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Abstract

Property characterizations and chemical interaction of combustible fuels are important
parameters for Diesel engine designers. A simplified approach to gain more insight into
+his area is to examine ignition of static fuel droplets under physical conditions similar to
those experienced in a Diesel engine.

Experimental measurements and model predictions of 'ignition delzy times for
single component and two-component liquid fuels are presented. The methodology used
is the suspended-droplet/moving-furnace technique, in which a droplet of fuel is
suspended from the tip of a thin quartz fibre. A preheated electric furnace r..oves towards
and encompasses the droplet locality, producing a sudden rise in ambient temperature,
and thus initiating the ignition process. The entire apparatus is enclosed in a pressure
vessel and is remotely operated.

Data were collected for pressures up to 18 atm absolute and in a temperature
range of 773 K to 973 K. Physical constraints prevented measurements beyond this
pressure limit. Fuels tested comprised n-paraffins (decane, dodecane, and hexadecane),
aromatics (mesitylene, o-xylene, and isobutylbenzene) and a cycloparaffin (decalin), as
well as selected binary combinations: n-decane/n-dodecane, n-dodecane/n-hexadecane, n-
decane/decalin, n-decane/isobutylbenzene, n-decane/mesitylene, and n-decane/o-xylene.
Paraffin measurements at low pressures and high temperature revealed a monotonic
decrease in ignition times with increasing pressure. However, higher pressure ignitions at
lower temperatures showed more complex behaviour by the measurement of two or

“twinned” ignition times for the same pressure and temperature condition, indicating a

i



change in reaction mechanism, possibly from one-stage to two-stage ignition. Aromatic fuels
did not show “twinned” ignition time behaviour and responded with a slight increase in
ignition times with inreasing pressure, owing to a weaker reaction rate dependence on
pressure, The cycloparaffin behaved analogously to the n-paraffin family. The behaviour of
mixtures was largely controlled by the more volatile component.

Attempts to model the data were made using a fuil numerical model of the processes
of ignition. Two chemical reaction models were tried out in this model. The first was a
single-step reaction model, and the second was a simplified version of a four-step model for
n-heptane. Although both models could roughly represent some of the trends in the
measurements, neither model was capable of being fitted to the complex behaviour of much

of the data.
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Nomenclature

a - fuel concentration exponent
b - oxygen concentration exponent
m - stoichiometric carbon number
n - stoichiometric hydrogen number
A - ‘WD pre-exponential factor, units of rate equation in terms of
kg, kmol, and em’
A, - MPL pre-exponential factor 1, s™
3
A, - MPL pre-exponential factor 2, cm
gmol-s

6

AzovL - MPL 2"%order oveaall pre-exponential factor 20VL, cmz
gmol® «s
cm’
As¢ - MPL pre-exponential factor 3f,
gmol -s
Ay - MPL pre-exponential factor 3b, s™
3
Ay - MPL pre-exponential factor 4, il
gmol s
E - activation energy, 1
gmol

E/R - MPL activation temperature 1, K
EJR - MPL activation temperature 2, K
Exou/R - MPL second-order overall activation temperature 20VL, K
Esf R - MPL activation temperature 3f, K
Ey/R - MPL activation temperature 3b, K
EJR - MPL activation temperature 4, K



F - fuel species

I, X - intermediate species
k - rate constant, s’
m - mass, kg
" - mass flow rate, kg
$
. . k
M - mixture molecular weight, B
kgmol
. kg
M; - molecular weight of fuel,
kgmol
M, moiecular weight of oxygen kg
. 1 ,
o g Yg kgmol
0 - oxygen
P - product species
p -  pressure, atm
p - mixture density of fuel and air, Eg?
m
5 kJ
R - gas constant, ———
g b kgmol-K
Fis 73 Faps Taps Ty - MPL global reaction rates, _kag_
m-s
Tyl - overall reaction rate of fuel, #—
m’-s
. k
T, - reaction rate of fuel component 1, x—n’_gg
r, - reaction rate of fuel component 2, kj_g
m-s
! - time; ignition delay time, s
toorr - corrected ignition delay time, s
T - temperature, K
Tig - chamber liquid temperature, K
X - molar fraction, kgmolyy
ngImix
y - mole fraction, kgmoly,
gm°lmix
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. kp
mass fraction, B
kgmix

Nomenclature subscripts

F

|4

F

o)

1

2

I
20VL
corr
meas

model

model@40°C

furnace

vessel

fuel

oxygen

fuel species 1

fuel species 2

first-order MPL model subscript
second-order overall MPL model subscript
corrected measurement
experimental measurement
model prediction

model prediction at 40°C chamber temperature

vii



Table of Contents

ABSTRACT i
ACKNOWLEDGEMENTS iv
NOMENCLATURE v
NOMENCLATURE SUBSCRIPTS .vovoueusssisssrsessssassossssassssesissossssossessss 0181001 s00est 4100 s sss s sasmssmssasssosessssssansasssis vii
TABLE OF CONTENTS viii
LIST OF FIGURES xi
LIST OF TABLES xiii
CHAPTER 1 - INTRODUCTION 1
1.1 AUTO-IGNITION 1vcvrirreesesassuorsessmsssrrasenssbusessssstasensssepessss ss asissssas ssasssbsastossaasnbibissspissssssnssas g ts s sasensnsts 2

