similar rate. However, at 873 K and 0 = 0.8 the particulates collected at 210 ms had a
nitrogen content of 1.4 %wt and those collected at 420 ms had a nitrogen content of 1.9 %wt.
This indicates that the fuel is still devolatilising and burning, concentrating the higher molecular
weight nitrogen compounds as the coke forms.

Structure

Large thin-walled particulates with broken shells were observed (Figure 5.2.15) at a residence
time of 210 ms. Similar structures have been observed from the combustion of coal (Sjogren
1971, Kohen et al 1990, Smith 1990, Witzel et al 1991). The walls are so thin, probably much
less than 0.1 pm, that the structures collapse and tear easily. Indeed it is thought that this could
occur during sample preparation and evacuation prior to the SEM examination, therefore it is not
clear whether the balloons tear during combustion or not.

An optical micrograph of the

particulates shown in Figure 5.2.15 with specially careful preparation showed only complete
spheres which were so thin as to be translucent.

These balloons can bum very rapidly and

fragmentation of them once a few holes have been bumt through will Increase the rate further.
Calculations based upon the rate of bum-out of thin sheets under boundary layer diffusion
control, that is flame conditions, show that bum-out within 1 ms is possible and is likely within
10 ms. It is presumed that the balloons are inflated by the evolution of volatiles within them and
expand until that evolution ceases or the skin ruptures. If the skin solidifies before gas evolution
ends then the balloons will fragment as the pressure cannot be contained. The skin must be
elastic for the balioon to expand, yet the skin is also carbonising as it is heated and polymerising
due to the presence of oxygen in the surrounding gas.

In fact no surface blow holes were

observed in these particulates; which suggests that the surface was too plastic to rupture into
symmetrical holes. Thus the formation and size of a balloon involves a balance between gas
evolution, increasing skin viscosity and ultimate solidification, rate of heating and oxygen
availability.

EDAX examination of particulates from the DTF was carried out to establish if the impurities
present in the fuel became concentrated during bum-out. The distribution of vanadium, sodium,
calcium and sulphur appeared to be uniform and are known to be present in the oil in complex
organic structures. In contrast, iron and silicon became concentrated in a small proportion of the
particulates, but not in the same ones. It is possible that the silicon derives from the insulating
material in the fumace or catalyst fines in the oil and so would be expected to be present as
discrete concentrations. It is also possible that rust in the heated fuel system is a source of iron,
along with the 16 ppm of iron in the fuel. Overall the results of the EDAX examination were
inconclusive.
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5.2.22

A.

Emulsion

Effgçt 9f gqtiivatençg ratip

The results are much the same for LIFO emulsion as RVBR with similar reductions in NO^ with
increase in equivalence ratio.

Although the conversion of fuel-nitrogen is much lower for

emulsion than residue as shown in Figures 5.2.14 and 5.2.28, the slope for each graph is similar.
This shows that the stoichiometry has a similar effect on the fuel-nitrogen conversion in each
case.

B.

Effect of temperature

Figures 5.2.14 and 5.2.28 show that temperature has only a minor effect on the NO^ emissions
and fuel-nitrogen to NO^ conversion efficiency. As the water in emulsions acts as a heat sink,
the temperature of the fumace may have a more significant effect on the conversion of fuelnitrogen. The temperature may be especially important at 923 K where ignition may be delayed
and the flame shape may change dramatically. A longer less intense flame would be expected
to have a lower conversion efficiency.

C.

Effect of emulsions on NO.^ emissions

Reductions in thermal NO^ emissions from the combustion of emulsion have been achieved on
some combustion rigs relative to the respective residue (Burner test rig 1992). This decrease in
thermal and prompt NO^ results from a decrease in the peak flame temperature due to the
presence of water. It has been calculated using Chemix that the water in an emulsion will reduce
the flame temperature by 100 K. This mechanism should not affect the NO^ emissions from this
work as the fumace wall temperatures are too low to form substantial amounts of thermal and
prompt NO^.

Work with nitrogen-free gas oil has shown that a maximum of 25 ppm

thermal/prompt NO^ is formed at a temperature of 1373 K. At the temperatures used in this work
the thermal/prompt NO^ level should be negligible. However, a reduction in flame temperature
will reduce the conversion of fuel-nitrogen to NO^. This is also believed to have most effect at
the lower flame temperatures used in this work as Pfefferle and Churchill (1986) have shown.

Emulsion droplets are considerably smaller than heavy residue droplets, which leads to
enhanced volatilisation of fuel around the droplets. Together with steam from the emulsion this
is likely to form a sheath around the droplet protecting the surface from oxygen-containing
radicals. When the droplet is devolatilised in an oxygen-lean environment, where reactions at
the surface are diffusion controlled, the volatile nitrogen species may be reduced to molecular
nitrogen (Smart et al 1988, Chen et al 1988). This is the principle behind an air-staged burner; a
reducing zone is created in the devolatilisation region of the flame.
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Figure 5.2.27 compares the CO and NO^ emissions from RVBR and LIFO emulsion under lean
conditions at a moderately low temperature.

The CO emissions for each of the fuels were

similar, increasing as the probe nears the atomiser. This is due to incomplete combustion as the
probe penetrates the flame. The low fumace temperatures and the chilling from the water-cooled
probe will retard the flame in this position. The NO^ emissions from the RVBR decrease as the
probe approaches the atomiser, either because rich conditions exist or the nitrogen is still being
released from the fuel. Contrary to these results the NO^ emissions from the emulsion increase
slightly on approaching the atomiser. It is possible the majority of the fuel-nitrogen has been
released from the emulsion in the first 200 ms. The release of the nitrogen from the heavy
residue may take up to 600 ms as observed in Figure 5.2.27.

This would suggest that the

pre-atomised form of an emulsion aids the combustion of the fuel at an earlier stage.

D.

Effect of sulphur content

Another mechanism that should be considered regarding NO^ reductions in heavy residue and
emulsion combustion are the possible reductions occurring from sulphur interactions.

The

emulsion base fuel LIFO has a sulphur content of 3 %wt compared to RVBR which has a sulphur
content of 1 %wt. The literature review has shown that sulphur competes for oxygen-containing
radicals depressing the concentration available to oxidise fuel-nitrogen to NO^. It is therefore
possible that sulphur causes a reduction of NO^ for the high sulphur emulsion fuel.

E.

Effect on particulates

Bum-out

The bum-out of the particulates was found to be lower under rich conditions than lean conditions,
but always greater than fuel oil particulates. Section 2.2.5 reviews the present theories behind
the burn-out of emulsion particulates. The equivalence ratio was found to be more important for
emulsions than for residues, indicating that the early oxygen availability around the fine emulsion
droplets is necessary. It is believed that volatiles are released from the droplet before cracking,
polymerisation and solidification reactions can trap the vapour in a carbon cenosphere. Section
5.3 discusses the burn-out of different sized droplets of emulsion.

Nitrogen and sulphur

The emulsion particulates which have bumt out to a greater extent have a higher nitrogen
content than heavy residue particulates which suggests that the nitrogen concentrates in the
particulates early in combustion and oxidises at a constant rate during coke bum-out.

This

suggests that the nitrogen species are associated with the higher molecular weight compounds
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such as the asphaltenes which are less likely to bum out (Hanson et al 1982). The sulphur
content of the emulsion and heavy residue particulates are similar showing negligible sulphur
concentration has occurred with heavy residue or emulsion combustion. This indicates that the
the remaining sulphur is associated as unbumt organic sulphur trapped in the particulate. A
small proportion of suiphur will be present as sulphated metal or ash on the surface of the
particulate. As metal sulphates are relatively inert in the DTF environment they are likely to
concentrate in the particulate with residence time.

Structure

Again large thin-walled particulates were observed. It is believed that they originate from intemal
volatilisation of fuel in heavy residue droplets. It is possible these large structures originate from
emuision but because of their large size it is possible that some of the emulsion has broken
during atomisation. Photograph d in Figure 5.2.29 shows a large amorphous structure that could
have originated from broken emulsion droplets which coaiesced forming a large oil droplet that
bums out as a heavy residue.

Further work should be carried out to investigate emulsion

inversion and the particulate properties.

5.22.4

SUMMARY

The conversion of fuel-nitrogen to NO^ was found to be lower for emulsion combustion than
heavy residue combustion under rich and lean conditions. It is most likely that the water present
in an emulsion reduces the flame temperature and the fractional conversion of nitrogen to NO^.
Changing the temperature of the fumace wall between 873-1173 K had no effect on the
fuel-nitrogen conversion for each of the fuels. The most significant effect on the NO^ emissions
was the stoichiometry. The conversion of fuel-nitrogen to NO^ for each of the fuels was almost
halved by changing from lean to rich combustion. Under rich conditions hydrocarbon radicals
provide a route for recycling NO into species that can then react with gaseous reducing agents to
form molecuiar nitrogen.

The majority of the NO^ profiles show steady NO^ emissions with change in residence time. The
only change in NO^ emissions was observed early in the fumace, within the first 200 ms of
combustion. This was highlighted in the experiment with RVBR at 873 K. In the first 200 ms
there is no evidence to show how the fuel-nitrogen is released as the cold probe is likely to
interfere with and retard combustion, especially at the low wall temperatures. One RVBR profile
showed a reduction in NO^ with increase in residence time. It is plausible that the presence of
solid particles in the flame and the combustion products gives rise to heterogeneous NO
reduction on the gas/solid interface. The results were slightly suspect because of the difficulty of
maintaining the combustion precisely at an equivalence ratio of 0 =1.0.
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At all equivalence ratios the ash content of the emulsion particulates was considerably higher
than that of the corresponding RVBR particulates.

Hence, carbon burn-out of the emulsion

particulates was greater than that of the heavy residue particulates, emphasising the beneficial
properties of pre-atomising oil in a water-continuous emulsion. The fuel-nitrogen was found to
concentrate in both emulsion and residue particulates during combustion,
associating with the less volatile material.
released at a similar rate to carbon.

presumably

However, during coke bum-out the nitrogen was

SEM photographs of particulates collected from heavy

residue and emulsion show thin-walled particulates and broken shells in the first 200 ms of
combustion. These thin-walled objects bum out very quickly; hence only larger thicker-walled
particulates are observed at longer residence times. Cenospheres with blow holes covering the
surface typically remain after combustion of heavy residues.

In the case of the emulsions,

non-porous particulates characteristic of emulsion particulates remain.
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DTF CONDITIONS

PARTICULATES

PREDICTED MEASURED

%

TEMP
(K)

4>

TIME
(ms)

C
(%wt)

H
(%wt)

N
(%wt)

S
(%wt)

C/H
(mole)

ASH
(%wt)

NOx
(ppm)

NOx
(ppm)

1023

1.25

480

87.6

1.7

1.6

1.3

4.3

7.8

730

120

16

923

1.25

510

86.1

2.0

1.4

1.6

3.6

8.9

720

100

14

1023

1.0

460

84.7

1.6

1.6

1.7

4.4

10.4

700

135

19

973

1.0

370

85.5

2.0

1.5

1.4

3.6

9.6

690

130

19

973

1.0

490

83.9

2.2

1.6

1.3

3.2

11.0

680

150

22

923

1.0

500

84.7

2.3

1.5

1.4

3.1

10.1

690

140

20

1023

0.9

430

88.3

1.6

1.6

1.4

4.6

7.1

620

210

32

973

0.9

420

80.3

1.9

1.5

1.9

3.5

14.4

620

240

39

923

0.9

430

82.3

3.1

1.5

1.7

2.3

13.4

620

230

37

973

0.8

360

78.6

1.7

1.4

2.7

3.8

15.6

550

225

41

923

0.8

380

81.7

2.1

1.5

1.9

3.2

12.8

520

260

50

873

0.8

210

84.7

4.0

1.4

1.8

1.8

8.1

530

200

38

873

0.8

420

81.4

2.7

1.9

1.6

2.5

12.4

540

250

46

Table 5.2.1 Analysis of emissions of particulates and N0% from
the combustion of RVBR.

CONVERSION

DTF CONDITIONS
TEMP
(K)

PREDICTED MEASURED

PARTICULATES

%

0

TIME
(ms)

C
(%wt)

H
(%wt)

N
(%wt)

S
(%wt)

C/H
(mole)

ASH
(%wt)

NOx
(ppm)

NOx
(ppm)

1073

1.25

460

82.5

1.3

1.5

4.1

5.3

10.6

910

110

12

1023

1.25

480

78.2

2.7

1.4

3.9

2.4

13.8

920

90

10

1023

1.0

450

74.4

1.7

1.5

4.0

3.7

18.4

850

120

14

973

1.0

470

72.0

1.9

1.5

4.6

3.7

20.0

860

180

21

923

1.0

490

73.7

1.7

1.4

3.7

3.6

19.5

850

170

20

1023

0.9

400

73.6

1.0

1.5

4.0

6.1

19.9

780

215

28

1023

0.9

390

74.8

1.3

1.6

4.7

4.8

17.6

780

190

24

973

0.9

440

40.9

1.1

0.8

3.5

3.1

53.7

790

190

24

923

0.9

460

56.9

1.3

1.1

3.6

3.7

37.1

780

190

24

Table 5.2.2 Analysis of emissions of particulates and NO* from
the combustion of LIFO emulsion.

CONVERSION

CONDITIONS
EQUIVALENCE TEMPERATURE
RATIO
(K)
0.8
0.8
0.9
0.9
1.0
1.0
1.25
1.25

N>

773
973
923
1023
923
1023
923
1023

PREDICTED
NO
(ppm)

CO
(ppm)

1.29
5
1.8
5.8
0.079
0.375
2.7x10-9
2.4x10-7

7.1x10-7
3.75x10-9
7.9x10-9
0.00028
0.0017
0.0044
4800
61000

MEASURED
NO
CO
(ppm)
(ppm)
200
225
230
210
140
135
100
120

200
200
200
100
2800
4200
24000
17000

Predicted equilibrium data obtained from the CHEMIX thermodynamic package.
(CSIRO 1986)

Table 5.2.3 Equilibrium data for Rotterdam visbroken residue.
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Figure 5.2.1 RVBR fuel oil at 1023 K and # = 1.25.
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Figure 5.2.2 RVBR fuel oil at 923 K and # = 1.25.
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Figure 5.2.3 RVBR fuel oil at 1023 K and $ = 1.0.
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Figure 5.2.4 RVBR fuel oil at 973 K and $ = 1.0.
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Figure 5.2.5 RVBR fuel oil at 923 K and $ = 1.0.
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Figure 5.2.6 RVBR fuel oil at 1023 K and 4> = 0.9.
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Figure 5.2.8 RVBR fuel oil at 923 K and $ = 0.9.
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Figure 5.2.9 RVBR fuel oil at 973 K and 4> = 0.8.
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Figure 5.2.10 RVBR fuel oil at 923 K and4>= 0.8.
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Figure 5.2.11 RVBR fuel oil at 873 K and $ = 0.8.
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Figure 5.2.12 Effect of stoichiometry on RVBR at
923 K.
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Figure 5.2.13 Effect of temperature on
RVBR at $ = 0.8.
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Figure 5.2.14 The conversion of fuei-nitrogen to
NOx for RVBR.
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Figure 5.2.15 Scanning electron micrographs of
particulates collected from visbroken residue.
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Figure 5.2.16 LIFO emulsion at 1073 K and # = 1.25.
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Figure 5.2.17 LIFO emulsion at 1023 K and # = 1.25.
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Figure 5.2.18 LIFO emulsion at 1023 K and $ = 1.0.
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Figure 5.2.19 LIFO emulsion at 973 K and # = 1.0.
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Figure 5.2.20 LIFO emulsion at 923 K andçË* = 1.0.
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Figure 5.2.21 LIFO emulsion at 1023 K and # = 0.9.
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Figure 5.2.22 LIFO emulsion at 1023 K and $ = 0.9.
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Figure 5.2.23 LIFO emulsion at 973 K and <t> = 0.9.
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Figure 5.2.24 LIFO emulsion at 923 K and $ = 0.9.
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Figure 5.2.25 Effect of stoichiometry on LIFO
emulsion at 1023 K.
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Figure 5.2.26 Effect of temperature on LIFO emulsion
at 0 = 0.9.
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Figure 5.2.27 Comparison of RVBR and LIFO emulsion
NOx profiles at $ = 0.9.
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Figure 5.2.28 The conversion of fuei-nitrogen to NO,
for LIFO emulsion.
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Figure 5.2.29 Scanning electron micrographs of
particulates collected from Lavera inland fuel oil
emulsion.
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5.3

ATOM ISATION STUDIES (Drop tube furnace 2)

5.3.1

B£§,ULT§

5.3.1.1

Visual examination of LIFO sorav

The operation of the spray equipment is described in section 3.5. The No. 2 (1.77 mm) air cap
was used and the spray was photographed and examined as shown in Figure 5.3.1. A drawing,
copied from photographs for enhanced clarity, is also shown in Figure 5.3.1.

It shows the

atomisation process is taking place outside the nozzle. The oil appears to wet the flat surface on
the face of the nozzle and is drawn into a film by the air flow. The atomising air is not heated
and will reduce the oil temperature very rapidly and thus cause a large increase in oil viscosity
when the aerodynamic shearing forces of the air start to disrupt the oil film. The tubular film of
oil extends for approximately 0.5 mm before being broken into relatively large linear features
some of which are subsequently reduced to droplets.

5.3.1.2

Size distributions of LIFO soravs

Results in this section are plotted as histograms of the volume of the liquid present as droplets in
a certain size band and as cumulative size distribution curves (Figure 2.10).

Where multiple

composite histograms are presented for comparative purposes the band widths have been
omitted for the sake of clarity.

The particle size distributions of the droplets were determined using a Malvern particle size
analyser under different atomising air mass flowrates. Distributions of the spray were determined
60 mm from the nozzle along the centre line of the spray axis with the centre of the spray 110
mm from the receiver lens of the analyser. This position was necessary to avoid stray droplets
contaminating the lens. The 63 mm focal length lens could not be used because the spray would
have been outside the recommended distance needed to prevent vignetting. The 100 mm focal
length lens was used for the determination of the distributions.

The distribution obtained under typical conditions of 23.2 g/min atomising air, 38.4 g/min scrub
air, 377 K oil temperature and using the No. 2 air cap is shown in Figure 5.3.2.

Spray

characterisation is referred to in section 2.4.4. The distribution is not monomodal. The volume
frequency plot shows this more clearly than the cumulative plot. The distribution is very broad.
There is a major peak in the distribution at 23 pm and a secondary peak at 9-10 pm. The VMD
of this distribution is 15.85 pm and the SMD (Dgg) is 6.65 pm. The span factor is 2.34.