SR L A ee————E 3

1.1.2 Description of gas tUrbing INtioN .. .. wimsssssissssss st s s 4
1.2 DESCRIFTION OF DROPLET IGNITION UNDER PRESSURE 1 vvervaceessrnissssasessinenssransrresssnssasssssassssssesabpbasssassrsansasss 5
1.3 OBJECTIVES veertanosesutsessssssssassssssssssetsosssssssssasssess aessssass 1118085204441 408 101 ELR ST IIEE SIS EEL RS SRRSOV ISR S22 0000 7
1.8 IMIETHOD 011 sveessessosssessssrsssassesesssssessss ossesssmassnssssessssaasass s se s 448141181 RRSS0OMIL LRSS SRRSO 0020020 8
15 OUTLINE +v1vevsesessssosessessssssesssesesssessots545e5 454 484REERS30 050050 ERRERRER R0 LR ARRR ARS8 R 8
CHAPTER 2 - LITERATURE SURVEY 9
3.1 EXPERIMENTAL STUDIES ccvvorsussmaesesstsstrsrsssssmmstanssesssssstsomsass shsrsedeasa st 100000 TS0 10T ST pan s st an e s et 9

viii




2.1.1 Droplet Ignition al GIMOSPREIIC PrESSUIT ...ttt s s 10

2.1.2 Ignition, combusition, and evaporation URder Pressire ..o s 12
2.1.3 Comparison of experimental teChRIQUES. .........co.iviriveresieri i 15
2.2 EFFECTS OF NATURAL CONVECTION. . iuvriivessinemmsissmmsesmineassmsmsmassartisnommiss s ninsemssesssisacme ettt 16
2.3 MODELS OF DROPLET BEHAVIOUR AT HIGH PRESSURE .....vcitnmmmeasiminmmimnmmnenmssissisne. 17
2.3.1 Ignition delay MOAeIS...... v s s 17

2.3.2 Droplet evaporation and combustion MOAElS............cveemrsrisssmninssiscnssmssmssnn 18

2,3.2.1 QUAsi-SICAAY MOGCIS c..cciviiriciserisises s et ssssr s s s oA SRR RS T bR 00 18
2.3.2.2 THARSIENL MOUELS c.evvecirareeeriescanas i casesssssses s sesss s e sdssa s easrssssen s o iR AR SRR eSS RS R R b0 0 18

2.4 MULTISCOMPONENT MODELS ...uvuuvtisienistismsunissssssmnsessissssbtssssssesssansanassanterats b issiassarsssssrssss snsanosssnsssassssnsion 19
CHAPTER 3 - EXPERIMENTAL APPARATUS AND TECHNIQUES 21
3.1 SUSPENDED-DROPLET/MOVING-FURNACE METHOD . ....00sssenrsnsassessessensssanessesssssasmnrasssassssssssassntsanssassasanearss 21
3.2 EXPERIMENTAL APPARATUS. ...ccetiiiiererernrassssaniomsssrssiemsbnsstninsasasianisisms shabensasessinssassstanisnstsserant s0s0sestnbaensaas 22
3.3 EXPERIMENTAL PROCEDURE 1.1iiiriisssssmmstvoroerssssrmsnassarssrstrassarsrsressarssarsasnssssarntaresssidtsivs tissasssiaersassenenniannons 28
3.3.1 CHOICE Qf JUBIS «..cvcvovrrurasseeccrinasssssnsissessonssasssssosessesssstssssssnsattossobssssssse s sesasssess bt b4 LS st en 30
3.3.2 Quartz filament JaBriCation ...........iveieinniiniicsimerss s s 30
3.4 SOURCES OF ERROR..ocvurererecssssrsinrsrsenssrssrsssssssssssnensitbasssbstsst sess seistonsssnt st as b 1801 LRANO 11010 RE 1SRRI RO RS T DR LS4R8 410 31
3.4.1 SUSPENSION fIBPE..ov.covvrisvsrsisnr it st s st s e e R 3!
3.4.2 NGIUFQ] CONVECHON BFTOFS....vuvvervcrrarersaissserecsesesesssisstssassssissssssissas e beb s boadsn s s bbb S 32
3.4.3 LImitations Of tRE GDDAFAIUS.........vc.euverecrrresissmsienssssississsississisasis iosassssststssesssss ionssnssmss ittt s assasasnsssnes 32
CHAPTER 4 - MATHEMATICAL MODELLING 3
4.1 NUMERICAL MODEL: SINGLE-COMPONENT FUEL 1.cvseirnsssmssaressesssrassarassisnsaisssssmsssssisssssssisssmasassssssnsssssassseass 33
4.2 CHEMICAL REACTION MODELLING: SINGLE COMPONENT FUEL ..oorvvsimnuiunsssssssssssiassaonraaes restssa e .34
4.2.] Single-step global reaction MOl ..........ww.ecvircessrmsiisisnisisiiss st 34
4.2.2 Four-siep global re@etion MOdel ..........vviereronicnniiiii i, 35
4.3 NUMERICAL MODEL: TWO-COMPONENT FUELS ..ccvoriiiremssssnninnmctmimsnesmsaiisisntinaemsmiinainsissimimismaecisies 40