The effect of increasing the atomising air mass flowrate from 12.5 g/min to 30.0 g/min is
illustrated in Figure 5.3.3.
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it was not possible to obtain a reasonable spray at low atomising air mass flowrates. The spray
cone angle was around 45° and very large droplets contaminated the lenses. As the air flowrate
was increased from 12.5 to 15.0 g/min the spray cone angle decreased and the volume of spray
contained in droplets having diameters above 100 pm decreased and the volume in droplets with
a diameter around 40 pm increased. Further increases in air velocity did not produce such a
marked change in the central peak of the distribution, it decreased from 40 pm to around 25 pm
as the flowrate increased to 30.0 g/min.

increasing the air flow increased the proportion of

droplets having diameters below 10 pm diameter.

The span factor is 2.43 at 15.0 g/min and improves slightly to 2.29 at 30.0 g/min. The VMD/SMD
values are 2.43 and 2.41, respectively, indicating a similar relative spread in the distribution as
the droplet size decreases.

The change in VMD with increasing air flowrate is illustrated in Figure 5.3.4.

5.3.1.3

Size distributions of aas oil soravs

The distributions obtained from spraying gas oil at 3.5 g/min at 298 K and at different atomising
air flowrates are illustrated in Figure 5.3.5. The position of sampling within the spray cone was
the same as that used for investigating the LIFO sprays. Under the standard spraying conditions
at 298 K, the VMD of the spray was 10.50 pm, the SMD was 4.85 pm. The span factor was 2.15.

At 5.0 g/min air flowrate the atomisation was poor and there were very large droplets with a VMD
of 96 pm. Increasing the air flowrate to 7.5 g/min produces much better atomisation and the
VMD is reduced to 46 pm. As with the atomised LIFO, the distributions are multi-modal. There
is a very pronounced peak at around 2.5 pm which increases with increasing air mass flowrate.

Compared to the distributions obtained with LIFO, all the individual peaks within the distribution
are more pronounced, with apparent maxima present at 8, 15, 30, 65 and 200 pm diameter.
Increasing the air flowrate causes a higher proportion of the spray to be present in the lower band
sizes.

The span factors at 10.0 g/min and 32.5 g/min are 1.90 and 1.94, respectively indicating that the
spread of the distribution is relatively unaffected by air mass flow.

The change in VMD with air mass flowrate is shown in Figure 5.3.4.
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5.3.1.4

Size distributions of LIFO + 10 %wt aas oil soravs

The blend of 10 %wt of gas oil in LIFO was sprayed under identical conditions to those used for
LIFO. Using the standard conditions, the VMD was 10.16 pm and the span factor was 3.35.

The distributions obtained using a range of atomising air mass flowrates are shown in Figure
5.3.6. The distributions are very broad and exhibit the decrease in size with increasing atomising
air flow observed for LIFO and gas oil. The effect of increasing atomising air mass flowrate on
VMD is shown in Figure 5.3.4. The relative span factors at 10.0 g/min and 32.5 g/min are 2.43
and 3.12.

5.3.1.5

Size distributions of 70/30 LIFO emulsion soravs

The fuel feed rate for the emulsions was 5.0 g/min and the temperature was 338 K.

The

distribution obtained using air-cap No. 2, atomising air mass flowrate of 23.2 g/min, scrub air
mass flowrates

of 38.8 g/min is shown in Figure 5.3.7.

The distribution has a bimodal nature with peaks at 45 pm and 19 pm. There is only a slight "tail"
at the lower end of the size spectrum. The VMD is 21.82 pm and SMD is 16.34 pm. The span
factor is 1.61.

Increasing the air mass flowrate decreased the size of the droplets as shown in Figure 5.3.8. At
5.0 g/min the atomisation was very poor. At a mass flowrate of 10.0 g/min the atomisation is
improved with a VMD of 68.37 pm. The bimodal nature of the distribution is lessened with
increasing air mass flow.

At 10.0 g/min and 32.5 g/min the relative span factors are 1.73 and 1.76 respectively.

The effect of increasing the atomising air mass flowrate on VMD is shown in Figure 5.3.14.

5.3.1.6

Effect of air-cao orifice size

Several different air caps were used in this work;

Air Cap No.

2

central orifice diameter

1.77 mm

3

1.95 mm

4

2.50 mm

5

3.05 mm
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Plots of the VMD versus atomising air mass flowrates using four different air caps are shown in
Figure 5.3.9. The larger the air cap, the lower the air velocity and increased size of the droplets.
All show a similar slope, indicating a similar response in terms of the reduction in size with
increasing air mass flowrate.

The effect of air mass flowrate on the width of the distributions of sprays produced using the
No. 3 air cap, as indicated by the Dq ^ VMD and D^g, is shown in Figure 5.3.10. The relative
span ratio is 1.61 at 10.0 g/min and 1.25 at 32.5 g/min.

The form of the distributions produced using the No. 3 air cap is shown in Figure 5.3.11. They
show less bimodal character than those produced with No. 2 air cap.

5.3.1.7

Size distributions of 70/30 WLCO emulsion soravs

The 70/30 WLCO emulsion was sprayed under standard conditions as those used for the 70/30
LIFO emulsion. The distribution obtained is shown in Figure 5.3.12. The VMD is 45.43 pm. It is
a relatively broad distribution with a relative span factor of 1.96.

Increasing the atomising air mass flowrate decreases the droplet size.

The shape of the

distributions is shown in Figure 5.3.13. The broad distribution occurs at each flowrate.

The relative span factor is 0.90 at 10.0 g/min and 2.47 at the maximum air mass flowrate.

The VMD of these distributions is shown in Figure 5.3.14.

5.3.2

DISCUSSION

The observed spray droplet-size distributions, as determined by the Malvern 2600 particle
analyser, using the DTF atomiser set-up are not simple. Attempting to describe these complex
distributions in terms of one or two parameters is difficult. As stated earlier, all distributions
should be described by at least two parameters; a mean or representative diameter and a guide
to the spread or width of the distribution. This would be an exact description of a distribution if it
conformed to a monomodal model.

The parameters selected for the distributions in this section are VMD, SMD and the relative span
factor. It is acknowledged that these do not provide an exact description of the distributions. A
complex polynomial mathematical model could be devised to allow a more exact description, but
it would only be of applicability to the nozzles and conditions under consideration.
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5.3.2.1

Distribution shape

The distributions obtained with sprays of gas oil (Figure 5.3.5), LIFO (Figure 5.3.3) and, in some
cases, emulsions (Figure 5.3.8) show pronounced multimodal character. This is unusual for a
simple single atomiser producing droplets by only one mechanism. An analysis of earlier work
with this atomiser showed some evidence of poor atomisation and the existence of minor peaks
in the distribution of sprayed oil.

The broadness of the distributions obtained with LIFO sprays indicates poorer atomisation than
that generally claimed for commercial oil atomisers (Mugele and Evans 1951).

A typical

small-scale commercial atomiser manufactured by Urquhart and formerly used on an air pollution
rig at BP Sunbury (BP 1990), produced a distribution with 90 % of the volume in droplets below
60 pm and 50 % below 20 pm. These figures mean that the VMD was 20 pm and the span was
around 2.65.

This is in contrast to the span values of 1.0-1.5 quoted as typical for good

atomisation in the literature (UMIST 1990).

Visual examination of the spray of LIFO (Figure 5.3.1) indicates that a relatively wide distribution
could be caused by the hot oil being chilled by the cold atomising air, leading to a broad
distribution. However, this effect would be minimised when spraying gas oil at 298 K and the
distributions obtained (Figure 5.3.5) exhibit the most multi-modal behaviour of all the materials
sprayed. One possible explanation is that some of the peaks, especially those at about 2.5 pm,
may be due to internal reflection or refraction of the laser beam within the oil droplets leading to
errors in the particle size distribution.

Various combinations of configuration and instrument set-up were tried in an effort to minimise
this apparent error, but it could not be improved.

The manufacturers of the particle sizer,

Malvern Instruments, were consulted and tested the equipment to confirm that it was functioning
correctly. A comparison of the results obtained for the droplet size distributions of emulsions,
using the pil (particle-in-liquid) calculation model, with another Malvern analyser confirmed that
reproducible results were being obtained (Malvem 1991).

Multimodal distributions of a similar type have been reported in the literature (Tsai et al 1990,
Tsai and Viers 1990) for other types of fluids and atomisers. The multi-modal pattern of the
distributions and the small droplet sizes may be a feature of spraying non-Newtonian liquids.

It is evident that spraying emulsions produces tighter sprays, although with a larger mean
diameter than those produced by oils under similar conditions.

Identical conditions cannot be

used for oil and emulsions because the emulsions cannot be heated to such high temperatures.
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5.3.2 2

Effect of variables

From the consideration of the atomisation theory in Section 2.4, the major variables that
determine the particle size distributions should be the viscosity of the oil or emulsion, the
atomising mass flowrate or velocity and, to a minor extent, the surface tension of the sprayed
liquid. It is expected that differences in surface tension will only be relevant in a comparison of
oil and emulsions.

5 3.2.3 Atomising air mass flowrate and velocitv

Plots of log VMD versus log atomiser air mass flowrates show a linear relationship for all the
fuels sprayed (Figures 5.3.4 and 5.3.14). The degree of fit to a power law regression analysis is
good (r^ values greater than 0.99) except for LIFO emulsion (r^ of 0.9784) and LIFO where the r^
value is very low at 0.7817. Inspection of Figure 5.3.4 shows that there is limited data for LIFO
and that there is a lot of scatter in the results. The distributions in Figure 5.3.3 are irregular and
very broad and the VMD may not be a good representation of the distribution in this case.

The amount of atomising air used by the atomiser is large compared to full-scale burner
atomisers. At a constant oil mass flowrate of 3.5 g/min the atomising air flowrate was varied
from 5.0 to 32.5 g/min. The (rr^m j expression in the Kim-Marshall equation (section 2.4.3) is
therefore 1.7 to 10.3.

This is much higher than the usual range considered for full scale

atomisers. Variation of the atomising air mass flowrate over this range produced a reduction in
the observed VMD from around 90 nm to 7 ^im for the oils (Figure 5.3.4) and 150 pm to 20 pm
for the emulsions (Figure 5.3.14). The slopes of the lines in Figure 5.3.4 and 5.3.14 are similar,
indicating that m in the (nr^/m^)^ expression of the Kim-Marshall equation ranges from -1.13 to 1.32. The relative velocity of air and liquid was not kept constant in this analysis. The liquid
velocity is low enough to be ignored. The air velocity varied between 75 and 325 m/s.

The effect of relative velocity (U|.gj) can be considered for the VMDs shown in Figure 5.3.9 and
the air velocities produced by the different air caps in Figure 3.12. The relationship between air
velocity and VMD is constant. The effect of the air velocity on VMD for air caps 2 and 3 is shown
in Figure 5.3.15. The No. 3 air cap with the larger orifice produces smaller droplets than the
No. 2 air cap at the same atomising air exit velocity.

This is likely to be due to greater

momentum from the larger mass of atomising fluid transferring more kinetic energy to the liquid.

The distributions of the sprays produced by the emulsions behave in a similar way to those
obtained with oils over the range of air mass flowrate studied. The oil droplets present in the
emulsion will not be broken up by the atomisation process and the ultimate spray size distribution
that can be achieved should resemble that of the emulsion itself. Under the standard spraying
conditions this does not occur for any of the emulsions. At high air mass flowrates the spray
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VMD of LIFO emulsion is reduced to 20 pm, much higher than the emulsion VMD of 5.5 pm.
The VMD of the spray of WLCO emulsion is reduced to 32 pm at the highest air mass flowrate.
This is close to the emulsion VMD of 24.14 pm. Comparison of Figure 3.13 (WLCO emulsion
distribution) and Figure 5.3.12 (spray distribution under standard spray conditions) shows a
considerable degree of overlap.

No visual evidence of emulsion inversion or breakage was

observed in this work. However, emulsion breaking could have occurred and it would not have
been evident in the particle sizing technique.

5 3.2.4

Oil viscositv

The viscosities of the oils, at the temperature at which they left the nozzle block, are:

Gas oil

4 cSt

298 K

LIFO+10 %wt gas oil

25 cSt

373 K

LIFO

46 cSt

377 K

In all cases the atomising air temperature was about 293 K as air preheat facilities were not
available on the rig. The outer layer of the tubular films of the heated oils would be cooled very
rapidly by the atomising air during atomisation. It is not possible to determine the temperature,
and therefore the viscosity, of these layers.

The VMDs of the distributions are shown in Figure 5.3.4. It can be seen that the gas oil and the
blend of gas oil in LIFO have almost the same response to changes in atomising air mass
flowrate and produce almost identical VMDs (10.50 pm and 10.16 pm respectively under
standard conditions), despite the large difference in viscosity. LIFO produces the largest VMD of
15.85 pm and has the highest viscosity. It is not possible, using these results, to identify the
effect of oil viscosity on the VMD of the spray.

5.3.2 5

Emulsion viscositv

The emulsions are all nominal 70 %wt oil in water emulsions. The rheology is a function of the
volume of the disperse phase and degree of interaction between the droplets and this depends
on their size and size distribution.
non-Newtonian in varying degrees.

The three emulsions used in these experiments are
Figures 3.16 and 3.14 show the difference in

shear-dependent behaviour exhibited by LIFO and WLCO emulsions. The shear rate at the point
of disruption of the emulsion into droplets is unknown, but can be estimated to be of the order of
10® s'^ at the nozzle tip. The viscosities of these emulsions cannot be determined at these
extremely high shear rates because the emulsion would break or invert if maintained for any
significant time. At 338 K and 1000 s'^ LIFO and WLCO emulsions have viscosities of 50 and
60 mPa s.

LIFO emulsion produces the finest spray, having the lowest VMD, whilst WLCO
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emulsion produces a similar spray distribution with a higher VMD (Figures 5.3.2 and 5.3.12)
under the standard spraying conditions. Bulk emulsion viscosity and the VMD of the spray are
not directly related.

The oil component of the emulsions will have an extremely high viscosity at the spraying
temperature of 338 K and will not be disrupted by the atomisation process. All of the atomisation
can reasonably be expected to be in, or at the interface of, the continuous water phase. The
disruption into droplets can either occur at the water/oil interface or in the body of the water. The
viscosity of the continuous phase, water, is the same in each case.

If this is the relevant

variable, all of the emulsions would produce the same distribution. Clearly, as shown in Figure
5.3.14, this is not the case. WLCO emulsion (VMD of 24.14 pm) has the largest droplets and
produces a spray distribution with the largest VMD (45.43 pm). The LIFO emulsion has a VMD
of 5.5 pm and produces a spray with a VMD of 21.82 pm.

The size distribution of the emulsion is an important factor in determining the size distribution of
the spray. The lower VMD emulsions produce sprays with lower VMD. However, the relationship
is not linear.

5.3 2.6

Effect of air-cao orifice diameter

The characteristic dimension of the atomiser, as defined in the Wigg equation (h) and the
Kim-Marshall equation (A^), is constant for any particular set-up. Section 2.4.3 describes these
equations. Using alternative air-caps, with different orifice sizes, alters the area through which
the atomising gas exits (Ag) and therefore alters the air velocity.

A comparison of the VMD versus air velocity for sprays of 70/30 LIFO emulsion using two
different caps shows (Figure 5.3.15) that there is an effect due to the geometry of the atomisation
zone and that the same velocity produced by two different air-caps does not produce an identical
VMD.

5.3.2 8

Surface interfacial tension

No surface tension data are available for the oils or emulsions used in this work. The surface
(air/oil) tension of the oil will be high. The interfacial tension of emulsions is known to be very
low. These factors are obviously very relevant to the atomisation of emulsions. As discussed in
Section 5.3.2 5, the atomisation could proceed by shearing through the water phase, creating
new water/air interface, and the surface tension would be the most relevant parameter.

If

atomisation occurs by disruption at the oil/water interface it is the oil/water interfacial tension that
is of relevance.
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There was no evidence obtained in these experiments to distinguish between the two possible
mechanisms. The droplets of water could not be distinguished from oil droplets although it is
logical to assume that the smallest droplets in the spray must consist entirely of water as small oil
droplets were not present in the WLCO emulsion.

S.3.2.9

SUMMARY

These experiments have determined the spray size distributions obtained from spraying oils and
emulsions with the DTF atomiser over a wide range of conditions. As well as providing reference
data this work has demonstrated the following points:

1. The atomiser currently used on the DTFs produces a relatively wide droplet size distribution
when used for spraying LIFO under standard conditions.

2. Water-continuous fuel oil emulsions exhibit different spray behaviour to oils. The distributions
are narrower with large VMDs. There was no evidence of inversion or breaking of the emulsions
during the atomisation process.
distributions with larger VMDs.

The emulsions with larger VMDs produced spray size

The particle size distribution of sprayed emulsion cannot be

reduced to less than the droplet size distribution of the emulsion.

3.

Increasing the atomising air mass flowrate reduces the VMD of the spray distributions

obtained from oil and emulsions to a similar degree. The trend is in agreement with literature
equations. The exponents for the relationship between VMD and relative specific mass flows
have been determined.

4. The effect of the viscosity of the oil and emulsions on spray size VMD does not agree with
theory. The relevance of emulsion viscosity is not obvious from these results.
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Figure 5.3.1 Visual examination of the spray from the
DTF atomiser.

Diagram showing salient features of above photograph
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Figure 5.3.2 Particle size distribution of LIFO spray.
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Figure 5.3.5 Particle size frequency distributions from
spraying gas oil using No 2 air cap. Effect of atomising
air mass flow rate on distribution.
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Figure 5.3.6 Particle size frequency distributions from
spraying 10 LIFO + 10 %wt gas oil using No 2 air cap.
Effect of atomising air mass flow rate on distribution.
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Figure 5.3.7 Particle size distribution of 70/30
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Figure 5.3.8 Particle size frequency distributions from
spraying 70/30 LIFO emulsion using No 2 air cap. Effect
of atomising air mass flow rate on distribution.
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Figure 5.3.11 Particle size frequency distributions from
spraying 70/30 LIFO emulsions using No 3 air cap. Effect
of atomising air mass flow rate on distribution.
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5.4

PARTICULATE FORMATION STUDIES (Drop tube furnace 2)

5.4.1

RESULTS

Three atomising air caps (Nos. 2, 3 and 5) were used in this work in combination with fluid cap B for
both LIFO and its water-continuous emulsion. The size of the atomising hole and the atomising air
flowrate were varied to alter the VMD of the spray distribution. The scrub air was altered accordingly
to maintain 2 % oxygen in the dry exhaust gases. Measurements of particle size were made for all
combinations of air cap and atomising air flow as discussed in section 5.3.

Gas analysis

measurements were taken of SOg, CO, NO^ and COg at 2 % oxygen. Once the flowrate and the
oxygen were stable, solids were collected at a probe separation of 666 mm or 1000 ms residence
time at 1273 K. The solids were collected from DTF2 for a period of up to three hours using a
cyclone.

Each bottle was weighed separately and analysed independently.

The solid samples

collected under the different atomising conditions were analysed by SEM and for 0, H and N using
chemical analysis.

The reactivity of the particulates in air was measured at 773 K using a

thermobalance.

5.4.1.1

Sorav distribution

The spray size distribution for LIFO using the No. 2 air cap was generally broad and multimodal as
discussed in section 5.3.

Decreasing the atomising air flowrate from 23.2 g/min to 15 g/min

increases the spray size distribution from a VMD of 16.5 pm to 23.0 pm as shown in Figure 5.3.4.
On the other hand the spray distribution for LIFO emulsion with the same cap is generally tight and
monomodal. Decreasing the atomising air flowrate of the emulsion over a similar range increases
the spray size distribution from a VMD of 29.8 pm to 40.0 pm as shown in Figure 5.3.9. The VMD
for the emulsion spray distributions was always found to be higher than that for the fuel oil. The
span factors in Table 5.4.1 show that all the emulsion spray distributions are tighter than those for
the fuel oil.

5.4.1.2

Solid burden

Table 5.4.1 shows the solid burden of the LIFO and LIFO emulsion under the different atomising
conditions and temperatures. The solid burden or %wt on fuel was calculated by measuring the total
weight of particulates caught in the solids collection system relative to the total amount of fuel bumt
during the collection time. In the case of the emulsion the %wt on fuel was generally less than the
ash content of the fuel, which is clearly not possible in the DTF under these conditions when ash
does not bum. This shows that the solid collection system is inefficient in collecting the total solid
burden during combustion of the fuel, so with this consideration the figures may be used on a
comparative basis. Particulates < 1 pm are expected to pass through the collection system with soot
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and fine ash aerosol. Figure 5.4.1 shows the general trend of improved burn-out of the emulsion
with decrease in VMD of the spray size distribution.

The solid burden was 20-30 % higher at 1073 K than at 1273 K as shown in Table 5.4.1. Obviously
the temperature has a significant effect on the kinetics of carbon bum-out at these temperatures.

5.4.1.3

Carbon content

The carbon content of the particulates collected from the LIFO and LIFO emulsion are given in
Table 5.4.1.

The carbon content was measured for the mix of the two cyclones.

The lower

particulate size cut-offs for the two cyclones have been calculated to be 3.4 and 1.4 pm at the
sampling conditions used (Perry 1976). This cut-off will depend to a large extent on the density of
the particulate and is likely to be different for fuel oil and emulsion particulates. Figure 5.4.2 shows
the carbon content of the particulates collected under the varying atomising air conditions.

The

carbon content shows similar trends to the particulate burden with high carbon content (less bumt
out) particulates collected under coarse spray conditions. The carbon content is a better way of
measuring the bum-out because it relies less on the sample collection efficiency, as long as a
representative sample is taken.

5.4.1.4

Reactivitv

Examination of the data in Table 5.4.1 shows that the oxidative reactivity of the emulsion
particulates is greater than that of the neat oil at all spray size distributions. Figure 5.4.3 shows the
reactivity of collected particulates with different spray characteristics. This figure shows that the
emulsion particulates are more reactive than the neat oil particulates and the emulsion particulates
collected at 1273 K are more reactive than those collected at 1073 K. The figure also shows that the
particulates collected from smaller spray distributions have higher reactivities than those collected
from larger spray distributions.

5.4.1.5

Scanning electron microscoov

Figures 5.4.4 and 5.4.5 shows some SEM photographs of particulates collected from LIFO and LIFO
emulsion. The particulates collected from LIFO emulsion were collected at atomising air flows of
23.2, 15 and 10 g/min. Under all these running conditions the emulsion particulates were smaller
than those collected from the fuel oil.
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5.4.2

DISCUSSION

5 4.2.1

Spray distribution

The spray droplets produced from an emulsion are most likely to be formed by shearing the water
layer between the oil droplets during atomisation as discussed in section 5.3.2 5. The oil droplet
distribution in the emulsion as shown in Figure 3.15 will undoubtedly limit the lower end of the spray
distribution; in this case to a lower limit of 4 pm. At 10 g/min atomising air the spray size distribution
of the emulsion increases quite considerably destroying the characteristic tight monomodal
distribution (Figure 5.3.8). It is possible the oil has time to coalesce during the atomisation process
due to insufficient shearing forces resulting in an irregular distribution of large spray droplets. This
should be reflected in the solid burden and carbon content of the particulates.

5 4.2.2

Solid burden

The pre-atomised theory of combustion does apply in that the bum-out of emulsions is always better
than that of the fuel oil.

This is due to the finer oil droplet distribution in the emulsion than is

possible in the spray distribution of the fuel oil. But the coarser emulsion sprays do not bum out as
well as the finer emulsion sprays. The results show that it is not just pre-atomisation that determines
the combustibility of an emulsion, but also the spray distribution.

It is believed that in an emulsion spray the oil droplets in the spray droplets may coalesce under
some circumstances (Marcano et al 1991). Considering small spray droplets it is believed that water
is trapped in the centre of the emulsion oil droplets, which because of the short very rapid heat
transfer quickly superheats causing the droplets to microexplode. The microexplosions force the
spray droplet to disintegrate into satellite droplets (which may be the original emulsion oil droplets)
resulting in small oil droplets which bum out quickly. On the other hand for coarse spray droplets the
water inside the droplets will take longer to superheat, by which time the emulsion oil droplets may
have coalesced. Once the oil droplets coalesce the advantages of pre-atomisation would no longer
prevail and the resultant droplet would have a size similar to the spray droplet. This may result in
some droplets pre-atomising (generally the smaller droplets) and burning well and others coalescing
and burning as a normal fuel oil droplet. Hence the particulate burden increases as the proportion of
larger spray droplets increases.

5.4.2 3

Carbon content

The carbon content of the particulates was higher for the fuel oil than the emulsion confirming better
carbon burn-out for emulsions.

Similar trends for poorer emulsion burn-out with decrease in

atomising air flowrate were also observed. Lowering the furnace temperature was found to decrease
the carbon burn-out for the fine spray but was not found to affect the coarser spray.
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5.4.24

Reactivitv

The increased reactivity of the particulates collected at a higher temperature and smaller spray
distribution is most likely due to the increased ash content of the particulates and catalytic effects
under the conditions used in the thermobalance. The oxidation of the particulates under combustion
conditions in the DTF will take place under boundary-layer control at the high temperatures which
prevail. This means that a large number of small objects are able to bum out more rapidly than a
small number of large objects, given the same initial mass, because only their size, and not their
reactivity, controls the rate of oxidation in this given environment (ie the DTF). Thus the smaller
emulsion particulates bum out faster leaving behind a higher ash content particulate.

At lower

temperatures beyond the main body of the flame the chemical reactivity will become important and
the more reactive smaller particulates will again burn out more rapidly.

5.4.2 5

Scanning electron microscoov

Several theories have recently been put forward as to the formation of emulsion particulates and
their general morphology as discussed in section 5.1.2.2. By observation the size distribution of the
particulates can be seen to increase with decrease in atomising air flow and increase in spray size
distribution. The particulates collected at 23.2 g/min atomising air flow show no signs of particulates
any larger than 5 pm, indicating that the emulsion was completely pre-atomised.

Lowering the

atomising air flow increased the proportion of large particulates collected until at 10 g/min many of
the particulates were over 5 pm. These large particulates look similar to particulates collected from
the fuel oil and may well have originated from large emulsion droplets that have coalesced.

5.4 2.6

Effect of droplet size on NO.

The NO^ emissions were found to alter significantly with variation in air cap and atomising air
flowrate for LIFO, but were not found to vary using LIFO emulsion. Decreasing the atomising air
flowrate for the No. 2 cap for LIFO was found to increase the NO^ emissions.
increased when the No. 3 air cap was fitted.

The NO^ also

It is possible that the LIFO spray characteristics

determine the fractional conversion of fuel-nitrogen to NO^. For the conversion of fuel-nitrogen in an
emulsion the important factor is likely to be the oil droplet distribution in the emulsion; which,
because it remains constant, does not affect the NO^ when the spray distribution is altered. The
effect of droplet size on NO^ is discussed in more detail in the next section.

5.4.2.7

SUMMARY

The combustibility of coarse emulsion sprays was not as good as that for fine emulsion sprays. The
results suggest that the "pre-atomised" theory of emulsion combustion does not hold for large spray
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droplets, but that carbon burn-out is still good. It is likeiy that the oii dropiets in the large emulsion
spray droplets coalesce increasing the particulate burden as the proportion of large droplets
increases. The carbon burn-out was found to be dependent on the furnace temperature, increasing
at higher temperatures.

The reactivity of the coilected particulates was dependent on the ash

content of the particulate, the more reactive particuiates having a higher ash content.
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1.77(2)

23.2

16.5

2.34
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0.61

278

fuel oil

1273

1.77 (2)

15.0

23.0

2.43

4.60

0.220

79.2

0.32

296

1273

1.95 (3)

23.2

11.00

0.130

73.1

1273

1.95 (3)

23.2

Lavera Inland

Kî

Experimental
conditions
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Atom flow
mm (No.)
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332

29.8

1.89

1.40

0.032

20.3

5.12

245

0.65

pulsing

fuel oil

1273

3.05 (5)

23.2

1.30

0.058

64.3

emulsion

1273

1.95 (3)

23.2

135.0
29.8

1.75
1.89

2.20

0.028

19.3

1273

1.95 (3)

10.0

74.0

1.61

5.80

0.082

25.0

1273

1.95 (3)

15.0

40.0

1.74

1.70

0.045

22.4

1073

1.95(3)

23.2

29.8

1.89

0.95

0.045

52.1

1.5

187

1073

3.05 (5)

23.2

135.0

1.75

1.30

0.073

67.7

0.83
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Table 5.4.1 DTF2 Particulate analysis.

252
2.25

247
250

0.1 0 n

0 .0 8 o
3

V-

0 .0 6 —

C

O

5

0 .0 4 -

as

0.02 H

0 .0 0

-]

0

I

I

I

I

I

I

20

40

60

80

100

120

r

140

160

Spray VM D (jjm )

Figure 5.4.1 Burnout of emulsion particulates.

100 -1

%

80

I

60

c
o
o
c
o

40 H

JÛ

O

20

0

20

40

60

80

100

120

140

160

Spray V M D (p m )

Figure 5.4.2 Carbon content of emulsion particulates.
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Figure 5.4.4 Scanning electron micrographs
of particulates.
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Figure 5.4.5 Scanning electron micrographs
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5.5

NO^ FORMATION STUDIES (Drop tube furnace 2)

5.5.1

RESULTS

5.5.1.1

Simulated air (nitrogen free)

Initial experiments were carried out with supplies of atmospheric air to the atomising and scrub
air flows.

Under these conditions thermal and prompt NO^ are produced from atmospheric

nitrogen if the flame temperature is high enough.

To study the formation of fuel NO^

atmospheric nitrogen must be removed from the combustion gases. A nitrogen-free gas of the
following molar composition was used:

Carbon dioxide

-

19.92%

Oxygen

-

21.30 %

Nitrogen

-

54 ppm

Argon

-

Balance

The gas has the same specific heat capacity as that of air, so the heat transfer in a flame is
altered as little as possible (Pershing et al 1979). The Research Centre Sunbury (RCS) kinetic
model as described in Chapter 4 was used to determine whether 54 ppm of nitrogen would form
a significant amount of NO^ at a maximum furnace temperature of 1573 K.

Insignificant

amounts of thermal/prompt NO^ were predicted under these conditions. The increased oxygen
content of the simulated air (21.30 %) compared to normal air (20.9 %) was not found to affect
combustion significantly.

5.5.1.2

Atomiser set-uo

The spray size distributions for the fuels used were varied by changing the atomising air cap,
fluid cap and atomising air flowrate. The atomising air flowrate was adjusted between 15 g/min
and 23.2 g/min. Several different air caps were used in this work as shown In Table5.5.1.

Each

air cap has a different atomising air gap which is coded in Table 5.5.1 with a number as it has
been throughout the thesis. Two fluid caps were used in this work and these are coded with a
letter.

For the three combinations of air cap and fluid caps used in this work several

combinations of atomising air annulus were formed. Each air cap had a different slope such that
when it was fitted into the injection probe gave different scrub air gaps as shown.

The 28

atomiser configuration has a relatively small scrub air gap compared to 1A and 38
configurations.

Several spacing washers were inserted into the 28 combination beneath the

atomising air cap to increase the size of the scrub air gap. This was carried out in order to
simulate the larger scrub air gap 1A configuration, to identify whether the scrub air gap was
important.

The velocities associated with the atomising air caps used were calculated and
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illustrated in the table taking into account the compressibility of the gas.

The velocities

associated with the scrub air gaps used were also calculated assuming plug flow conditions.

The scrub air was altered accordingly to maintain 2 % oxygen in the dry exhaust gases.
Measurements of spray size were made for all combinations of air cap and atomising air flow as
discussed in section 5.3. Gas analysis measurements were taken of SOg, CO, NO^, COg and
NgO at 2 % oxygen for 15 minutes for steady state conditions.

In this work the furnace

temperature was varied between 1173 K and 1473 K. Several emulsions with oil droplet size
distributions having VMDs of 5.8, 10.5, 15.5, 20.0 and 30.9 pm and span factors of 0.85, 1.16,
0.99, 1.31 and 1.44 respectively were tested to determine the effect of droplet size distribution of
emulsions on the NO^ emissions. A nitrogen-free gas oil with a viscosity of 4.0 cSt (298 K) was
also tested.

The experimental results for the measurement of NO^ under different operating conditions of
temperature, air cap, combustion gas and atomising air flow are given in Tables 5.5.2 for gas oil.
Table 5.5.3 for LIFO and Table 5.5.4 for LIFO emulsion.

5.5.1.3

Gas oil

When gas oil is bumt in the DTF using Ar/COg/O^ instead of air, no NO^ is formed, confirming
that the gas oil has a very low fuel-nitrogen content. On changing the combustion gas to air 4
ppm of thermal/prompt NO^ were formed at 1273 K.

Raising the temperature to 1473 K

increased the NO^ emissions to 8 ppm as shown in Figure 5.5.1.

5.5.1.4

A.

Lavera Inland fuel oil

Effect of simulated combustion air

The NO^ emissions were similar for LIFO bumt in nitrogen-free simulated air and atmospheric air
as illustrated in Table 5.5.3.

Using the 2B atomiser configuration at 1273 K and 23.2 g/min

atomising flow the NO^ was 261 ppm and 260 ppm, for Ar/COg/Og and air respectively. Using
the same cap at 15 g/min atomising flow the NO^ was 286 ppm and 282 ppm, for M O O J O ^ and
air respectively.

This confirms that at 1273 K LIFO produces insignificant levels of

thermal/prompt NO^.

B.

Effect of temperature

The temperature of the DTF was increased from 1173 K to 1373 K increasing the NO^ emissions
from 228 ppm to 300 ppm as illustrated in Figure 5.5.2. The diluent used in these experiments
was simulated air to ensure no thermal/prompt NO^ formation and the atomising air flowrate was
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15 g/min. An Increase In temperature of 100 K was found to Increase the fractional conversion of
fuel-nitrogen to NO^ by 5-15 % for most atomiser configurations.

C.

Effect of atomising air flowrate

Figure 5.5.3 shows the effect atomising air flowrate has on the NO^ emissions for a 2B atomiser
configuration at 1273 K with simulated air.

An increase In atomising air from 14 g/mln to

24 g/mln was found to decrease the NO^ emissions by 10-20 % for most atomiser configurations.
Figure 5.5.4 shows the effect the spray droplet VMD has on the NO^ emissions.

D.

Effect of atomiser configuration

Atomising air oao

At 1273 K and 23.2 g/mln atomising air flowrate atomiser configuration 2B, 3B and 1A gave 261
ppm, 246 ppm and 180 ppm respectively. Similar trends In NO^ emissions occurred at 15 g/mln.
The atomising air velocities associated with these atomiser configurations are shown In Table
5.5.1.

Scrub air aao

Figure 5.5.5 shows the effect the scrub air has on the NO^ emissions and Figure 5.5.6 shows the
effect the atomising air has on each of the 2B configurations. Increasing the scrub air gap of the
2B atomiser with washer 1 decreases the scrub air velocity, and decreases the NO^ emissions
slightly. Further Increasing the scrub air gap of 2B with washer 2 decreases the NO^ emissions
significantly. Therefore the atomiser 2B with a washer enlarging the scrub air gap to that of
atomiser 1A, reduces the NO^ to similar proportions as 1A. It therefore seems likely that both the
atomising air velocity and the scrub air velocity affect NO ^ emissions.

E.

Nitrous oxide emissions

NgO emissions were measured under varying conditions of combustion air, temperature,
atomising air, atomiser configuration and oxygen concentration using the ADC Infra-red analyser.
The NgO level remained below 5 ppm for all conditions. The 0-100 ppm scale on the analyser
provided no resolution to distinguish variations and therefore trends In N gO emissions.

F.

Effect of oxvoen concentration

Figure 5.5.7 shows the effect of oxygen concentration on NO^ emissions for the 2B configuration
at 1373 K in simulated air. The NO^ concentration has been adjusted to 3 % oxygen, dry. The
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NO^ varies by approximately 100 ppm over a 2 % change in oxygen. Therefore the oxygen
concentration must be + 0.2 % to achieve repeatable NO^ readings of + 10 ppm.

5.5.1.5

Lavera Inland fuel oil emulsion

A.

Effect of simulated combustion air

The NO^ emissions were similar for LIFO emulsion bumt in simulated air and air as illustrated in
Table 5.5.4. Using the 2B atomiser configuration at 1273 K and 23.2 g/min atomising flow, the
NO^ was 210 ppm and 209 ppm for Ar/COg/Og and air respectively. Each running condition was
carried out on three separate occasions to give the mean figures shown. Using the same cap at
15 g/min atomising flow the NO^ was 209 ppm and 215 ppm for Ar/COyOg and air respectively.
This confirms that LIFO emulsion produces insignificant levels of thermal/prompt NO ^ at 1273 K.