ix



4.4 CHEMICAL REACTION MODELLING: TWO-COMPONENT FUELS 1uvvesseseearatirssssarsessansesmssanssnsssansarsstinssassssanss 41

CHAPTER 5 - RESULTS AND DISCUSSION 43
5.1 CORRECTION OF EXPERIMENTAL DATA TO STANDARD CONDITIONS ccoviniesierssnniasansasrissiasssassassssaserasisesasins 43
5.2 EXPERIMENTAL DATA: SINGLE-COMPONENT FUELS voceeeerirsssesersrassrssssssnssrassbssbatssasssrastanrasassassebasnninass e
5.2.1 n-Paraffin BYdrocarbons ...t s e s 44
5.2.2 Cycloparaffin BYArocarbons. ... imsimmmssissssmsssss s 64
5.2.3 APOMGUC HYArOCArDONS .vovvcessenssorsnisressssissesmassesssisissbasst s s smare s s s sRR0 72
5.3 MODEL PREDICTIONS: SINGLE-COMPONENT FUELS .ccivremmmssrorsssssraranassaransene serbensasnsrtanses csessrssnsreeesaanne TP 80
RN RN T LT gy L Lpm—em—————_eREEEER IR 81
5.3.2 Cycloparaffin MYAroCarBonS ... st issssssimsmmssmtsasas st st ssssssisass st s 83
5.3.3 APOMAlic HYArOCArBONS .ovu.vvereencvisisrsissssrsteercsisssniass s st st s T S e 84
5.3.4 Summary of reaction Pate PAPAMEIETS ......ivuesismmseriisessssssssrmsmss sttt s &8

5.3.5 Effect of pre-exponential parameter and liquid temperature on calculated ignition delay times ...89

5 4 EXPERIMENTAL DATA AND MODEL PREDICTIONS: TWO-COMPONENT FUELS ....ovviuennss esitersrenssesrssenses wernn 92
5.4, ] MIXINFES Of N-PATGITINS ccoovvneurnemrcsssrismnssressssassstasissbasensssms s assepa s st s s s ST bt 00 92
5.4.2 Mixture of n-paraffin and cycloparafin......mmimiimssnseisssses s, 97
5.4.3 Mixture of n-paraffins and QroMAUCS ... smsssss st st 29

CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS 103

6.1 CONCLUSIONS wccoviissarnmenssnnnnse vesease F PO TP OPT PN TSTEIO PRSI T 103

6.2. RECOMMENDATIONS 1ervessesssessansvessensnssrssssosssniasssessssssonsssansennsihos 101881100 0dsttsaasaussnsssesnisotioy weensresverensaens 1 08

REFERENCES 107

APPENDICES m

APPENDIX | - PROPERTY CALCULATIONS FOR LIQUID HYDROCARBON FUELS wecrvscectssmsimmimsimsnsinenmmsiusessinsens 111

APPENDIX 2 - FURNACE AND CHAMBER PURGE CALCULATIONS .crvvrnesssssninana w113



List of Figures

Figure 1.1: Diesel ignition process: four-stroke cycle

Figure 1.2: Droplet combustion for sub-critical conditions

Figure 3.1: Experimenial apparatus

Figure 3.2: Measured ignition delay time

Figure 3.3: Furnace components and dimemsions

Figure 3.4: Droplet release scheme

Figure 4.1: Reaction rates of four-step model

Figure 5.1: Ignition delay time versus pressure of n-decane @973 K

Figure 5.2: Ignition delay time versus pressure of n-dodecane @973 K

Figure 5.3: Ignition delay time versus pressure of n-hexadecane @973 K

Figure 3.4: Ignition delay time versus pressure of n-decane @873 K

Figure 5.5: Ignition delay time versus pressure of n-dodecane @873 K

Figure 5.6: Ignition delay time versus pressure of n-hexadecane @873 K

Figure 5.7: Ignition delay time versus pressure of n-decane @773 K

Figure 5.8: Ignition delay time versus pressure of n-dodecane @773 K

Figure 5.9: Ignition delay time versus pressure of n-hexadecane @773 K

Figure 5.10: Ignition delay time versus 1/temperature of n-decane @1, 6.1 atm

Figure 5.11: Ignition delay time versus 1/temperature of n-dodecane @1, 7.8 aim.

Figure 5.12; Ignition delay time versus l/temperature of n-dodecane @12.9 atm

Figure 5.13: Ignition delay time versus 1/temperature of n-hexadecane @1 atm

Figure 5.14: Ignition delay time versus 1/temperature of n-hexadecane @7.8 atm

- xi

23

24

25

27

39

48

49

50

51

52

33

54

35

36

57

38

59

60

6/



Figure 5.15: Ignition delay time versus 1/temperature of n-hexadecane @13.2 atm 62

Figure 5.16: Ignition delay time versus 1/temperature of n-hexadecane @16.7 atm 63
Figure 5.17: Ignition delay time versus pressure of decalin @973 K 65
Figure 5. 18: Ignition delay time versus pressure of decalin @873 K 66
Figure 5.19: Ignition delay time versus pressure of decalin @773 K 67
Figure 5.20: Ignition delay time versus [/temperature of decalin @I atm 68
Figure 5.21: Ignition delay time versus 1/temperature of decalin @4.4 atm 69
Figure 5.22: Ignition delay time versus |/temperature of decalin @7.8 atm 70
Figure 5.23: Ignition delay time versus Iiemperature of decalin @11.2 atm 71
Figure 5.24: Ignition delay time versus pressure of mesitylene @973 K 74
Figure 5.25: Ignition delay time versus pressure of isobutylbenzene @973 K 75
Figure 5.26: Ignition delay time versus pressure of o-xylene @973 K 76
Figure 5.27: Ignition delay time versus 1/temperature of isobutylbenzene @1 atm 77
Figure 5.28: Ignition delay time versus l/temperature of isobutylbenzene @7.8 atm 78