B.

Effect of temperature

The temperature of the DTF was increased from 1273 K to 1473 K increasing the NO^ emissions
from 210 ppm to 243 ppm for Ar/COyOg and from 209 ppm to 264 ppm for air. An increase in
temperature of 100 K was found to increase the fractional conversion of fuel-nitrogen to NO^ by
10 % for Ar/COg/Og combustion and 20 % for air combustion. At 1473 K there is a significant
difference of 21 ppm NO^ between the simulated air and atmospheric air.

The RCS model

predicts that about 8 ppm thermal/prompt NO^ is produced at this temperature.

0.

Effect of atomising air flowrate

Decreasing the atomising air flowrate from 23.2 g/min to 15 g/min has no effect on the NO^
emissions.

D.

Effect of droplet size distribution

Figure 5.5.8 shows the reduction in NO^ from increasing the VMD of the oil droplet distribution in
the emulsion from 5.8 to 30.9 pm.

5.5.1.6

Flow regime in the furnace

FLUENT, a mathematical flow modelling package available at RCS, was used to model the flow
patterns and temperatures in DTF2. The atomising air flowrate was 23.2 g/min and scrub air
flowrate 32.5 g/min. The 1A atomiser configuration was used in this modelling work giving high
atomising and scrub air velocities. The atomising air velocities with the 1A configuration are
sonic reducing quickly down to 0.6 m/s in the plug flow region of the furnace.
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The air inlet

temperature was 300 K and the furnace temperature was 1023 K and 1373 K. The model takes
into account the water-cooled withdrawal probe which has an intemal diameter of 16 mm and an
external diameter of 65 mm.

From furnace flow measurements the withdrawal probe takes

approximately 80 % of the inlet air. The atomiser and withdrawal probe separation was 730 mm
and the furnace intemal diameter was 85 mm.

The modelling work was carried out with

atomising and scrub air flows; the fuel flow and associated combustion were omitted for
simplicity.

Figures 5.5.9 and 5.5.10 show the flows associated with DTF2 under fumace temperatures of
1023 K and 1373 K respectively. It must be noted that the figures show only half of the fumace
as the flow patterns on each side are identical mirror images. The X-Y axis scaling is shown in
the bottom left hand comer.

Figures 5.5.11 and 5.5.12 show the contours of temperature in

DTF2 under fumace temperatures of 1023 K and 1373 K respectively.

5.5.2

A.

DISCUSSION

Effect of simulated combustion air

There is negligible formation of thermal and/or prompt NO^ in DTF2. The largest amount of
thermal/prompt NO^ measured from gas oil in DTF2 at a fumace temperature of 1473 K is
8 ppm. The Chemkin code shows that thermal/prompt NO^ emissions are only of the order of a
few ppm at this temperature. The thermal/prompt NO^ level should be similar for LIFO and LIFO
emulsion as no significant differences were observed using simulated and atmospheric air. In
fact the differences observed are within experimental limits and may result from a 0.2 % drift in
oxygen concentration as observed in Figure 5.5.7.

The thermal and prompt NO^ mechanisms cannot be separated in this work, but as the levels
remain small this is not important.

Both thermal and prompt NO^ mechanisms are strongly

dependent on temperature and would increase dramatically with further rise in temperature.
Unfortunately the formation of thermal/prompt NO^ at higher temperatures cannot be followed in
the DTF as the fumace is limited to a maximum temperature of 1473 K. A flame temperature of
1488 K was calculated from the RCS model that would produce the 8 ppm of thermal/prompt
NO^ measured in DTF2. Analysis of the RCS model results shows the NO^ is mainly prompt NO^
in origin. NOx measured from the fumace from analysis of the reactions involved the NO^ was
mainly prompt. These results suggest that the flame temperature is close to the fumace wall
temperature at a fumace set point of 1473 K.

At lower fumace temperatures the flame

temperature is likely to be hotter than the wall temperature. This is indicated by the low power
outputs to the elements surrounding the flame zone at lower fumace set points.
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B.

Effect of temperature

The results show that an increase in temperature of 100 K was found to increase the fractional
conversion of fuel-nitrogen to NO^ by 5-15 % for LIFO, 10 % for LIFO emulsion in simulated air
and 20 % for LIFO emulsion in atmospheric air. These results agree with the observations of
other authors showing that the flame temperature and fuel air mixing are the most important
factors governing the fractional conversion of fuel-nitrogen to NO^ (Pfefferle and Churchill 1986).
Fuel NO^ formation is described in more detail in section 2.2.2 2. The RCS model was used to
predict the fuel NO^ emissions at the fumace temperatures used in the model.

Sensitivity

analysis was used to predict which reactions affect the formation of NO with change in
temperature. The following reactions were found to be the most significant:

NCO + H => NH + CO

(33)

NCO + NO => NgO + CO

(5)

NgO +

(6)

H => Ng + OH

Under combustion conditions with temperatures in excess of 2000 K reaction 33 is most
important. This leads to formation of NH, which further reacts with NO, O or OH to give Ng or
NO respectively. At these temperatures the conversion of fuel-nitrogen to NO is independent of
the temperature (Pershing et al 1979).

Because this reaction has a relatively high activation

energy at lower temperatures NCO preferentially reacts with NO to form NgO as shown in
reaction 5. The NgO then reacts with H atoms forming Ng. Experimental work has shown that at
the temperatures used in DTF2 very little NgO is formed. This change-over between reactions
33 and 5 is most significant at the temperatures used in the work on DTF2, ie between 1173 K
and 1373 K. As reaction 33 becomes more significant with rise in temperature the conversion of
fuel-nitrogen to NO will be temperature dependent in this range. It is predicted from the model
that reaction 5 will no longer contribute significantly at temperatures in excess of 1473 K.

The greater dependence on temperature for the emulsion in atmospheric air than in simulated air
may result from slightly different atomising air properties between the two fluids. There may
have also been a slight increase in the thermal/prompt NO^ levels with increase in temperature
using atmospheric air. A slight increase in thermal/prompt NO^ would cause a more noticeable
change in already low NO^ levels from emulsions.

C.

Effect of atomising air flowrate

The nitrogen to NO^ conversion decreases with increasing atomising air flowrate as shown in
Figures 5.5.3 and 5.5.6. There are several hypotheses proposed in this section as to why the
atomising air affects the NO^ in this way. It is most likely that the reduction in NO^ is due to a
decrease in early flame temperatures caused by an increase in the amount of relatively cool
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atomising air in the devolatilisation zone of the fuel.

The temperature where devolatilised

nitrogen species are formed will be critical in the overall nitrogen to NO^ conversion. Increasing
the atomising air flowrate will also elongate the flame, decreasing the flame temperature and
fuel-nitrogen conversion.

Results from section 5.3 show that increasing the atomising air decreases the VIVID of the spray
size distribution. Figure 5.5.4 shows that as the VIVID of the spray size distribution decreases the
NO^ decreases. A fundamental relationship may therefore exist between the size (or surface
area) of the spray droplet and the fractional conversion of fuel-nitrogen.

The VIVID of LIFO

decreases from 40 pm to 14 pm over the atomising air flowrates used. Foster and Keck (1980)
proposed that the drop diameter affects the fuel-nitrogen conversion and for small droplet
diameters sufficient fuel is pre-vaporised and pre-mixed prior to the flame front that nitrogen
conversion is high as in a pre-mixed flame. Increases in nitrogen conversion in large combustion
plant have been produced from the combustion of smaller oil droplets. It is believed that this is
due to increased combustion intensity and a higher flame temperature.

In the DTF2 the

combustion intensity would not increase as heat is quickly dissipated through the walls of the
fumace, maintaining the fumace set point. It would therefore be difficult to prove Foster and
Keck's theory unless the work is carried out under adiabatic conditions, which is not possible in
DTF2.

An opposing theory is that volatile nitrogen species are formed in an oxygen-lean environment,
where reactions at the surface of the small droplets are diffusion-controlled, such that the volatile
nitrogen species may then be reduced to molecular nitrogen (Chen et al 1988, Smart et al 1988,
Beck and Hayhurst 1991). This is the principle behind an air-staged burner; a reducing zone is
created in the devolatilisation region of the flame. A rich devolatilisation zone would form more
rapidly with smaller VIVID spray distributions, decreasing the nitrogen to NO^ conversion
efficiency. This theory agrees with the results obtained and may be part of the explanation,
although more likely is a decrease in temperature from increasing amounts of cold atomising air.

D.

Effect of atomiser configuration

The results show that atomiser 1A forms the lowest level of NO^. Atomiser 1A has a much
greater atomising air velocity (sonic) than the other caps and is therefore most likely to elongate
the flame, which will in turn decrease the flame temperature during devolatilisation of the
nitrogen species. In contrast to this, another important aspect to consider for nitrogen to NO^
conversion is the air/fuel mixing. Appleton (1973) has shown that the degree of conversion is
strongly influenced by the initial degree of fuel air mixing; the better the mixing the higher the
conversion. It is believed that higher atomising air velocities would entrain more external air
(scrub) early during atomisation promoting better mixing of the fuel and the air. This follows for
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atomiser 2B which has a higher conversion than 3B for a higher atomising air velocity, but does
not follow for 1A.

There are two factors as to the effect air velocity has on the nitrogen to NO^ conversion; fuel/air
mixing and flame shape. The NO^ emissions from 2B and 3B are much higher than 1A, even
though 2B has a similar atomising air velocity to 1A. It is therefore possible that the scrub air
velocity has an effect on the NO^.

Washers 1 and 2 were inserted into the 2B atomiser

configuration to alter the scrub air gap and velocity, whilst the atomising air gap remains
constant. Figure 5.5.5 shows that when washer 2 is inserted into 2B (giving a similar scrub air
gap to 1A) the NO^ decreases to similar levels as the 1A configuartion. When washer 1 is
inserted into 2B (giving a scrub air gap between 2B and 1A) the NO^ decreases slightly from that
of the 2B configuration. With a constant atomising air flowrate, increasing the scrub air gap
lowers the scrub air velocity which in turn alters the fuel/air mixing and flame shape decreasing
the NO^.

Maximum NO^ emissions occur for the 2B configuration which has a low atomising air velocity
and a relatively high scrub air velocity.

This promotes a short flame with good scrub air

entrain ment and fuel air mixing early in the flame. Minimum NO^ emissions occur for the 1A
configuration which has a high atomising air velocity and a low scrub air velocity. This promotes
a long cool flame with poor entrainment of scrub air giving a poor fuel/air mixing. This type of
configuration would typically be used in a low NO^ bumer set-up, where the early stages are
fuel-rich promoting low fuel-nitrogen to NO^ conversion.

E.

Nitrous oxide emissions

The NgO emissions were found to be negligible in DTF2 under varying conditions. These results
are not surprising as any NgO formed in DTF2 at the temperatures used will rapidly react to form
Ng, principally by,

N^O + H => Ng + OH

(6)

As the infra-red technique has only recently been developed further comparative work with other
techniques such as gas chromatography should be carried out before conclusions can be drawn.

F.

Lavera Inland fuel oil emulsion

These resuits are consistent with the "pre-atomised" nature of emulsion bum-out as discussed in
section 5.4. The pre-atomised theory shows that when the water surrounding the oil droplets has
vaporised, the oil spray droplet size distribution is effectively the same as the original oil droplet
size distribution of the emulsion. In this case the oil droplet size distribution of the emulsion has
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a VMD of 5.5 pm, much smaller than any LIFO spray droplet distribution measured. The spray
LIFO emulsion from the atomiser has been measured as 23 pm at 23.2 g/min and 42 pm at 15
g/min. The atomising air flowrate has a substantial effect on the spray size distribution but has
no effect on the oil droplet size distribution.

The NO^ emissions were constant for varying

atomising air flowrate and spray droplet distribution, confirming the pre-atomised nature of
emulsions.

The NO^ emissions will therefore depend on the oil droplet distribution in the

emulsion and not the spray droplet distribution.

It is most likely that the water present in an emulsion reduces the fuel NO^ emissions relative to
the neat fuel oil.

Thirty percent water will lower the temperature significantly during the

devolatiiisation of nitrogen compounds reducing the conversion efficiency of nitrogen to NO^. To
clarify whether the droplet size is important, further work was carried out on emulsions with
varying droplet size distributions.

The NO^ emissions remained constant with variation in

atomising air flowrate for each of the emulsions.

This confirms the pre-atomised nature of

emulsion combustion and that the spray distribution is not important in determining the NO^
emissions.

However, the oil droplet distribution is important in determining the fuel NO^

conversion efficiency. Figure 5.5.4 shows the NO^ emissions decrease with increase in emulsion
oil droplet VMD. The most likely reason for greater NO^ emissions from smaller oil droplets is
the better fuel/air mixing and higher conversion efficiencies of volatile nitrogen to NO^ early in
the flame.

G.

Flow regime

Figures 5.5.9 and 5.5.10 show that recirculation zones occur over the first 26 % and 30 % of the
fumace at 1023 K and 1373K respectively. Combustion in the furnace is likely to reduce these
recirculation zones significantly. Carbon monoxide profiles from DTF2 show the flame length for
LIFO is only 100 mm at 1173 K. Figures 5.5.11 and 5.5.12 show that it takes about 30-40 % of
the fumace length before the inlet air has reached the temperature of the fumace wali. The 1A
atomiser was used in this model promoting high atomising air velocities. As the other atomiser
configurations have lower atomising air velocities they are likely to reduce the recirculation zones
still further.

H.

Comparison with DTF1 results

At 1273 K with a 2B atomiser LIFO bumt in DTF1 gave 380 ppm NO^ emissions and DTF2 gave
260 ppm NO^ emissions. DTF1 is fully insulated and is heated with three separate zones, which
would not represent isothermal conditions. The peak flame temperature in DTF1 is therefore
likely to be much higher than the fumace wall temperature. In fact the fumace wall temperature
rises by approximately 50 K above the set temperature during the run. So it is possible that the
flame temperature is 100-200 K higher than the fumace set point.
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Previous work on

nitrogen-free gas oil bumt at a fumace temperature of 1373 K has produced 25 ppm
thermal/prompt NO^.

The RCS model calculated a temperature of 1623 K to produce this

amount of thermal/prompt NO^, a flame temperature 250 K above the fumace set point. DTF2
was built specifically to produce Isothermal flame conditions, by Including ten heated fumace
elements each Individually operated and by avoiding the heavy lagging used on DTF1. The flow
pattems In each of the fumaces are also likely to be different affecting the NO^ emissions further.
The difference In temperatures and flow pattems Is believed to lead to the differences In NO^
levels.

In DTF1 the fumace set-point temperature was not found to Increase the NO^ emissions for
combustion of heavy residue and emulsion. The flame temperature In DTF1 Is not believed to
be controlled significantly by the fumace temperature especially at fumace temperatures which
are much lower than that of the flame. In DTF1 the fumace Ignites the flame and stabilises It as
a quart would do In a larger combustor. The flame temperature would not Increase substantially
unless the fumace Is hotter than the flame. As discussed above DTF2 Is believed to be much
closer to Isothermal conditions, such that the flame temperatures and hence fractional
conversion of nitrogen will follow the fumace set point temperature closely.

5.5.3

1.

Stimmary

There Is negligible formation of thermal/prompt NO^ In DTF2 from the combustion of fuel oil

and Its water-continuous emulsion.

At a fumace temperature of 1473 K the maximum

thermal/prompt NO^ emission Is 8 ppm. The reduction In NO^ from emulsions Is therefore not
just due to the thermal NO^ mechanism as has been previously proposed, though at higher
temperatures the thermal NO^ mechanism will have more Influence.

2.

Increasing the furnace temperature was found to raise the fractional conversion of

fuel-nitrogen to NO^ by 5-20 % for every 100 K rise In temperature.

3.

The fractional conversion of fuel-nitrogen to NO^ was found to decrease with Increasing

atomising air flowrate. The reduction Is believed to be caused by Increasing the proportion of
relatively cool atomising air Into the devolatiiisation zone of the flame.

4.

The atomiser configuration used In the DTF Is critical In determining NO^ emissions. An

atomiser with a low atomising air velocity and a relatively high scrub air velocity will promote
alr/fuel mixing and high fractional conversion of fuel-nitrogen. On the other hand high atomising
air velocity and low scrub air velocity will promote low NO ^ emissions.
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5.

The atomising air flowrate was not found to affect the NO^ emissions from an emulsion.

This indicates that emulsions bum as pre-atomised fuels and the most important criterion for
fractional conversion of fuel-nitrogen is the oil droplet distribution in the emulsion. The smaller
the VMD of the oil droplet distribution the greater the fractional conversion of fuel-nitrogen to
NO^. This is due to better fuel/air mixing of small oil droplets.

6.

The NO^ is very sensitive to the oxygen concentration. The oxygen concentration must be

± 0.2 % to achieve repeatable NO^ readings of 10 ppm.

7.

DTF2 is an excellent fundamental tool to follow NO^ evolution as the results indicate that the

fumace is almost completely isothermal. On the other hand the flame temperatures in DTF1 are
believed to be substantially in excess of the fumace set point due to the heavy lagging.
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Atomiser
config

Atomising air
gap (Number)
mm

Fluid nozzle
diameter
(Letter) mm

Atomising
air annulus
mm%

Scrub air
gap/mm

Atomising
air velocity
m/s

Scrub air
velocity
m/s

1A
2B
3B
2B;washer 1
2B;washer 2

1.68
1.77
1.95
1.77
1.77

1.30
1.27
1.27
1.27
1.27

0.90
1.19
1.72
1.19
1.19

1.23
0.33
1.63
0.89
1.37

336
298
221
298
298

10.2
38.9
7.6
14.2
9.1

K

Table 5.5.1 Atomiser configurations.