Figure 5.29: Ignition delay time versus 1/temperature of isobutylbenzene @1, 7.8 atm 79

Figure 5.30: Mass flux of isobutylbenzene evaporated at surface versus time @973 X 86
Figure 5.31: Mass flux of n-decane evaporated at surface versus time @973 K 87
Figure 5.32: Effect of pre-exponential parameter on calculated ignition times 90
Figure 5.33: Effect of liquid temperature on caleulated ignition times 91
Figure 5.34: Effect of natural canvection 94
Figure 5.35: Ignition delay time versus mass fraction of n-dodecane @10 atm, 973 K 95
Figure 5.36: Ignition delay time versus mass fraction of n-hexadecane @10 atm, 973 K 96
Figure 5.37: Ignition delay time versus mass fraction of decalin @10 atm, 973 K 98

Figure 5.38: Ignition delay time versus mass fraction of isobutylbenzene @10 atm, 973 K 100

Figure 5.39: Ignition delay time versus mass fraction of mesitylene @10 atm, 973 K 101
Figure 5.40: Ignition delay time versus mass fraction of o-xylene @10 atm, 973 K 102
Figure A.1: Oxygen mass fraction versus purge time 1S5

xii



List of Tables

Table 3.1: List of hydrocarbon fuel properties 30
Table 5.1: Reaction rale parameters - Westbraok and Dryer model b
Table 5.2: Reaction rate parameters - Miiller et al. model 88

xiil



CHAPTER ONE

Introduction

The use of unconventional or off-specification fuels, such as tar sands fuels or alcohols,
in Diesels and gas turbine engines requires, among other things, knowledge of how the
fuel properties will affect ignition behaviour. The ignition delay in a Diesel can strongly
influence engine power, efficiency, and vibration; in a gas turbine, flame stabilization and
re-light can be affected. The future use of alternative fuels may be mandated by
environmental considerations (for example, alcohols for bus engines to meet particulate
emission standards) or by future supply considerations (tar sand products as substitutes
for dwindling conventional petroleum reserves). Unfortunately, the literature shows that
the conventional method of assessing the ignition quality of Diesel fuel - the cetane
number - does not work well for unconventional fuels, especially those of low ignition
quality (Ryan and Stapper, 1987; Pischinger ef al., 1988). This is a problem with tar
sands derivatives, and even more so with alcohols, and it is becoming clear that
alternative means of predicting ignition behaviour are required.

The research presented here is a further step in developing models of the chemical
and physical processes of ignition for liquid fuels under Diesel and gas turbine
conditions, with the long-term goal of being able to predict the effects of fuel physical
properties (in particular the boiling range) and chemical composition of the fuel on

ignition performance. It is expected to ultimately benefit the fuel supply industry as well



as fuel users. The ability to predict the ignition behaviour of fuels would allow producers
to assess the effects of feedstocks, blending, additives, and process changes on the

product quality, while for the user it would give guidance in fuel selection and

specification.

1.1 Auto-ignition

The ignition process of fuel and oxygen involves chemical reaction accompanied by rapid
evolution of heat and emission of light. Auto-ignition refers to self- or spontaneous
ignition when the combustible is exposed to air at a temperature above its spontaneous
ignition temperature under a given set of experimental conditions, without the assistance
of a spark or flame (Mullins and Penner, 1959). Even though induced or forced ignition is
dissimilar from auto-ignition, both processes require some form of mixing between fuel
and oxidant before full-fledged combustion occurs.

Auto-ignition has direct applications in Diesel engines and gas turbines, in which
fuel properties can affect ignition delay and flame stabilization. Diesels are more
efficient, powerful, and require a lower quality of refined fuel than their gasoline counter-
parts.

Gas turbines are exclusively used to power all new commercial airplanes, as well
as some ships, trains, and electric power generators and gas pipeline compressors (Bathie,
1984). The turbine basically consists of a gas generator, comprising a compressor and a
combustion chamber, together with a power turbine. Hot gases are produced in this
combustion chamber and by recirculating these burned gases back to the incoming fuel-
air mixture, sustaining the ignition of fuel. This process is termed flame stabilization and
the arrangement results in a high temperature and high pressure gas within and at the exit

of the combustor (Bathie, 1984).



By studying fuel properties and how fuels ignite in Diesels and in gas turbine
engines one can greatly influence engine performance, fuel economy, and pollution

emisstons.

1.1.1 Description of Diesel ignition

Figure 1.1 shows the processes of a typical four stroke cycle in an automotive Diesel, The
first process is the air intake stroke in which air is drawn in by the downward motion of
the piston as the intake valve opens. In the compression stroke, the air is compressed in
the combustion chamber to very high pressures, ~60 atm. This process occurs almost
adiabatically, causing the internal gas temperature to rise to about 700°C. Towards the
end of the stroke, fuel is introduced into the chamber by a high pressure fuel injector. The
fuel enters at large velocities relative to the air from several small nozzles. This
disintegrates the fuel jet into very fine droplets, forming a spray (Benson, 1979). The
droplets evaporate and the fuel vapours mix with the air through swirl, diffusion,
turbulence, and forced convection. Ignition does not proceed immediately because the
mixing process is occurring simultaneously with chemical reaction. Reaction is initially
slow, which allows an appreciable amount of fuel vapour to become premixed with
oxygen. As mixing proceeds to near stoichiometric proportions at the reaction zone,
ignition in a particular region occurs and initiates reaction in other parts of the mixture.
Soon full combustion proceeds and combustion is sustained by the rate of fuel injection
and by the rate of diffusion. Given the very short time allotted for fuel injection during
the compression stroke, the fuel must be able to ignite under the conditions of high
pressure and temperature. Thus, the ignition delay of fuels becomes a very important

parameter for modelling the processes that occur inside a Diesel.
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Figure 1.1: Diesel ignition process of a four-stroke cycle.