Run No Temp K

36
37
37
38
38

1273
1273
1473
1273
1273

Atomiser
Config

Scmb air
gap/mm

Atom air
gap/mm

Diluent

28

0.33
0.33
0.33
1.63
1.63

1.77
1.77
1.77
1.95
1.95

M O O 2IO 2
Air
Air
Air
Air

28
28
38
38

Atom flow Probe NOx (Dry)
g/min
pos/mm
ppm
23.2
23.2
23.2
23.2
23.2

666

0

666
666
666
100

4
7.6
5.9
8

Table 5.5.2. Gas oil NOy data.
Run No Temp K

Atomiser
Config

Scrub air
gap/mm

Atom air
gap/mm

Diluent

Air

15

666

282 (2)

Ar/C02/02
Ar/C02/02
Ar/C02/02
M C O 2IO 2
Ar/C02/02
Ar/C02/02
M O O 2IO 2
M O O 2IO 2
M C O 2IO 2
Air
M C O 2IO 2
M C O 2IO 2
M C O 2IO 2
M C O 2 IO 2
M C O 2IO 2

23.2
15
23.2
15
15
23.2
15
23.2
23.2
23.2
23.2
15
23.2
15
15

666
666
666
666
666
666
666
666
666
666
666
666
666
666
666

261 (2)
286.5 (2)
300
315(2)
228
180
210
245.5 (2)
282
260
200
197
254
268
248

25

1273

28

0.33

1.77

26
26
28
28
29
30
30
31
31
32
33
33
34
34
35

1273
1273
1373
1373
1173
1373
1373
1273
1373
1273
1273
1273
1273
1273
1273

28
28
28
28
28
1A
1A
38
38
28
28;washer 2
28:washer 2
28;washer 1
2B;washer 1
38

0.33
0.33
0.33
0.33
0.33
1.23
1.23
1.63
1.63
0.33
1.37
1.37
0.89
0.89
1.63

1.77
1.77
1.77
1.77
1.77
1.68
1.68
1.95
1.95
1.77
1.77
1.77
1.77
1.77
1.95

Atom flow Probe NOx (Dry)
g/min
pos/mm
ppm

Table 5.5.3 LIFO NOy data.

Run No Temp K

40
41
41
41
42
42
42
46
48

1273
1273
1273
1373
1273
1273
1373
1473
1473

Atomiser
Config

Scrub air
gap/mm

Atom air
gap/mm

Diluent

38

1.63
1.33
1.33
1.33
1.33
1.33
1.33
1.33
1.33

1.95
1.77
1.77
1.77
1.77
1.77
1.77
1.77
1.77

M O O 2IO 2
Ar/C02/02
M C O 2IO 2
M C O 2IO 2
Air
Air
Air
Air

28
28
28
28
28
28
28
28

M C O 2IO 2

Atom flow Probe NOx (Dry)
g/min
pos/mm
ppm
23.2

666

23.2
15
23.2
23.2
15
23.2
23.2
23.2

666
666
666
666
666
666
666
666

200
210(3)
208.5 (2)
230
209 (3)
215(2)
245
264
243

N.B. (x) In the NO% column indicates that x runs were earned out to get this mean figure.

Table 5.5.4 LIFO Emulsion NO% data.
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Figure 5.5.1 Effect of temperature on N0% for
nitrogen-free gas oil.
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Figure 5.5.9 Profile of the flow patterns at 1023 K
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Figure 5.5.10 Profile of the flow patterns at 1373 K
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Figure 5.5.11 Temperature profile at a furnace
temperature of 1023 K
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Figure 5.5.12 Temperature profile at a furnace
temperature of 1373 K
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5.6

NOj^-SOj^ INTERACTIONS (Drop tube fumace 2)

5.6.1

RESULTS

5.6.1.1

Fuels

Experiments were carried out to investigate the effect of sulphur on fuel NO^ emissions. Work
was carried out using Neuhof residue, a low sulphur/nitrogen fuel which has an analysis as
shown in Table 3.6. Neuhof has a sulphur content of 1.1 %wt and a nitrogen content of 0.5 %wt.
A residue with a lower sulphur content than 1.1 %wt is difficult to obtain unless the fuel has been
hydrogenated. Hydrogenated fuel was not used as the hydrogenation process alters the fuel
characteristics significantly. A low sulphur/nitrogen gas oil was added to the Neuhof residue at a
concentration of 1 0 %wt to reduce the viscosity of the fuel to acceptable fuel pre-heat
temperatures. The gas oil had a sulphur content of 0.2 %wt sulphur and a negligible nitrogen
content.

A low sulphur/nitrogen hydrogenated gas oil was used to investigate the effect a low
concentration of sulphur has on fuel NO^ emissions.

The hydrogenated gas oil had a

sulphur/nitrogen content in the order of a few ppm. Xylene was added to the hydrogenated gas
oil at a concentration of 25 %wt to increase the aromaticity of the fuel.

This mixture is not

representative of a typical fuel, but allows NO^ and SO^ interactions to be followed in a liquid
hydrocarbon fuel.

5.6.1.2

Additives tested

Sulphur and nitrogen additives were added to the fuels to increase the 80^ and NO^ emissions.
An additive was chosen with the following characteristics: non-toxic, boiling point higher than the
fuel pre-heat temperature ie 377 K, soluble in benzene and fuel oil, aromatic compound of
similar composition to sulphur/nitrogen in fuel oil, high %wt sulphur/nitrogen, low cost and low
odour. Pfefferle and Churchill (1986) and Clark (1988) showed that the fractional conversion of
fuel-nitrogen species to NO was the same regardless of the fuel-nitrogen type and bulk fuel type.
Fenimore (1972) also observed that there was no difference in the yields of NO for different fuel
additives (ammonia-NHg, methylamine-CHgNHg, methacrylonitrile-CHgCH(CHg)CN and pyridineCgHgN) when added to an ethylene flame. These nitrogen additives could not be used because
their boiling points are too low. It is believed the fractional conversion of fuel-sulphur to 80^ is
the same regardless of the fuel additive. The sulphur additive will oxidise to 80g with 1-3 %
oxidising to 8 O3 and the nitrogen additive will oxidise to HCN following the fuel NO^ formation
mechanism given in section 2.2.2 2.
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Thianthrene was chosen as the sulphur additive as It Is soluble In benzene, has a b.p. of 638 K
and Is non-toxic. Quinoxallne was chosen as the nitrogen additive as It Is soluble in benzene,
has a b.p. of 493 K and Is non-toxic. Thianthrene and quinoxallne were dissolved In diesel fuel
with a similar aromatlc/allphatic content as refinery residue. The additives were found to be
soluble at the concentrations used In this work by determining the maximum content of additive
which did not cause precipitation.

The structures of thianthrene and quinoxallne are shown

below.

Thianthrene

Quinoxallne
5.6.1.3

Experimental conditions

A 2B atomiser configuration was used to spray the Neuhof residue at an atomiser temperature of
377 K under standard conditions of 23.2 g/mln atomising air flowrate. A 2B configuration was
also used for the gas oil, although, to prevent excessive release of gas oil through the atomiser
central fuel orifice, an original SS2850 with a central bore of 0.5 mm was used. The fuel pre
heat system was switched off and left at ambient conditions for the gas oil. An atomising air
flowrate of 23.2 g/mln was used.

The withdrawal probe was kept at a probe separation of 666 mm or 1000 ms residence time.
The fumace temperature was maintained at 1173 K and compressed air was used for the
combustion gas. Under these fumace conditions only fuel NO^ will be formed.

5.6.1.4

Neuhof residue

A.

Addition of sulphur additive

Experiments were carried out on Neuhof residue with 10 %wt gas oil with Increasing quantities of
sulphur additive present.

Thianthrene was added to the fuel to Increase the sulphur

concentration by 0.0, 0.25, 0.5, 0.75 and 1 %wt giving total sulphur concentrations of
approximately 1.0, 1.25, 1.5, 1.75, and 2 %wt In the fuel. Approximately 1 %wt sulphur was
found to be the maximum amount of sulphur that could be added before insoluble additive was
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observed deposited on the bottom of the heated can. The nitrogen content of the fuel varied
between 0.48 %wt with no sulphur additive to 0.46 %wt with 1 %wt sulphur additive. Figure 5.6.1
shows a gradual increase in SOg emissions on addition of thianthrene showing a even
conversion of fuel-sulphur to SOg. The conversion of fuel-sulphur to SOg was almost 100 %.
The NO^ emissions were found to decrease substantially on addition of increased quantities of
sulphur additive.

B.

Addition of sulphur and 0.5 %wt nitrogen additive

Experiments were carried out on Neuhof residue with 10 %wt gas oil and 0.5 %wt nitrogen as
quinoxallne to give a total nitrogen content of 0.95-0.98 %wt depending on sulphur additive
concentration. Thianthrene was added to the fuel to increase the sulphur concentration by 0.0,
0.5, 1.0 and 1.5 %wt giving total sulphur concentrations of approximately 1.0, 1.5, 2.0, 2.5 %wt
in the fuel. Addition of 1.5 %wt sulphur was found to be slightly insoluble, however SOg levels
increased significantly from 1.0 %wt sulphur. Figure 5.6.2 shows substantially higher levels of
NO^ than Figure 5.6.1 without sulphur additive, but not twice as much as may be expected from
doubling the quantity of nitrogen additive.

Figure 5.6.2 shows a gradual increase in SOg

emissions on addition of thianthrene confirming an even conversion of fuel-sulphur to SOg.
Again the NO^ emissions were found to decrease substantially on addition of increased quantities
of sulphur additive.

C.

Addition of control additive

Experiments were carried out on Neuhof residue with 10 %wt gas oil and addition of a control
additive. The control additive used was naphthalene which is non-toxic, has a similar b.p. of
493 K to the sulphur additive, is soluble in benzene and is of a similar aromatic structure to the
sulphur additive. The control additive was used to investigate whether a compound of a similar
nature to the sulphur additive would affect the NO^ emissions. Naphthalene was added to the
fuel in a similar quantity to the thianthrene added to increase the sulphur by 0.5 and 1.0 %wt.
Naphthalene giving an equivalent 0.5 %wt sulphur gave 451 ppm SOg and 198 ppm NO^, and
giving an equivalent 1 %wt sulphur gave 437 ppm SOg and 194 ppm NO^. No significant change
in NO^ was observed on addition of napthalene to the fuel.

5.6.1.5 Hvdroaenated aas oil

A.

Addition of sulphur additive and 0.25 %wt nitrogen additive

Experiments were carried out on hydrogenated gas oil with 25 %wt xylene and 0.25 %wt nitrogen
as quinoxaline.

Thianthrene was added to the fuel to increase the sulphur concentration by

0.125, 0.25, 0.5 and 0.75 %wt.

The additives were mixed in the xylene prior to addition to the
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gas oil. The sulphur additive was not found to dissolve completely in the fuei.

Figure 5.6.3

shows an increase in SOg with increase in thianthrene but the conversion of fuel-sulphur to SOg
did vary slightly. The conversion of fuel-sulphur to SOg
with the fuel oil.

was much lower thanthe conversion

The NO^ emissions did not change on addition ofincreased quantities of

sulphur additive.

B.

Addition of sulphur additive and 0.5 %wt nitrogen additive

Experiments were carried out on hydrogenated gas oil with 25 %wt xylene and 0.5 %wt nitrogen
as quinoxaline. Thianthrene was added to the fuel to increase the sulphur concentration by 0.25,
0.5 and 0.75 %wt. The additives were mixed in the xylene prior to addition to the gas oil. Figure
5.6.4 shows an increase in SOg with increase in thianthrene but as before the conversion of fuelsulphur to SOg did vary and the conversion was much lower than with the fuel oil. The NO^
emissions decreased slightly on addition of increased quantities of sulphur additive.

5.6.2

DISCUSSION

Addition of sulphur to Neuhof residue decreased the NO^ emissions by up to 30 %. A 30 %
reduction in NO^ was observed for addition of 1 %wt sulphur to Neuhof residue and a reduction
of 20 % in NO^ was observed for addition of 1.5 %wt sulphur to Neuhof residue containing
0.5 %wt nitrogen as additive. A maximum reduction of 70 ppm NO^ was observed for a 600 ppm
increase in SOg for each fuei. The NO^ remained constant for addition of sulphur to the gas
oil/xylene mixture containing 0.25 %wt and 0.5 %wt nitrogen as additive.

5.6.2.1

Additive solubilitv

On addition of the sulphur and nitrogen additives to Neuhof residue both additives dissolved
giving a homogeneous mixture. Combustion of the fuel showed increasing concentrations of
thianthrene gave correspondingly more SOg with almost complete sulphur to SOg conversion.
The solubility limit of thianthrene in Neuhof residue was found to be between 1 and 2 %wt
sulphur before the additive precipitated and depositied on the bottom of the heated can.
Although there were insolubility problems beyond 1 %wt thianthrene, adding more additive did
increase the SOg in the gas-phase. An increase in SOg serves the purpose of the experiment as
the interaction between nitrogen and sulphur species occurs in the gas-phase. Combustion of
the fuel with increasing concentrations of quinoxaline did not show correspondingly more NO^,
but a reduced nitrogen to NO^ conversion efficiency with increase In nitrogen content.

The

solubility limit of quinoxaline was found to be greater than 2 %wt, so no problems were
encountered with dissolving the nitrogen additive. These results are not surprising as they show
a reduced conversion efficiency with increase in nitrogen content as shown in Figure 2.6. This is
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explained in section 2 .2 .2 2 of the literature review which shows that NO^ reduction reactions
play a more significant role as the fuel-nitrogen content increases.

56.2.2

Additive ppmpatil?i|fty

The sulphur/nitrogen additives have low boiling points in comparison to sulphur/nitrogen species
in heavy residues. Additives with complex ring structures and higher boiling points were very
expensive and offered relatively low sulphur/nitrogen contents. Excessive quantities of additive
would therefore be needed which would change the fuel characteristics significantly. Hence a
compromise was made that reduced the quantity of additive used to minimise the interference
made to the volatilisation properties of the fuel. Naphthalene was used as a control as it has
similar volatilisation properties to the sulphur additive. The naphthalene had no effect on the
fuel NO^ emissions, so it was therefore concluded that the sulphur additive has no effect on the
physical properties of the fuel. It was also important to find out if the naphthalene had any effect
on the flame temperature as this is so important in determining the efficiency of fuel-nitrogen to
NO^ conversion.

The fumace wall temperatures were similar with and without naphthalene,

indicating no appreciable increase in flame temperature with the additive. The effect the sulphur
additive has on the fuel NO^ emissions must therefore be chemical, whether in the fuel or in the
gas-phase. As the sulphur additive is inert in the fuel it must be assumed that it is the interaction
of the sulphur in the gas-phase that causes a reduction in NO^ emissions.

5.6 2.3

NQ^-SO^ interactions

There is no reduction in NO^ on addition of sulphur to the gas oil/xylene mixture containing
nitrogen additive. Due to different volatilisation properties of the sulphur/nitrogen additives from
those of the sulphur/nitrogen in the fuel, it is possibie that the interaction of the nitrogen and
sulphur species occurs in different regions of the flame. The devolatiiisation of sulphur/nitrogen
additive wili occur quickly releasing the species in an environment where the sulphur has no
effect on the fuel NO^. On the other hand the devolatiiisation of sulphur/nitrogen in the fuel will
occur over a period of time in a different envionment where the sulphur does affect the fuel NO^.
With the different devolatiiisation properties of the fuels it is possible the fuel-nitrogen release
from the additives occurs in a fuel-rich zone which gives a staging effect and reduces the fuel
NO^ conversion.

The atomisation work on gas oil has shown that a fine spray is produced which is likely to
volatilise quickly into a cloud of hydrocarbon vapour and bum out in the gas-phase. Particulate
emissions were not observed for gas oil, so post-flame heterogeneous reactions between
volatiies and particulates cannot occur as with heavy residue.
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Wendt et al (1982) have shown that the reduction of NO^ with sulphur depends on the distance
from the flame front. The literature review has indicated that the competition for oxygenate
radicals through radical recombination is the mechanism behind NO^ reduction. Meuller et al
(1979) have shown that SOg reduces thermal NO^ but that this is only significant in the post
flame region. Therefore the sulphur/nitrogen additives which are released early In the flame will
not be affected by these radical recombination reactions. This will also be true for much of the
work carried out in the literature review where gaseous nitrogen additives were used forming fuel
NO^ early in the flame.

Fuel-sulphur/nitrogen are present in the Neuhof residue in large complex ring structures with high
boiling points. Volatilisation of sulphur/nitrogen species will occur gradually from the residue
droplets.

Results from section 5.1 have shown a concentration of nitrogen species in the

particulate during the early stages of coke formation. This indicates that nitrogen species are
associated with the higher molecular weight compounds such as the asphaltenes which are less
likely to bum out. The volatilisation of these nitrogen species from the residue droplet will occur
later in the flame and for some of the nitrogen will occur during coke bum-out. As Meuller has
suggested, the radical recombination reactions occur later in the flame when the fuel-nitrogen is
released from the residue. This explains the differences in the results between the gas oil/xylene
and the residue and shows the importance of the volatilisation properties of the fuel and the
sulphur/nitrogen species.

Further evidence for this theory is a reduction of 70 ppm NO^ for a 600 ppm Increase in SOg in
the flue gas for both Neuhof residue undoped and doped with nitrogen additive.

If the

volatilisation theory is correct then a reduction in NO^ would only occur for the fuel-nitrogen and
not the additive-nitrogen. As there is a 70 ppm reduction In both the doped and undoped fuels it
is possible that it is just the fuel-nitrogen that is affected by the radical recombination reactions
leading to a decrease in NO^ emissions. However, it is also possible that the reduction of NO^
reaches a maximum at around 70 ppm.

5.6 2.4

Comparison with modelling results

The results have shown that sulphur reduces NO^ produced from fuel-nitrogen In residual fuel oil
by 20-30 % and that the residence time is critical for this reduction. However, it is difficult to
interpret from the results the mechanism by which the reduction occurs. The literature review in
Chapter 2 has shown that many different mechanisms exist for the interaction of sulphur and
nitrogen species in combustion. The most likely mechanism for NO^ reduction is the competition
for oxygenate radicals. The modelling work in Chapter 4 confirmed there is a competition for
oxygenate radicals on addition of sulphur. Using the plug flow reactor (PFR) model with no backmixing a reduction of thermal NO^ was proposed. On addition of the perfectly stirred reactor
(PSR) model and a reduction in temperature a decrease in fuel NO^ of up to 25 % was proposed.
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The model temperatures used were equivalent to the experimental work in DTF1. This suggests
that the reduction in fuel NO^ occurs at low temperatures or under conditions of turbulence.
DTF2 results have indicated the residence time is important so turbulence effects are also likely
to be important, especially in the distribution of radicals.

The effect is likely to be more

pronounced at lower temperatures due to an imbalance in the radicals involved in the fuel NO^
formation mechanism as discussed in section 5.5.2.

NCO + H => NH + CO

(33)

NCO + NO => NgO + CO

(5)

NgO + H => Ng + OH

(6)

At lower temperatures NCO reacts with NO in preference to H to give NgO rather than NH. The
NgO then reacts with H radicals forming Ng. Reaction 33 becomes more significant with rise in
temperature. However at low temperatures a reduction in H atoms in the presence of sulphur as
shown by Tseregounis and Smith (1984) will increase the significance of reaction 5 and a
reduction in fuel NO^.