1.1.2 Description of gas turbine ignition

The combustor "can" is essentially a straight duct with a perforated liner. This liner not
only provides recirculatory flow for re-light and flame stability, it also admits
unconsumed air downstream to mix with the burned combustion products and thereby
reduce the temperature to a value that is acceptable to the turbine. The combustion of
gases takes place in three zones, all located downstream in series from the fuel nozzle.
The first is the primary combustion zone, followed by the intermediate combustion zone
and the dilution zone. Most of the ignition and combustion of the fuel-air mixture occurs
in the primary zone, and the perforated shell anchors the flame and provides sufficient

residence time, turbulence, and high temperatures to essentially produce complete



combustion of fuel (Lefebvre, 1983). The intermediate zone is present for conditions
where low pressures exist. Under low pressures, the rate of reaction in the primary zone is
slower, owing to lower concentrations of fuel and air, and the combustion is far from
complete at the exit of this zone. The function of the intermediate combustion region is
simply to serve as an extension to the primary zone, by providing added air and increased
residence time at high temperatures that are necessary to complete the reaction. The last
region is not a combustion zone but rather a gas dilution zone that serves to cool the gas

to an acceptable level.

1.2 Description of droplet ignition under pressure

The modelling of Diesel engine and gas turbine ignition can be very complicated because
it involves detailed descriptions of spray mechanics, forced convection, diffusion, heat
transfer, and chemical reaction. An understanding of single static droplets of fuel exposed
to high temperature and pressure is required before exploring more complex ignition
processes. In this work we focus on droplet ignition, because a droplet is the basic unit in
a fuel spray, and we gain insight by studying the auto-ignition of pure hydrocarbons and
their two-component mixtures under high pressures and temperatures. The need to study
mixtures of fuels is significant because typical Diesel fuel and jet fuel blends contain
many heavy paraffins, olefins, and aromatics, and ignition is governed primarily by the
chemical nature and boiling points of the most volatile constituents of the fuel (Hallett
and Ricard, 1992).

Three processes occur when a liquid fuel droplet is exposed to high temperatures
and pressures: evaporation, diffusion, and chemical reaction. Figure 1.2 shows the fuel
diffusing out radially from the droplet surface, driven by the concentration gradient of
fuel. As the droplet is heated by heat conduction and convection from the hot surrounding

air and by radiation from surrounding walls, the fuel begins to evaporate and diffuse
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Figure 1.2: Droplet combustion for sub-critical conditions. I and P are intermediate and
product species, respectively.



outward and the amount of fuel vapour present is dependent on the rate of evaporation
and diffusion. Since oxygen and nitrogen molecules completely surround fuel molecules,
they also diffuse towards and into the droplet surface, by means of the concentration
gradients. Both air and fuel diffusion are accelerated by high pressures. Diffusion can also
be affected by natural convection, which is driven by the density difference between fuel
vapour and air. Free convection can also contribute to further mixing of fuel and air.

Chemical reaction can occur wherever fuel vapour and oxygen meet. This
intersection region is the incipient reaction zone, which will later be the flame front once
ignition occurs. At time zero (as the fuel is first exposed to high temperature and
pressure), chemical reaction is initially slow and contributes little to raising the reaction
zone temperature. As more and more fuel molecules collide with oxygen the reaction
accelerates, which raises the temperature further, until thermal runaway occurs - this is
ignition.

A rapid rise in temperature at a particular point encompassing the droplet surface,
signals ignition of a small volume of fuel-air mixture. As the reaction progresses it is
sustained by the rate of diffusion of both fuel and oxygen. Intermediate and product
species evolve from the flame zone and they diffuse outwards and towards the

evaporating droplet. The flame zone is the area where temperatures are greatest.

1.3 Objectives

The goal of the present research was to investigate droplet ignition under pressure by
measuring ignition delay times of droplets of selected pure hydrocarbons and two-
component mixtures with respect to temperature and pressure. Numerous data are
available for droplet vaporization of pure hydrocarbons under pressure. However, only
one publication, by Kadota and Hiroyasu in 1976, has dealt with single droplet ignition

under pressure.



A second objective of the work was to explore the use of two different simple
reaction kinetic schemes in an existing numerical model of droplet ignition, and if

possible to fit their reaction rate parameters for different fuels.

1.4 Method

The approach used was the suspended-droplet/moving-furnace technique, in which a
droplet of fuel is suspended from the tip of a thin quartz fibre and a preheated electric
furnace moves towards and encompasses the droplet region, producing a sudden rise in

temperature. The entire apparatus was enclosed under pressure and was operated

remotely.

1.5 Outline

The thesis begins with a literature survey, followed by methodology, expecrimental
procedures, results and discussion, conclusions and recommendations, and finally

appendices. Sample and property calculations are presented in the appendices.



CHAPTER TWO

Literature Survey

Past research into droplet ignition has been focused on single droplets suspended on a
fibre or thermocouple, or on free drops falling through hot air, in order to gain
fundamental insight into ignition, combustion, and evaporation processes which can then
be applied to sprays. Most published information to date on droplet ignition has been
concerned with experiments done at atmospheric pressure; at high pressure little ignition
data are available, not for a lack of motivation or intent, but rather because of the
experimental difficulties involved. Most of the high pressure literature deals therefore

with evaporation and combustion of droplets rather than ignition.

2.1 Experimental studies

Two main experimental techniques are used to explore droplet ignition, evaporation, and
combustion: the suspended-droplet method and the free-falling droplet method. The
suspended-droplet technique is simple to employ and aliows events to be easily observed.
A fuel droplet is hung from the tip of a fibre of an inert material (usually quartz) on which
a rounded bead is formed to support the droplet. Sometimes a chromel-alumel
thermocouple is used instead of a quartz filament, so that the liquid temperature can be
recorded. The suspended droplet is subjected to a sudden rise in temperature by moving a

preheated hot furnace into a position surrounding the droplet, heating the droplet and



beginning the auto-ignition process. Ignition at a particular point in the fuel-air boundary
layer then spreads to other parts.

The free-falling droplet technique allows a fuel droplet to fall freely through a hot
air column, leaving behind a trail of vapour which mixes with the air, producing
combustible mixtures. If conditions are suitable, ignition occurs in this mixture in the
wake of the droplet (Satcunanathan, 1970). This geometry of ignition was explored by
Satcunanathan and others. The method can eliminate the effects of natural convection and
droplet distortion from spherical symmetry, but at the expense of introducing forced
convection and a different ignition mechanism.

A third experimental technique is that of using a porous sphere to study purely
steady state droplet evaporation and combustion (Canada and Faeth, 1972, 1974), but this
is not suited to ignition. The porous sphere, usually a catalyst support pellet (containing
many micro-pores), is affixed permanently to the tip of a hypodermic needle or syringe,
such that the tip resides in the centre of the sphere. As fuel is injected, it channels through
the pores and wets the entire surface. The sphere is usually ignited by a hot wire ignitor or
subjected to a flow of hot pases, and evaporation rates and flame sizes are investigated

with steady flows of fuel to the sphere surface.

2.1.1 Droplet ignition at atmospheric pressure

Not all the work on droplet ignition at atmospheric pressure is reviewed in this section.
Only those of most interest were selected. A more detailed review is presented by
Bergeron and Hallett (1989b).

Faeth and Olson (1968) ignited suspended hydrocarbon droplets, using a quartz
fibre for droplet support. The sudden rise in ambient temperature was achieved by means
of a preheated furnace which approached the droplet from above. In order to investigate
the effects of natural convection, some runs were performed under reduced gravity by

allowing the whole apparatus to free-fall 16' into a tub of styrofoam. Fuel vapour, being
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heavier than air, normally produces a downward net convective flow around the droplet;
this could be virtually eliminated in this way. Ignition delay times were measured as a
function of droplet diameter and temperature by a 16 mm camera. Faeth and Olson
concluded that droplet diameter had little or no effect on ignition delay under zero and
natural gravity conditions. Ignition delay times increased very slightly with increasing
droplet diameter, but decreased slightly with the effect of natural convection. More
information on natural convection is presented in section §2.3. Times also decreased
monotonicaily with increased temperature. Bergeron and Hallett (1989b) also measured
the ignition times of liquid hydrocarbon fuels as single droplets suspended from a quartz
fibre. Ignition times decreased with temperature and an identification of a kinetic two-
stage ignition was observed at high temperatures.

Hall and Diederichsen (1953) were among the first researchers to investigate free-
falling single droplets of fuel in air. Kerosene fuel was injected onto the centre of a
rotating metal disc. The centrifugal force caused the fuel to migrate towards the edge of
the disc upon which fuel would accumulate over time. When sufficient fuel was present a
droplet would form by agglomeration and leave through a stationary narrow slit. The slit
acted as a heat shield and protected the fuel droplet from convective hot air flow.
Released droplets were immediately exposed to a heated column of air at 710°C and the
combustion burn times, with respect to droplet diameters, were recorded. Bum times
increased logarithmically with increasing droplet size. Satcunanathan (1970) chose a
slightly different fuel delivery system, releasing droplets individually from a fine
hypodermic needle that was fed from a burette of fuel. The fuel drops, some paraffins and
kerosene, were allowed to fall through a heated tube furnace and the ignition phenomena
recorded by a 16 mm ciné-camera. A shutter covered the furnace orifice to minimize the
heat losses. Ignition delay times decreased logarithmically with increasing temperature.

Satcunanathan concluded that ignition delay times for various pure hydrocarbon fuels are
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strongly dependent on the physical properties of these fuels, and that the effect of
pressure on ignition delay needs investigation.

Free-falling ignition delay times of droplets tend to be much shorter than
suspended ignition delay times. This is due to the markedly different mechanism of
ignition, the former being ignition in the vapour trail of the droplet's wake and the latter
in the boundary layer around the evaporating droplet, termed "envelope" ignition
(Drisdelle, 1990).