5.6.Z5

SUMMARY

The results from residual fuel oil have shown that sulphur reduces NO^ emissions from fuelnitrogen by 20-30 %.
nitrogen.

The sulphur was not found to affect the NO^ produced from additive

The results confirm work by other authors and the modelling work carried out in

Chapter 4. It is believed that sulphur reduces thermal NO^ at high temperatures and fuel NO^ at
lower temperatures when competition for oxygenate radicals is important. The residence time at
which this competition occurs is believed to be important so the turbulence and mixing
associated with a particular bumer will also be important. The reduction of NO^ is believed to
occur at a larger residence time so fuels that release fuel-nitrogen at these times will promote
interactions and reductions. Reductions are therefore likely with residual fuel oils, but not gases
or lighter hydrocarbon liquids as experimental work and literature have shown.

Desulphurisation of fuel oil will increase NO^ emissions; thermal NO^ increasing at the higher
temperatures and fuel NO^ increasing at the lower temperatures. The turbulence associated with
a particular bumer design will also affect the NO^ emissions; NO^ increasing with more
back-mixing of reactants.
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CHAPTER SIX
CONCLUSIONS
6.1

Introduction

This thesis has investigated the major pollutants formed from the combustion of heavy liquid
fuels using available literature, kinetic modelling and experimental work.

Pollutants such as SO^ and thermal NO^ have previously been investigated thoroughly and offer
few unanswered questions. Other pollutants such as prompt NO^ could not be investigated in the
DIFs.

NOg and NgO were measured and found to be insignificant in the work carried out,

although these results should be confirmed with another technique.

The work was therefore

aimed at fuel NO^ and particulate formation, major pollutants in heavy fuel oil combustion.

It is of commercial importance to understand the formation of these pollutants during combustion
as a function of the stoichiometry, residence time, temperature, spray size distribution, atomiser
design and fuel properties. It is also important to understand any interaction of these pollutants
with other combustion products.

From this understanding it will be possible to determine the

most cost-effective pollutant control methods and how to optimise their performance.

6.2

PARTICULATE FORMATION

6.2.1

Particulate burden

The burn-out of emulsion particulates was always found to be better than that of neat oil
particulates. In fact, the amount of residue from the burn-out of emulsion particulates was as
small as the ash level of the fuel.

This is due to the "pre-atomised" nature of emulsion

combustion. This recognises that in an emulsion the oil droplets are finely dispersed prior to
atomisation.

Hence providing each droplet in the atomised spray remains as an oil-in-water

emulsion and contains several discrete oil droplets, and providing that the oil droplets do not
agglomerate as the water is vaporised, the effective size of the oil droplets will be smaller than
the spray droplet size. The results indicate that the pre-atomisation of any particulate forming
fuel such as heavy fuel oil will assist in complete carbon bum-out and maximum combustion
efficiency.

Coke bum-out is controlled by boundary layer diffusion of oxidant to the particle surface in the
high temperature regions of a flame. Under boundary layer control an emulsion which consists
of a large number of smaller particles has a larger total surface area to volume of fuel and will
therefore bum out to a greater extent. The emulsion particulates collected had a larger surface
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area than neat oil particulates. Coke burn-out is controiled by chemical reactivity in the lower
temperature regions of a flame or flue gas.

Under these conditions the reactivity of the

particuiate surface wiil control the rate of oxidation. The emulsion particulates were found to be
more reactive and bum out to a greater extent at lower temperatures. The ash content of the
particulates is believed to be of direct significance to the surface reactivity; increasing reactivity
with rise in ash content. At the temperatures considered, catalysis of carbon burn-out by ash is
most piausibie.

It is aiso possible that the increased ash content assists in pore structure

development during bum-out, opening up more avaiiable surface area tor oxidation.

The spray characterisation work showed that emulsions produce narrower distributions with
higher volume median diameters (VMDs) than oil sprays. The droplet size distribution of the
original emulsion was found to be important in determining the spray size distribution, especiaily
since the distribution of sprayed emulsion cannot be reduced to less than the droplet size
distribution of the emulsion. A direct relationship between air velocity and VIVID was established
which agrees with literature. The spread of a distribution was found to be a more important
parameter in determining particuiate bum-out than the VMD of a distribution. As an emuision
has a tight distribution it produces fewer large droplets in excess of 100 pm than a heavy fuel oil.
As large droplets are more difficult to burn-out the use of emulsions prevents high unbumt
carbon losses. Hence, reductions in particulates from emulsion combustion are due to the "preatomised" nature of emulsions and the tighter spray characteristics of emulsions. The spray work
showed no indication of emulsion inversion oraggiomeration of dropiets during atomisation.

The combustibiiity of coarse emuision sprays was not as good as that for fine emulsion sprays.
The resuits suggest that the "pre-atomised" theory of emulsion combustion does not hoid for
iarge spray droplets, but that carbon burn-out is still good.
coalescence of oil droplets in the coarse spray droplets.

This is believed to be due to

In the coarser spray droplets of an

emulsion, water trapped in the centre takes ionger to superheat, in which time the oil droplets in
the spray have time to coalesce. Several coalesced droplets will not bum out to the extent that
the individual droplets will, hence the particulate burden will increase. On the other hand water
trapped in the centre of small spray droplets will superheat quickly causing micro-explosions
which force the oil droplets to disintegrate into individual satellite droplets. These small satellite
dropiets with a similar size to the original oil droplet distribution wiii then bum out quickiy.

The carbon burn-out was found to be independent of temperature in DTF1 and dependent on
temperature in DTF2. This is because the flame temperature in DTF1 is relatively independent
of the furnace temperature. As DTF1 is weli insulated the flame loses very little heat, causing
the flame temperature to increase above that of the furnace temperature. As DTF2 is isothermai
the flame temperature will follow the furnace temperature, hence carbon burn-out is dependent
on the furnace temperature.
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Because emulsion particulates are burnt out to a much greater degree, combustion of an
emulsion can be carried out at a much lower excess air level which offers the potential to reduce
particulates and NO^ simultaneously.

6.2.2

Particulate structure

Particulate formation from heavy fuel oil follows a different process in a water-continuous
emulsion than it does in a neat fuel.

Large thin-walled particulates with broken shells were

observed in the first 200 ms of the combustion of neat heavy fuel oil. As the walls of these
particulates were so thin, much less than 0.1 pm, the particulates burp-out very rapidly, in times
of the order of a few milliseconds. It is because these particulates bum out so rapidly leaving
behind typical rough cenospheres with surface blow holes that they are not observed in industrial
combustion devices. It is presumed that these particulates are inflated by the internal evolution
of volatiles whilst the droplet is still elastic. The formation and size of these particulates are
likely to involve a balance between gas evolution, increasing skin viscosity and ultimate
solidification, rate of heating and oxygen availability.

Promotion of this particulate formation

mechanism may reduce the amount of unbumt carbon.

Small, smooth, spherical particulates with few surface holes are formed from emulsion
combustion. It is believed that the slower heating rate emulsion droplets experience early in the
flame due to the emulsion water will allow the more volatile species to escape from the droplets
before a viscous layer is formed. The limited amount of volatile material trapped within the oil
droplet is insufficient when vaporised to expand the shell significantly to blow holes in the surface
of the structure. Emulsion droplets are likely to have small temperature differences between the
centre and surface of the droplet, again allowing an even release of volatiles before a viscous
layer is formed. Hence smooth particulates with no surface blow holes result from an emulsion
with small oil droplets.

6.3

FVEL NOx FORMATION

Fuel NO^ formation from heavy fuel oils and emulsions was found to be dependent on the
stoichiometry, temperature, residence time, spray size distribution, atomiser design and fuel
properties.

6.3.1

Water-continuous emulsion

The NO^ formation was always much lower for emulsion combustion than heavy fuel oil
combustion. Work carried out with nitrogen-free gas oil and Ar/COyOg showed that there is
negligible formation of thermal and prompt NO^ in the DTFs. The NO^ that is formed is most
likely to be prompt NO^ as the temperatures are too low for thermal NO^ formation. In DTF1 at a
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a furnace temperature of 1373 K 25 ppm prompt NO^ are formed and in DTF2 at a furnace
temperature of 1473 K 8 ppm prompt NO^ are formed. Therefore the reduction in NO^ from
emuisions is due to a reduction in fuel NO^ and not exclusively thermal NO^ as had previously
been proposed. As an emulsion contains 30 % water it wiil lower the flame temperature by up to
a 100 K reducing the fuel-nitrogen to NO^ conversion efficiency.

6.3.2

Stoichiometry

The most significant effect on the fuel NO^ emissions was the stoichiometry. The conversion of
fuel-nitrogen to NO^ for heavy fuel oils and emulsions was almost halved by changing from rich
to lean combustion. This is because rich conditions provide gaseous reducing agents to convert
NO^ to molecular nitrogen.

These results are important when considering NO^ reduction

techniques such as staged combustion, which uses early rich conditions to minimise NO
formation before air is introduced to complete combustion, or air staged burners, which form a
reducing zone in the devolatilisation region of the flame. Lean conditions must be prevented so
the overall reduction is determined by the effectiveness of fuel/air mixing.

6.3.3

Temperature

The furnace temperature of DTF1 was not found to affect the fractional conversion of fuelnitrogen to NO^. However the furnace temperature of DTF2 was found to increase the fractional
conversion of fuel-nitrogen to NO^ by 5-20 % for every 100 K rise in temperature. Combustion of
nitrogen-free gas oil in DTF1 and comparison with the kinetic model indicates that the DTF1
flame temperatures are up to 250 K higher than the furnace set point. This is due to heavy
insulation around the furnace which prevents heat loss from the flame and isothermal conditions.
The kinetic model was also used to confirm the effect temperature has on the fuel NO^ emissions
from DTF2. The model has shown that as temperature increases from 1173 K to 1373 K, NGO,
an important intermediate in the fuel NO^ mechanism, preferentially reacts to form NO rather
than NgO, increasing the total fuel NO^with temperature. NgO is not observed in the DTF at the
temperatures considered as it quickly reacts with H radicals forming Ng. DTF2 is an excellent
tool for following NO^ evolution as the results indicate that the fumace is almost completely
isothermal.

6.3.4

Residence time

The NO^ profiles measured on DTF1 show only minor variations in NO^ with residence time.
Some of the profiles show a gradual increase in NO^ emissions coupied with a decrease in CO
emissions during the first 200 ms at iow fumace temperatures. These profiles show the gradual
release of fuel-nitrogen from the droplets as the fuel bums.

The release of fuel-nitrogen is

important in determining which NO^ control strategy should be used and how to make it most
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effective.

The fuel-nitrogen was found to concentrate in both emulsion and heavy residue

particulates during combustion, presumably associating with the less volatile material. This is
consistent with the nitrogen being present in more complex aromatic rings and asphaltene
molecules. However, during coke burn-out the nitrogen was released at a similar rate to carbon
as boundary layer diffusion controls the even release of nitrogen and carbon at the surface.
Literature has shown that the presence of solid particles in the flame and combustion products
gives rise to heterogeneous NO reduction on the gas/solid interface.

There was no clear

evidence from the NO^ profiles to show that significant heterogeneous NO reductions were
occurring during heavy fuel oil combustion.

6.3.5

Atomising air flowrate

The fractional conversion of the fuel-nitrogen in heavy fuel oil to NO^ was found to decrease with
increasing atomising air flowrate and decreasing spray VMD. The reduction is believed to be
caused by increasing the proportion of relatively cool atomising air entering the devolatilisation
zone of the fuel. The atomising air flowrate was not found to affect the NO^ from an emulsion.
This again confirms the "pre-atomised" nature of emulsion combustion and that the most
important factor for fractional conversion of fuel-nitrogen to NO^ is the oil droplet distribution in
the emulsion.

Decreasing the VMD of the oil droplet distribution was found to increase the

fractional conversion of fuel-nitrogen to NO^.

This is due to better fuel/air mixing of small

droplets which volatilise quickly.

6.3.6

Atomiser configuration

The atomiser configuration used in the DTF was found to have a large effect on the NO^
emissions and varying the configuration slightly could alter the NO^ by as much as 100 ppm. An
atomiser with a high atomising air velocity and relatively low secondary air velocity promoted a
long flame with poor fuel/air mixing and low NO^ emissions. However, due to the high atomising
air flowrates used in the DTF the application and relevance of these results to full-scale
atomisers is not known.

The fuel NO^ emissions were also dependent on the fuel properties, such as sulphur content, as
discussed in more detail in the next section.

6.4

INTERACTION OF FUEL NOLAND SULPHUR IN COMBUSTION

Literature has shown that there is a strong possibility that NO^ will increase if sulphur is removed
from the fuel prior to combustion. This is because the OH radical concentration diminishes to
some extent in the presence of SOg. This in turn lowers the amount of thermal NO^ produced
through the Zeldovich mechanism and also increases the concentration of reduced sulphur
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species available to reduce NO^. Overall it is believed that sulphur reduces the thermal NO^, but
not the fuel NO^, and the effect is strongest just lean of stoichiometric.

The kinetic model used at the Research Centre Sunbury (RCS) gave a good comparison with
experimental results presented by Pfefferle and Churchill (1989).

Overall the RCS model

predicted a 25 % reduction in thermal NO^ with sulphur, exceeding the 5-10 % reduction
observed in the experimental work by Pfefferle and Churchill (1989). On addition of sulphur the
OH and O concentrations reduce decreasing the rate of the Zeldovich reaction and thermal NO^
emissions.

The RCS model and the model of Pfefferle and Churchill (1989) predicted a 1-5 % reduction in
fuel NO^ on addition of sulphur. This compares with the experimental results of Pfefferle and
Churchill (1989) which showed a 10-20 % reduction in fuel NO^ on addition of sulphur.

On

addition of the perfectly stirred reactor (PSR) code to the RCS model the sulphur was found to
decrease the fuel NO^ emissions by 10-25 %. The back-mixing associated with the PSR code
increases both the competition for radicals and the effect sulphur has on the radical
concentration.

Due to the significant reduction in fuel NO^ seen in the experimental work of

Pfefferle and Churchill (1989) it is likely that there is certain amount of back-mixing in their
reactor leading to radical competition and significant reductions in fuel NO

Results from DTF2 have shown a 20-30 % reduction in fuel NO^ from residual fuel oil on addition
of sulphur at a temperature of 1173 K. The sulphur was found to have no effect on the NO^
produced from the nitrogen additive used in the gas oil and residual fuel oil. The results confirm
the modelling work showing that sulphur reduces fuel NO^ under certain conditions. It is believed
that sulphur reduces thermal NO^ at high temperatures and fuel NO^ at lower temperatures when
competition for oxygenate radicals is important. The results from DTF2 suggest the residence
time at which a reduction in NO^ occurs and therefore the competition for oxygenate radicals is
important. This confirms the modelling work which shows a significant reduction in NO^ with
sulphur addition on adding turbulence to the model.

The significance of this is that the

turbulence and mixing associated with a particular bumer will alter the effect the sulphur will
have on the fuel NO^.

The NO^ is most likely to increase with greater recirculation and

back-mixing of reactants.

The results suggest that a reduction in NO^ occurs later in the flame. Fuels that release fuelnitrogen over a period of time will promote nitrogen and sulphur interactions and reduce the fuel
NO^ emissions. Work has shown nitrogen concentrates in fuel oil, volatilising over a period of
time from the droplet. Reductions are therefore likely with heavier fuels such as residual fuel oil,
but not gases or lighter hydrocarbon liquids as experimental work and literature have shown.
Desulphurisation of fuel oil is likely to increase NO^ emissions; thermal NO^ increasing at the
higher temperatures and fuel NO^ increasing at the lower temperatures.
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CHAPTER SEVEN
RECOMMENDATIONS FOR FUTURE WORK
The conclusions presented in chapter six indicate that the drop tube furnaces can yield valuable
results about the major pollutants from the combustion of heavy fuel oils and emulsions.
However the results obtained in this thesis need to be compared with larger combustion devices
to assess the relevance and impact of the work. The following suggestions are made for possible
future work:

1.

The flame temperature of DTF1 was found to be in excess of the fumace temperature.
Knowledge of the flame temperatures inside the fumace would assist in the interpretation
of the results so it is suggested temperature profiles are measured along the vertical axis
of the fumace through the flame zone.

A thin-wire thermocouple connected to the

bottom probe and traversed through the fumace could be used to measure the
temperature profile. The temperature profile is especially important when comparing the
flame temperatures of heavy fuel oil and emulsion, as the NO^ reduction from an
emulsion is believed to be partly due to a reduction in the flame temperature. This could
be confirmed using physical temperature measurement.

2.

NgO measurement using an IR analyser gave very low levels of pollutant. Low levels of
NjO would be expected at the temperatures used in the DTF, however, a secondary
technique such as gas chromatography should be used to confirm these findings. Gas
chromatography should be carried out on grab samples taken from the fumace and must
be analysed shortly after collection. This would confirm the low NgO emissions from
heavy fuel oil under these combustion conditions. NOg measurements were also very
low and were expected to be higher. Another technique should be used to confirm these
results.

3.

The twin-fluid atomiser used on the DTF was found to alter the NO^ emissions
significantly. The DTF could therefore be used to investigate the principles behind NO^
reduction using different atomiser designs.

This would be particularly useful if flow

models such as FLUENT and kinetic models such as Chemkin could be used in
conjunction with the DTF, a simple rig to model. The applicability of these results to fullscale atomisers should be investigated.

4.

The chemical reactivity of the surface of a particulate was found to follow the ash content
of the particulate.

Further investigation would show whether the ash present in the

particulate assists in the catalytic bum-out of carbon or whether the ash assists in pore
structure development and increased surface area for oxidation.
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5.

Promotion of the large thin-shelled particulates observed early in the DTF could reduce
the particulate emissions. Testing various additive combinations and observing these
particulates and the solid burden would clarify this.

6.

The effect of stoichiometry on fuel NO^ emissions has been investigated. The use of
stoichiometry in NO^ control strategy should now be investigated by testing air staging
and rebuming experiments in the drop tube fumaces.

7.

To analyse further the release of fuel-nitrogen various nitrogen compounds doped in fuel
oil should be bumt and the particulates collected at different residence times.

8.

Although literature has shown that the NO^ and SO^ emissions are independent of the
type of nitrogen and sulphur additive used, investigation of different types of additive
would confirm this.

9.