El-Wakil and Abdou (1966) suspended n-paraffin hydrocarbon droplets from a
fine-wire thermocouple. The droplet was exposed to a hot air stream from below.
Atmospheric pressure experiments were conducted for a temperature range from 785°C to
980°C and ignition delay times, burning phase times, liquid temperature histories, flame
size and droplet diameters were recorded with thermocouples and rapid cinematography
as a function of air temperature, droplet diameter, and air flow velocity past the droplet.
The ignition delay time is defined as the time taken between the initial exposure to the
hot ambient gas to the time droplet ignition occuss, and the burning phase time or droplet
lifetime is defined as the time between the start of induced ignition to the disappearance
of the visible flame. El-Wakil and Abdou discovered that ignition delay times decreased
with increasing temperature, at a constant air velocity and droplet size. This experimental
study combines elements of the suspended-droplet and falling-droplet techniques because
the suspended droplets were exposed to a forced convective stream of hot air, which may
have produced similar characteristics to wake ignition. This consolidation of methods

makes it difficult to classify and compare these results with those of other researchers.

2.1.2 Ignition, combustion, and evaporation under pressure

Only one paper repotts droplet ignition under pressure, that of Kadota et al. (1976). They
followed Faeth and Olson's methodology of the suspended-droplet/moving-furnace

technique, with the preheated furnace falling freely by its own weight over a quartz
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suspended fuel droplet. However, Kadota et al. decided not to use their apparatus in free
fall because of Faeth and Olson's conclusion that natural convection did not appreciably
affect the ignition delay of hydrocarbons. They were able to conduct ignition experiments
using n-paraffin fuels for pressures up to 41 atm, but at the relatively low temperature
ranges: 220°C-345°C @41 atm, 320°C-480°C @21 atm, and 425°C-700°C @1 atm.
These are well below the temperatures encountered in Diesels and gas turbines. The light
emission from ignition was detected by a photo-transistor, which was connected to an
oscilioscope. Kadota ef al. concluded that for n-paraffin hydrocarbons ignition delay
times decreased logarithmically with increasing pressure, ignition times decreased with
carbon number, and under pressure droplet diameter had little effect on ignition. Today,
their experiments remain the only published data on high pressure ignition of suspended
fuel droplets.

For free-falling experiments, Goodger and Eissa (1987) used apparatus similar to
Satcunanathan (the Cranfield pressure rig) io record spontaneous ignition delays of a
paraffin, an olefin, and kerosene for pressures up to 30 atm. Unlike Satcunanathan, the
Cranfield pressure rig did not have a furnace shutter covering the top opening of the
furnace column, and thus had natural convective air flows from the fumace. The droplet
was shielded by a shutter prior to its release, but once exposed to the furnace column it
was subjected to the convective flow. Under the influence of pressure, free-falling droplet
ignition delay times were again shorter than those for suspended droplet methods.

Other past research on suspended and free-falling droplets under pressure has
focused on combustion and evaporation, and deals with quasi-steady burning and
evaporation rates, burning times, and flame size measurements. Hall and Diederichsen
(1953) studied the combustion of single fuel droplets of furfuryl alcohol, tetralin, decane,
and amyl acetate, and measured the total burning times over a pressure range from one
atmosphere to twenty atmospheres, as determined by high speed direct ciné-photography

of the combustion event. The droplets were hung from a quartz filament and were ignited
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by a small coal gas diffusion flame. Faeth ef al. (1969) and Lazar and Faeth (1970)
observed bumning rates and combustion lifetimes of n-paraffin hydrocarbons under zero
gravity conditions in a free-fall apparatus for pressures up to 2.5 times the critical
pressure of the fuels. Suspended droplets were hung from a thermocouple and were
ignited by a hot wire electric ignitor. Droplet photographs were recorded by high speed
photography at a rate of 100 frames per second. Kadota and Hiroyasu (1980) measured
combustion lifetimes of paraffin hydrocarbons at up to three times the critical pressure of
the fuels by modifying the existing apparatus of Kadota et al. (1976) to include a
resistance coil ignitor. All the above combustion researchers found that for paraffin
hydrocarbons the burning lifetimes decreased and the burning rates increased with
increasing pressure and droplet diameter.

Savery and Borman (1970) followed El-Wakil and Abdou with similar
experiments using suspended droplets of Freon 13 refrigerant and n-heptane on a
thermocouple bead with a uniform upward hot air flow flowing pass the droplet region.
However, they did not investigate combustion, unlike their predecessors, but rather
droplet evaporation at low temperatures (35°C to 150°C). The experiments were
conducted for pressures up to 100 atm and it was found that evaporation rates increased
with pressure, Matlosz ef al. (1972) had similar results from investigations of high
pressure evaporation of n-hexane droplets, suspended on a chromel-alumel thermocouple,
for pressures up to 102 atm at 275°C.

A porous sphere study was conducted by Canada and Faeth (1972), who
investigated the steady-state burning rates of fuels for pressures up to 100 atm. The
evaporating fuel was ignited by a hot wire ignitor and data was collected by means of
cinematography. In another geometry, Canada and Faeth (1974) ignited the spheres in the
hot gases of combustion products to observe combustion behaviour (burn rates) that
would be analogous to gas turbine combustion. Experiments were conducted using some

short chained alcohols and some n-paraffin hydrocarbons to pressures of 40 atm.
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2.1.3 Comparison of experimental techniques
The main advantages of the suspended-droplet technique are:

» the generation and observation of droplets is simple, as the droplets are fixed in
space;

o the construction of apparatus, particularly for experiments under pressure, is
simple;

» the process taking place can be reasonably approximated by a spherical symmetry
symmetrical model, and the relative simplicity of such a model allows attention to
be focused on the fundamental processes involved.