To identify whether the competition for oxygenate radicals is the mechanism behind
reduction of fuel NO^ on addition of fuel-sulphur, analysis of O, OH and N radicals should
be made.

Dedicated gas sampling and analysis equipment would be required to

measure these radicals.

10.

The effect sulphur has on thermal NO^ emissions in heavy fuel oil combustion could not
be investigated with the drop tube fumace.

Higher temperature conditions producing

reasonable quantities of thermal NO^ would be required for this work. Separation of the
fuel NO^ and the thermal NO^ could be carried out with an Ar/COyOg mixture, although
the prompt NO^ could not be separated from the thermal NO^.

11.

The reduction of fuel NO^ on addition of sulphur was found to be dependent on the
residence time. The water-cooled probe in the DTF is believed to alter the radical pool
significantly upon insertion, so this could not be used effectively to withdraw gas from the
fumace as a function of residence time. It is therefore suggested a small steam-cooled
probe is used to investigate the effect the residence time has on the radical pool in a
flame and the NO^-SO^ interactions.

12.

To investigate the effect temperature has on the interaction of sulphur with fuel NO^ and
thermal NO^ higher temperature apparatus is required.
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APPENDIX 1 REACTIONS USED IN THE THESIS
1.

C + Og => COg

2.

Hg + 1/2 Og => HgO

3.

2 C + Og =*' 2CO

4.

NH + NO => NgO + H

5.

NCO + NO

6.

NgO + H => Ng + OH

7.

NgO => N^ + O

8.

NgO + O =» 2 NO

9.

NO + O3 => NOg + Og

10.

NO + HOg => NOg + OH

11.

NO + 0

12.

NOg + H => NO + OH

13.

NOg + 0

14.

H + Og + M => HOg + M

15.

0 + Ng

NO + N

16.

N + O2

NO + 0

17.

N + OH

18.

CH4 + M => CH3 + H + M

19.

CH4 + Og => CH3 + HO2

20.

CH^ + H => CH3 + H2

21.

CH4 + 0

22.

CH4 + OH => CH3 + H2O

23.

OH + N2 => HON + N

24.

CH2 + N2 => HON + NH

25.

NH + H => N + H2

26.

ON + H2( 0 ) => HON + H(0 )

27.

HON + OH + M =» HOON +

28.

HOCN + H => OGN + H2

29.

OGN + H => GO + NH

30.

G5H5N => HGN + G4H4

31.

HGN + 0

=> NGO + H

32.

HGN + 0

=> NH + GO

33.

NGO + H => NH + GO

34.

CH3 + N => H2GN + H

35.

H2GN + M => HGN + H + M

36.

NO + NO => N2 + O2

37.

NHj + NO => N2 + HjO

38.

NHj + NHj => N2 + H.

NgO + CO

=> NOg

=> NO + Og

NO + H

=> CH3 + OH
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HZ

<= (0 -) + O^N

\L

(0 N 0 -) + (N0-)

OZ

<= (N

0-)

69

(N 0-) + (O 0-) <= (0-)Z + ON

89

(0 0 -)+
(0-)Z + O^N ^
iO-)Z +

<= (0-) + ON

Z9

(0-) + ON <= (ONO-)

99

■) + (O 0-) *= (N0-) + (0-) + ^O

S9

OZ + ^(^N) <= (N)0 + (N) 0

>9

(O 0-) + ^NZn

<f= 03 + ON

89

HO'O + ^N <= HN'N + ON

39

(0 )0 + (N)0

HO'H + HN

19

<= HO'H + ONH

09

S + ON <= OS + N

6S

S + ^N <= SN + N

99

N + OS <= SN + O

ZS

O + SN <= ON + S

9S

^S + ^N <= SN3

SS

OS + ^N <= ON + SN

V9

S + ONH <= ON + HS

€9

OS + HN <= ON + HS

39

HO + SN <= ON + HS

L9

O^H'^H + N ^
O^H'^H + ON

^OS + ON

^OS + ^ON

09

+ ON3

*61^

+ ^OSZ

9V

HO + ^N <= ON + HN

IV

^H + ON <= H + ONH

'9V

HO + HN <= H + ONH

9V

^ON3 <=
^OS3 <=

l/M + ONH

l/\l + ON + H

VV

^OS + AX <= A + ^OSX

ZV

l/M + ^OSX

*=

l/M + ^OS + X

ZV

HO + ^OS <= H + ^OS

IV

^O + ^OS <= O + ^OS

OV

l/M + ^OS

<=

<=

l/M + O + ^OS
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APPENDIX 2 ANALYTICAL TECHNIQUES
Fuel analysis:

Asphaltenes

Use

Determination of heptane-insoluble asphaltene content of gas oil, diesel fuel,
fuel oil, lubricating oil and bitumen.

Equipment : Standard laboratory equipment.
Sample

10 g; but depending on anticipated content.

Method

A quantity of the sample is dissolved in heptane and the insoluble material,
consisting of asphaltenes and waxy substances, is separated under hot reflux with
heptane. The asphaltenes are isolated by extraction with toluene.

Limitations : Limits of detection

: None; the lower the concentration, the more sample

needed.
Accuracy

: 0.05 % for results less than 1.00 %wt/wt
: 0.1 % for results more than 1.0 %wt/wt

B.

latroscan TLC

Use

Determination of saturates, aromatics, resins A, resins B.

Equipment

latroscan TH-10 mark 3/mark 5.

Sample

5 ml

Method

An amount of sample is placed on four silica-coated rods. These are left in a bath
of heptane for several hours, to remove saturates (by the principle of thin-layer
chromatography).

The process is repeated with toluene (aromatics), and finally

methyl-chloroform (Resins A, B).

The rods are left to dry, then placed in the

latroscan machine, which flame-ionises the separated samples. The ions escape
to an anode and cathode, and the voltage resulting is multiplied, and is
proportional to amount.

The flame moves down each of the four rods, and an

average reading for each of the saturates, aromatics, and resins is taken.
Limitations :

+/- 2 % accuracy.
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X-rav fluorimetrv

Use

Quantitative analysis of grindable solids.

Equipment

Philips PW1404 wavelength dispersive XRF spectrometer.

Sample

20 mg

Method

Zirconium (IV) oxide is initially added (as an integral standard) to each sample in
constant weight proportion. This mixture is then finely ground, typically reducing
the materials to a mean particle size of 10 p,m or less. They are then distributed
across a 6 pm thick Mylar window support, which is finally placed in the X-ray
fluorimeter. Quantitative and qualitative results can then be obtained.

Limitations

Limits of detection

: Vary for each element, but typically 0.5-1 %.

Accuracy

: + /-10 %

D.

Kinematic viscositv

Use

Determination of the kinematic viscosity of liquid petroleum products, both
transparent and opaque.

Equipment : A viscometer (glass capillary type) and associated laboratory equipment.
Sample

100 ml

Method

The time is measured in seconds for a fixed volume of liquid to flow undergravity
through the capillary of a calibrated viscometer under a reproducible driving head
and at a closely controlled temperature. The kinematic viscosity is the product of
the measured flow time and the calibration constant of the viscometer.

N.B.

Different viscometers are used for transparent and opaque liquids; a reverse-flow
type is used for opaque liquids.
Limitations : +/-1.5 % accuracy

E.

Use

Density

Determination of the density of petroleum distillates and viscous oils that can
be handled in a normal fashion as liquids at test temperatures between 288-308 K.

Equipment : Mettler/Paar Digital Density Meter model DMA45 or DMA46.
Sample
Method

5 ml
Approximately 0.7 ml of liquid sample is introduced into an oscillating sample tube
and the change in oscillating frequency caused by the change in the mass of the
tube is used in conjunction with calibration data to determine the density of the
sample.

Limitations : Accurate to 3 significant figures.
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F.

Water content

Use

Determination of water in petroleum products, tars and derived products.

Equipment :

Standard laboratory equipment.

Sample

100 ml or 100 g

Method

The material is heated under reflux with a water-immiscible solvent which co-distils
with the water in the sample.

Condensed solvent and water are continuously

separated in a trap, the water settling in the graduated section of the trap and the
solvent returning to the still.
Limitations :

Accuracy

: 0.05 % for results 1.0 % and below
0.1 % for results 1.0 % and above

Particulate analvsis:

G.

Scanning electron microscoov

Use

Examining the microscopic morphology of solid materials, especially particulates
or cenospheres produced during combustion.

Equipment:

Hitachi S2300 Scanning Electron Microscope.

SatDBie

1 mg

Method

The solid sample is firstly coated in a very fine layer of gold, under low pressure.
This is then mounted on a stub, and placed into the microscope, which is
evacuated.

A beam of electrons is then fired at the sample, and, using

electromagnetic lenses, an image can be produced, and sent to a television
screen. This can subsequently be printed.
Limitations :

Can magnify to approx. 20,000 times/sec to 5 nm.

H.

p^iiiPle giving

Use

Particle size distribution of various liquid and solid samples.

Equipment

Malvem 3601 particle size analyser.

§amp|g

2 ml of liquid or 10 mg solid, but from a larger representative sample.

Method

A background reading is firstly taken on the Malvem analyser. For the liquid the
sample is thoroughly stirred, and approximately 2 ml added to a buffer/surfactant
solution. For the solid the sample is thoroughly shaken, and approximately 10 mg
suspended in a liquid (water if solid insoluble).

Once the concentration has

reached the standard, it is pumped through the analyser, and another distribution
reading taken.

An intensity/distribution graph is automatically plotted on the

attached computer, and a median particle size found.
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Limitations :

Mean to 2 significant figures; less accurate for larger particle size samples.

Ash content of particulates
Use

Measurement of the non-carbon content of a particulate sample,to indicate
degree of bum-out.

Equipment:

Stanton-Redcrofl STA 780.

Sample

5 mg

:

Method

The sample is put Into the thermobalance, dried and weighed at 383 K.

When

there is no further weight loss from evaporation, it is cooled, being kept dry by a
flow of dry air over the surface. The dried weight is recorded. The fumace is then
ramped up to 823 K, and left there for 30 min (or until there is no more weight
loss). The sample is cooled again, and re-weighed when at ambient temperature.
The ash content is calculated from the initial dried weight and final weight of the
sample.
Limitations :

+/-1 % accuracy

J.

Thermooravimetric analvsis

Use

The measurement of the rate of oxidation of coke/particulate as a function of
temperature (Reactivity).

Equipment : Stanton-Redcrofl STA 780.
Sample
Method

: 5 mg
The sample is shaken, and 5 mg put inthe sample pan. The

test temperature is

set (normally 773 K), and the fumace moved to its top position. Nitrogen is left
flowing through the fumace for 5 min (to displace the air), and when the
temperature has stabilised at 773 K, the weight read-out re-ranged. The nitrogen
is switched back to air, and the computer scanning program switched on. After
20 min, the fumace is switched off and left to cool. Once at 303 K, the new weight
reading is taken. Reactivity is then calculated from the change in weight and time
taken.
Limitations : +/-1 % accuracy

K.

Elemental (CHN^ analvsis

Use

Determining C, H, N in liquids and solids.

Equipment

Perkin-Elmer 2400 CHN Elemental Analyser.
20 mg
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Method

The sample Is weighed, then combusted at 2273 K in high purity oxygen.

The

combustion products are swept through a catalyst bed, then reduction tube, and
the remaining gases (Ng, COg, HgO) separated on a gas chromatography column.
Each is then determined quantitatively.

The elemental concentrations are then

calculated by comparison with calibration data.
Limitations : Minimum amount detectable: C: 0.02 %
N: 0.1 %
H: 0.02 %
Accuracy: +/-1 %

276

APPENDIX 3A REACTION MECHANISM OF NITROGEN CHEMISTRY
IN COMBUSTION
Reaction Rate Coefficients in Form: Kj = A.T^.e^’^ ^
Units: moles, cubic centimeters, seconds, Kelvin, calories/mole
(Miller and Bowman 1989)

REACTION

n

E

1. CH3+CH3=C2H6 (FALLOFF FIT 600-2500K) 0.316E+37

-7.2000

750.0

0.208E+26

•4.0000

665.0

3. CH4+02=CH3+H02

0.790E+14

O.OOOOOE+00

56000.

4. CH4+H=CH3+H2

0.220E+05

3.0000

8750.0

5. CH4+0H=CH3+H20

0.160E+07

2.1000

2460.0

6. CH4+0=CH3+0H

0.102E+10

1.5000

8604.0

7. CH4+H02=CH3+H202

0.180E+12

O.OOOOOE+00

18700.

8. CH3+H02=CH30+0H

0.200E+14

O.OOOOOE+00

O.OOOOOE+00

9. CH3+02=CH30+0

0 205E+20

-1.5700

29229.

10. CH3+0=CH2+0H (IMPORTANT)

0.800E+14

O.OOOOOE+00

O.OOOOOE+00

11. CH20H+H=CH3+0H

0.100E+15

O.OOOOOE+00

O.OOOOOE+00

12. CH30+H=CH3+0H

0.100E+15

O.OOOOOE+00

O.OOOOOE+00

13. CH3+OH=CH2+H20

0.750E+07

2.0000

5000.0

14. CH3+H=CH2+H2

0.900E+14

O.OOOOOE+00

15100.

15. CH30+M=CH20+H+M

0.100E+15

O.OOOOOE+00

25000.

16. CH20H+M=CH20+H+M

0.100E+15

O.OOOOOE+00

25000.

17. CH30+H=CH20+H2

0.200E+14

O.OOOOOE+00

O.OOOOOE+00

18. CH20H+H=CH20+H2

0.200E+14

O.OOOOOE+00

O.OOOOOE+00

19. CH30+0H=CH20+H20

0.100E+14

O.OOOOOE+00

O.OOOOOE+00

20. CH20H+0H=CH20+H20

0.100E+14

O.OOOOOE+00

O.OOOOOE+00

21. CH30+0=CH20+0H

0.100E+14

O.OOOOOE+00

O.OOOOOE+00

22. CH20H+0=CH20+0H

0.100E+14

O.OOOOOE+00

O.OOOOOE+00

23. CH30+02=CH20+H02

0.630E+11

O.OOOOOE+00

2600.0

24. CH20H+02=CH20+H02

0.148E+14

O.OOOOOE+00

1500.0

25. CH2+H=CH+H2

0.100E+19

-1.5600

O.OOOOOE+00

26. CH2+0H=CH+H20

0.113E+08

2.0000

3000.0

27. CH2+0H=CH20+H

0.250E+14

O.OOOOOE+00

O.OOOOOE+00

28. CH+02=HC0+0

0 330E+14

O.OOOOOE+00

OOOOOOE+00

29. CH+0=C0+H

0.570E+14

O.OOOOOE+00

O.OOOOOE+00

30. CH+0H=HC0+H

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

31. CH+C02=HC0+C0

0.340E+13

O.OOOOOE+00

690.00

2. CH3+H=CH4

A

(FALLOFF FIT 300-2500K)
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REACTION

A

n

E

32. CH+H=C+H2

0.150E+15

O.OOOOOE+00

O.OOOOOE+00

33. CH+H20=CH20+H

0.117E+16

-0.75000

O.OOOOOE+00

34. CH+CH20=CH2C0+H

0.946E+14

O.OOOOOE+00

-515.00

35. CH+C2H2=C3H2+H

0.100E+15

O.OOOOOE+00

O.OOOOOE+00

36. CH+CH2=C2H2+H

0.400E+14

O.OOOOOE+00

O.OOOOOE+00

37. CH+CH3=C2H3+H

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

38. CH+CH4=C2H4+H

0.600E+14

O.OOOOOE+00

O.OOOOOE+00

39. C+02=C0+0

0.200E+14

O.OOOOOE+00

O.OOOOOE+00

40. C+OH=CO+H

0.500E+14

O.OOOOOE+00

O.OOOOOE+00

41. C+CH3=C2H2+H

0.500E+14

O.OOOOOE+00

O.OOOOOE+00

42. C+CH2=C2H+H

0.500E+14

O.OOOOOE+00

O.OOOOOE+00

43. CH2+C02=CH20+C0

0.110E+12

O.OOOOOE+00

1000.0

44. CH2+0=C0+H+H

0.500E+14

O.OOOOOE+00

O.OOOOOE+00

45. CH2+0=C0+H2

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

46. CH2+02=C02+H+H

0.160E+13

O.OOOOOE+00

1000.0

47. CH2+02=CH20+0

0.500E+14

O.OOOOOE+00

9000.0

48. CH2+02=C02+H2

0.860E+11

O.OOOOOE+00

-500.00

51. CH2+02=HCO+OH

0.430E+11

O.OOOOOE+00

-500.00

52. CH20+0H=HC0+H20

0.343E+10

1.1800

-447.00

53. CH20+H=HC0+H2

0.219E+09

1,7700

3000.0

54. CH20+M=HC0+H+M

0.331 E+17

O.OOOOOE+00

81000.

55. CH20+0=HC0+0H

0.180E+14

O.OOOOOE+00

3080.0

56. HC0+0H=H20+C0

0.100E+15

O.OOOOOE+00

O.OOOOOE+00

0.250E+15

O.OOOOOE+00

16802.

57. HCO+M=H+CO+M

(IMPORTANT)

CO

ENHANCED BY 1.900E+00

H2

ENHANCED BY 1.900E+00

CH4

ENHANCED BY 2.800E+00

C02

ENHANCED BY 3.000E+00

H20

ENHANCED BY 5.000E+00

58. HCO+H=CO+H2

0.119E+14

0.25000

O.OOOOOE+00

59. HC0+0=C0+0H

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

60. HCO+0=C02+H

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

61. HC0+02=H02+C0

0.330E+14

-0.40000

O.OOOOOE+00

62. C0+0+M=C02+M

0.617E+15

O.OOOOOE+00

3000.0

0.151E+08

1.3000

-758.00

0.160E+14

O.OOOOOE+00

41000.

63. C0+0H=C02+H
64. C0+02=C02+0

(IMPORTANT)
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REACTION

A

n

65. H02+C0=C02+0H

0.580E+14

O.OOOOOE+00

22934.

66. C2H6+CH3=C2H5+CH4

0.550E+00

4.0000

8300.0

67. C2H6+H=C2H5+H2

0.540E+03

3.5000

5210.0

68. C2H6+0=C2H5+0H

0.300E+08

2.0000

5115.0

69. C2H6+0H=C2H5+H20

0.870E+10

1.0500

1810.0

70. C2H4+H=C2H3+H2

0.110E+15

O.OOOOOE+00

8500.0

71. C2H4+0=CH3+HC0

0.160E+10

1.2000

746.00

72. C2H4+0H=C2H3+H20

0.202E+14

OOOOOOE+00

5955.0

73. CH2+CH3=C2H4+H

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

74. H+C2H4=C2H5 (FALLOFF FIT 1000-2000K) 0.352E+19

-1.5000

5305.0

75. C2H5+H=CH3+CH3

0.100E+15

O.OOOOOE+00

O.OOOOOE+00

76. C2H5+02=C2H4+H02

0.843E+12

O.OOOOOE+00

3875.0

77. C2H2+0=CH2+C0 (IMPORTANT)

0.102E+08

2.0000

1900.0

78. C2H2+0=HCC0+H

0.102E+08

2.0000

1900.0

79. H2+C2H=C2H2+H

0.409E+06

2.3900

864.00

-5.6800

6810.0

80. H+C2H2=C2H3 (FALLOFF F i l l 000-2000K) 0.155E+31

E

81. C2H3+H=C2H2+H2

0.400E+14

O.OOOOOE+00

O.OOOOOE+00

82. C2H3+0=CH2C0+H

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

83. C2H3+02=CH20+HC0

0.400E+13

O.OOOOOE+00

-250.00

84. C2H3+0H=C2H2+H20

0.500E+13

O.OOOOOE+00

O.OOOOOE+00

85. C2H3+CH2=C2H2+CH3

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

86. C2H3+C2H=C2H2+C2H2

0.300E+14

O.OOOOOE+00

O.OOOOOE+00

87. C2H3+CH=CH2+C2H2

0.500E+14

O.OOOOOE+00

O.OOOOOE+00

88. 0H+C2H2=C2H+H20

0.337E+08

2.0000

14000.

89. OH+C2H2=HCCOH+H

0.504E+06

2.3000

13500.

90. OH+C2H2=CH2CO+H

0.218D-03

4.5000

-1000.0

91. OH+C2H2=CH3+CO

0.483D-03

4.0000

-2000.0

92. HCC0H+H=CH2C0+H

0.100E+14

O.OOOOOE+00

O.OOOOOE+00

93. C2H2+0=C2H+0H

0.316E+16

0.60000

15000.

94. CH2C0+0=C02+CH2

0.175E+13

O.OOOOOE+00

1350.0

95. CH2CO+H=CH3+CO

0.113E+14

O.OOOOOE+00

3428.0

96. CH2CO+H=HCCO+H2

0.500E+14

O.OOOOOE+00

8000.0

97. CH2C0+0=HCC0+0H

0.100E+14

O.OOOOOE+00

8000.0

98. CH2C0+0H=HCC0+H20

0.750E+13

O.OOOOOE+00

2000.0

-4.9900

70780.

O.OOOOOE+00

1500.0

99. CH2CO=CH2+CO (FALLOFF FIT 300-2500K) 0.120E+29
100. C2H+02=CO+CO+H

0.500E+14
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REACTION

A

101. C2H+C2H2=C4H2+H

0.300E+14

O.OOOOOE+OO

O.OOOOOE+OO

102. H+HCC0=CH2(S)+C0

0.100E+15

O.OOOOOE+00

O.OOOOOE+OO

103. 0+HCC0=H+C0+C0

0.100E+15

O.OOOOOE+OO

O.OOOOOE+OO

104. HCC0+02=C0+C0+0H

0.160E+13

O.OOOOOE+OO

854.00

105. CH+HCCO=C2H2+CO

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

106. HCCO+HCCO=C2H2+CO+CO

0.100E+14

O.OOOOOE+OO

O.OOOOOE+OO

107. CH2(S)+M=CH2+M

0.100E+14

O.OOOOOE+OO

O.OOOOOE+OO

H

n

E

ENHANCED BY O.OOOE+00

108. CH2(S)+CH4=CH3+CH3

0.400E+14

O.OOOOOE+OO

O.OOOOOE+OO

109. CH2(S)+C2H6=CH3+C2H5

0.120E+15

O.OOOOOE+OO

O.OOOOOE+OO

110. CH2(S)+02=G0+0H+H

0.300E+14

O.OOOOOE+OO

O.OOOOOE+OO

111. CH2(S)+H2=CH3+H

0.700E+14

O.OOOOOE+OO

O.OOOOOE+OO

112. CH2(S)+H=CH2+H

0.200E+15

O.OOOOOE+OO

O.OOOOOE+OO

113. C2H+0=CH+C0

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

114. C2H+0H=HCC0+H

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

115. CH2+CH2=C2H2+H2

0.400E+14

O.OOOOOE+OO

O.OOOOOE+OO

116. CH2+HCCO=C2H3+CO

0.300E+14

O.OOOOOE+OO

O.OOOOOE+OO

117. CH2+C2H2=C3H3+H

0.120E+14

O.OOOOOE+OO

6600.0

118. C4H2+OH=C3H2+HCO

0.666E+13

O.OOOOOE+OO

■410.00

119. C3H2+02=HC0+HCC0

0.100E+14

O.OOOOOE+OO

O.OOOOOE+OO

120. C3H3+02=CH2C0+HC0

0.300E+11

O.OOOOOE+OO

2868.0

121. C3H3+0=CH20+C2H

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

122. C3H3+0H=C3H2+H20

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

123. C2H2+C2H2=C4H3+H

0.200E+13

O.OOOOOE+OO

45900.

124. C4H3+M=C4H2+H+M

0.100E+17

O.OOOOOE+OO

59700.

125. CH2(S)+C2H2=C3H3+H

0.300E+14

O.OOOOOE+OO

O.OOOOOE+OO

126. C4H2+0=C3H2+C0

0.120E+13

O.OOOOOE+OO

O.OOOOOE+OO

127. C2H2+02=HCC0+0H

0.200E+09

1.5000

30100.

128. C2H2+M=C2H+H+M

0.420E+17

O.OOOOOE+OO

0.10700E+06

129. C2H4+M=C2H2+H2+M

0.150E+16

O.OOOOOE+OO

55800.

130. C2H4+M=C2H3+H+M

0.140E+17

O.OOOOOE+OO

82360.

131. H2+02=0H+0H

0.170E+14

O.OOOOOE+OO

47780.

132. 0H+H2=H20+H

0.117E+10

1.3000

3626.0

133. 0+0H=02+H

(IMPORTANT)

0.400E+15

-0.50000

O.OOOOOE+OO

134. 0+H2=0H+H

(IMPORTANT)

0.506E+05

2.6700

6290.0
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135. H+02+M=H02+M

0.361E+18

H20

ENHANCED BY 1.860E+01

C02

ENHANCED BY 4.200E+00

H2

ENHANCED BY 2.900E+00

CO

ENHANCED BY 2.100E+00

N2

ENHANCED BY 1.300E+00

-0.72000

O.OOOOOE+OO

136. 0H+H02=H20+02

0.750E+13

O.OOOOOE+OO

O.OOOOOE+OO

137. H+H02=0H+0H

0.140E+15

O.OOOOOE+OO

1073.0

138. 0+H02=02+0H

0.140E+14

O.OOOOOE+OO

1073.0

0.600E+09

1.3000

O.OOOOOE+OO

0.100E+19

-

1.0000

O.OOOOOE+OO

139. 0H+0H=0+H20

(IMPORTANT)

140. H+H+M=H2+M
H2

ENHANCED BY O.OOOE+00

H20

ENHANCED BY O.OOOE+00

C02

ENHANCED BY O.OOOE+00

141. H+H+H2=H2+H2

0.920E+17

-0.60000

O.OOOOOE+OO

142. H+H+H20=H2+H20

0.600E+20

-1.2500

O.OOOOOE+OO

143. H+H+C02=H2+C02

0.549E+21

-

2.0000

O.OOOOOE+OO

144. H+0H+M=H20+M

0.160E+23

-

2.0000

O.OOOOOE+OO

-0.60000

O.OOOOOE+OO

H20
145. H+0+M=0H+M
H20

ENHANCED BY 5.000E+00
0.620E+17
ENHANCED BY 5.000E+00

146. 0+0+M=02+M

0.189E+14

O.OOOOOE+OO

-1788.0

147. H+H02=H2+02

0.125E+14

O.OOOOOE+OO

O.OOOOOE+OO

148. H02+H02=H202+02

0.200E+13

O.OOOOOE+OO

O.OOOOOE+OO

149. H202+M=0H+0H+M

0.130E+18

O.OOOOOE+OO

45500.

150. H202+H=H02+H2

0.160E+13

O.OOOOOE+OO

3800.0

151. H202+0H=H20+H02

0.100E+14

O.OOOOOE+OO

1800.0

152. CH+N2=HCN+N

0.300E+12

O.OOOOOE+OO

13600.

153. CN+N=C+N2

0.104E+16

-0.50000

O.OOOOOE+OO

154. CH2+N2=HCN+NH

0.100E+14

O.OOOOOE+OO

74000.

155. H2CN+N=N2+CH2

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

156. H2CN+M=HCN+H+M

0.300E+15

O.OOOOOE+OO

22000.

157. C+N0=CN+0

0.660E+14

O.OOOOOE+OO

O.OOOOOE+OO

158. CH+N0=HCN+0

0.110E+15

O.OOOOOE+OO

O.OOOOOE+OO

159. CH2+NO=HCNO+H

0.139E+13

O.OOOOOE+OO

-

160. CH3+N0=HCN+H20

0.100E+12

O.OOOOOE+OO

15000.
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161. CH3+NO=H2CN+OH

0.100E+12

O.OOOOOE+OO

15000.

162. HCCO+NO=HCNO+CO

0.200E+04

O.OOOOOE+OO

O.OOOOOE+OO

163. CH2(S)+N0=HCN+0H

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

164. HCNO+H=HCN+OH

0.100E+15

O.OOOOOE+OO

12000.

165. CH2+N=HCN+H

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

166. CH+N=CN+H

0.130E+14

O.OOOOOE+OO

O.OOOOOE+OO

167. C02+N=N0+C0

0.190E+12

O.OOOOOE+OO

3400.0

168. HCCO+N=HCN+CO

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

169. CH3+N=H2CN+H

0.300E+14

O.OOOOOE+OO

O.OOOOOE+OO

170. C2H3+N=HCN+CH2

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

171. C3H3+N=HCN+C2H2

0.100E+14

O.OOOOOE+OO

O.OOOOOE+OO

172. HCN+0H=CN+H20

0.145E+14

O.OOOOOE+OO

10929.

173. OH+HCN=HOCN+H

0.585E+05

2.4000

12500.

174. OH+HCN=HNCO+H

0.198D-02

4.0000

1000.0

175. OH+HCN=NH2+CO

0.783D-03

4.0000

4000.0

176. HOCN+H=HNCO+H

0.100E+14

O.OOOOOE+OO

O.OOOOOE+OO

177. HCN+0=NC0+H

0.138E+05

2.6400

4980.0

178. HCN+0=NH+C0

0.345E+04

2.6400

4980.0

179. HCN+0=CN+0H

0.270E+10

1.5800

26600.

180. CN+H2=HCN+H

0.295E+06

2.4500

2237.0

181. CN+0=C0+N

0.180E+14

O.OOOOOE+OO

O.OOOOOE+OO

182. CN+02=NC0+0

0.560E+13

O.OOOOOE+OO

O.OOOOOE+OO

183. CN+OH=NCO+H

0.600E+14

O.OOOOOE+OO

O.OOOOOE+OO

184. CN+HCN=C2N2+H

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

185. CN+N02=NC0+N0

0.300E+14

O.OOOOOE+OO

O.OOOOOE+OO

186. CN+N20=NC0+N2

0.100E+14

O.OOOOOE+OO

O.OOOOOE+OO

187. C2N2+0=NC0+CN

0.457E+13

O.OOOOOE+OO

8880.0

188. C2N2+OH=HOCN+CN

0.186E+12

O.OOOOOE+OO

2900.0

189. H02+N0=N02+0H

0.211E+13

O.OOOOOE+OO

-479.00

190. N02+H=N0+0H

0.350E+15

O.OOOOOE+OO

1500.0

191. N02+0=N0+02

0.100E+14

O.OOOOOE+OO

600.00

192. N02+M=N0+0+M

0.110E+17

O.OOOOOE+OO

66000.

193. NCO+H=NH+CO

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

194. NC0+0=N0+C0

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

195. NC0+N=N2+C0

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

196. NCO+OH=NO+CO+H

0.100E+14

O.OOOOOE+OO

O.OOOOOE+OO

n
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REACTION

A

197. NCO+M=N+CO+M

0.310E+17

-0.50000

48000.

198. NCO+NO=N20+CO

0.100E+14

O.OOOOOE+OO

-390.00

199. NCO+H2=HNCO+H

0.858E+13

O.OOOOOE+OO

9000.0

200. HNC0+H=NH2+C0

0.200E+14

O.OOOOOE+OO

3000.0

201. NH+02=HN0+0

0.100E+14

O.OOOOOE+OO

12000.

202. NH+02=N0+0H

0.760E+11

O.OOOOOE+OO

1530.0

203. NH+N0=N20+H

0.240E+16

-0.80000

O.OOOOOE+OO

204. N20+0H=N2+H02

0.200E+13

O.OOOOOE+OO

10000.

205. N20+H=N2+0H

0.760E+14

O.OOOOOE+OO

15200.

206. N20+M=N2+0+M

0.160E+15

O.OOOOOE+OO

51600.

207. N20+0=N2+02

0.100E+15

O.OOOOOE+OO

28200.

208. N20+0=N0+N0

0.100E+15

O.OOOOOE+OO

28200.

209. NH+OH=HNO+H

0.200E+14

O.OOOOOE+OO

O.OOOOOE+OO

210. NH+0H=N+H20

0.500E+12

0.50000

2000.0

211. NH+N=N2+H

0.300E+14

O.OOOOOE+OO

O.OOOOOE+OO

212. NH+H=N+H2

0.100E+15

O.OOOOOE+OO

O.OOOOOE+OO

213. NH2+0=HN0+H

0.663E+15

-0.50000

O.OOOOOE+OO

214. NH2+0=NH+0H

0.675E+13

O.OOOOOE+OO

O.OOOOOE+OO

215. NH2+0H=NH+H20

0.400E+07

2.0000

1000.0

216. NH2+H=NH+H2

0.692E+14

0 OOOOOE+00

3650.0

217. NH2+N0=NNH+0H

0.640E+16

-1.2500

O.OOOOOE+OO

218. NH2+N0=N2+H20

0.620E+16

-1.2500

O.OOOOOE+OO

219. NH3+0H=NH2+H20

0.204 E+07

2.0400

566.00

220. NH3+H=NH2+H2

0.636E+06

2.3900

10171.

221. NH3+0=NH2+0H

0.210E+14

O.OOOOOE+OO

9000.0

222. NNH=N2+H

0.100E+05

O.OOOOOE+OO

O.OOOOOE+OO

223. NNH+N0=N2+HN0

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

224. NNH+H=N2+H2

0.100E+15

O.OOOOOE+OO

O.OOOOOE+OO

225. NNH+0H=N2+H20

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

226. NNH+NH2=N2+NH3

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

227. NNH+NH=N2+NH2

0.500E+14

O.OOOOOE+OO

O.OOOOOE+OO

228. NNH+0=N20+H

0.100E+15

O.OOOOOE+OO

O.OOOOOE+OO

n
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229. HNO+M=H+NO+M

0.150E+17

H20

ENHANCED BY 1.000E+01

02

ENHANCED BY 2.000E+00

N2

ENHANCED BY 2.000E+00

H2

ENHANCED BY 2.000E+00

O.OOOOOE+OO

48680.

230. HN0+0H=N0+H20

0.360E+14

O.OOOOOE+OO

O.OOOOOE+OO

231. HNO+H=H2+NO

0.500E+13

O.OOOOOE+OO

O.OOOOOE+OO

232. HNO+NH2=NH3+NO

0.200E+14

O.OOOOOE+OO

1000.0

233. N+N0=N2+0

0.327E+13

0.30000

O.OOOOOE+OO

234. N+02=N0+0

0.640E+10

1.0000

6280.0

235. N+OH=NO+H

0.380E+14

O.OOOOOE+OO

O.OOOOOE+OO
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APPENDIX 3B REACTIONS USED TO MODEL SULPHUR/NITROGEN
INTERACTIONS
(PfefFerle and Churchill 1989)

REACTION

A

E

1. SO3 + O = SO2 + O2

6.40E+14

10800

2. SO2 + 0 + M = SO3 + M

1.00E+17

0

3. SO2 + NO2 = NO + SO3

1.00E+13

27000

4. SO + O2 = SO2 + 0

4.00E+15

0

5. SO + OH = SO2 + H

1.00E+14

0

6. SO + NO2 = SO2 + NO

1.00E+13

0

7. SO + 0 + IVI = SO2 + IVI

1.00E+18

0

8. SO + N = NO + S

5.10E+11

0

9. SO + SO = SO2 + S

1.00E+11

0

10 SH + O2 = OH + SO

1.00E+14

0

11. C O S + 0 = CO + SO

6.60E+12

0

12. S + 02 = S0 + 0

1.00E+13

5600

13. SH + H2 = H2S + H

1.80E+13

600

14. SH + 0 = S 0 + H

3.00E+14

0

15. OH + H2S = H2O + SH

1.40E+13

900

16. 0 + H2S = 0 H + SH

4.00E+12

3290

17. S + H2 = SH + H

6.00E+13

0

18. S + OH = SH + 0

3.00E+13

0

19. S + H20 = SH + 0H

4.30E+12

37000

20. H + SO3 = OH + SO2

6.00E+12

0

21. H + SO2 + IVI = HSO2 + IVI

1.40E+06(7.30E+16)

0 (0)

22. H + HSO2 = H2 + SO2

1.00E+12(1.60E+12)

0 (0)

23. OH + HSO2 = H2O + SO2

1.00E+12(6.80E+13)

0 (1772)

APPENDIX 30 ADDITIONAL SULPHUR/NITROGEN REACTIONS
(Pfefferle and Churchill 1989)

24. S + NH = SH + N

1.00E+13

0

25. NH + SO = NO + SH

1.00E+13

0

26. SH + NH = SN + H2

1.00E+13

0

27. SN + NO = N2 + SO

1.00E+13

0

28. NO + CS = SN + CO

1.00E+13

0
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APPENDIX 3D ADDITIONAL SULPHUR/CARBON REACTIONS
(Pfefferle and Churchill 1989)

REACTION

A

E

29. CS + 0 = C 0 + S

1.00E+13

0

30. CO + S + M = COS + M

1.00E+13

0

31. CH + SO = CO + SH

1.00E+13

0
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