However, some drawbacks of the method, not present for falling droplets, are the effects
of fibre disturbances that can cause distortions of the droplet shape, the possibility of heat
conduction through the support fibre!, and the need to use larger droplets than would be
normally formed in a spray.

The principle advantages of the free fall method are that smaller droplet sizes can
be studied without interference from the suspension support, and that the droplets are
reasonably spherical. Drawbacks of the approach stem from complications with ciné-
photography, to the convective air flow (forced convection), to experimental complexity,
and to difficulties with modelling free-fall or wake ignition (Drisdelle, 1990).

Porous spheres are useful for detailed studies of flame geometry and stability, and
for comparison with numerical descriptions. However, the large apparent droplet size
leads to greater natural convection, and transient processes, such as ignition, cannot be

simulated at all.

The use of a thermocouple rather than quartz as a support fibre has the disadvantage of high thermal
conductivity from the thermocouple-casing, which can accelerate the droplet transient heating process.
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2.2 Effects of natural convection

A difficult problem with all droplet ignition investigations is the effect of natural
convection, because evaporating fuel vapour is heavier than air and tends to flow
downward from the droplet region. Natural convection may change the site of
stoichiometric reaction and can lead to stochastic variation in recorded ignition times.

Faeth and Olson (1968) and Sangiovanni (1978) have both looked into the effect
of natural convection on droplet ignition. Faeth and Olson discovered from their
experimental results that the effect of natural convection under atmospheric pressure was
negligible in contributing to the overall ignition delay of the fuel. However, they
suggested that natural convection may have greater influence at higher pressures.
Sangiovanni (1978) performed a numerical study into the unsteady ignition and
combustion of a fuel droplet with and without convection. His calculations revealed that
predicted ignition delay times were 6 and 12% lower with free and forced convection
respectively than with pure diffusion. He also concluded that droplet vaporization and
liquid temperature were nearly independent of the mode of gas-phase heat and mass
transfer.

Sato et al. studied the effects of natural convection on droplet combustion at
elevated pressure using a free-falling apparatus similar to that of Faeth and Olson (1968).
They found that natural convection increased the droplet burning rate by 37% at
atmospheric pressure, by 260% at the critical pressure, and by 290% at 1.4 times the
critical pressure; natural convection decreased the buming lifetime by 38% at
atmospheric pressure, by 68% at the critical pressure, and by 73% at 1.6 times the critical
pressure. However, the main reason for this was that natural convection caused the flame
to move much closer to the droplet, greatly increasing heat transfer rates to the surface.
For droplet evaporation without combustion or for ignition the absence of a flame would
considerably reduce the effect of convection, as shown by Faeth and Olson and

Sangiovanni.
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2.3 Models of droplet behaviour at high pressure

A realistic high pressure droplet ignition model must consider the physical and chemical
processes contributing to ignition, but also the non-ideal vapour-liquid equilibrium
behaviour, the penetration of air into the liquid, and the increasing role of transient
processes as the gas becomes denser at higher pressure.

Since modelling is not the main subject of this work, only a brief review of
models will be given. For a more complete review, refer to Ruszalo and Hallett (1992).
This section refers to high pressure numerical models; atmospheric pressure models will
not be mentioned, even though many past studies have been conducted, such as those of
El-Wakil and Abdou (1966) and Faeth and Olson (1968). A more detailed review is given
by Bergeron and Hallett (1989b).

2.3.1 Ignition delay models

Only two models for droplet ignition at high pressure are present in the literature. Kadota
et al. (1976) fitted a simple correlation to their high pressure ignition data; this did not
include a complete physical description of the process, but was merely an empirical
equation to relate ignition delay time to pressure and temperature. Ruszalo and Hallett
(1992), developed the droplet model used for this study, basically extended the earlier
atmospheric pressure model of Bergeron and Hallett (1989b) to include high pressure
effects of liquid phase diffusion, air penetration, and a Peng-Robinson equation of state
for the vapour-liquid equilibrium (VLE) approximation. Bergeron and Hallett had devised
numerical solutions to the continuity, diffusion, energy, and chemical reaction equations,
coupled with energy and mass balances on the droplet. This gives a complete transient

description of droplet ignition.
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2.3.2 Droplet evaporation and combustion models

The other models reviewed here are for pure evaporation or fully-developed combustion

rather than ignition.

2.3.2.1 Quasi-steady models

One of the earliest physical descriptions of droplet processes is to approximate droplet
combustion and evaporation as quasi-steady (QS). This theory assumes uniform
properties, reaction stoichiometry, and a spherically symmetric fuel droplet evaporating
radially outward into a large static gas reservoir of air. The main feature of this model is
the omission of transient terms from the governing equations, which is justified by the
assumption that the rate of change of droplet radius is slow compared to other processes;
thus, the 8/0¢ terms are neglected. Spalding (1959) used a quasi-steady model along with
a transient model he developed, so as to compare the predicted fuel burn times. Wieber
(1963), Rosner (1967), and Lazar and Faeth (1970) developed a form of quasi-steady
theory. Manrique and Borman (1969), Savery and Borman (1970), and Kadota and
Hiroyasu (1976) have examined quasi-steady state droplet vaporization at high pressures.
Quasi-steady models approximate the transient process by slowly varying the sequence of
steady states (Rosner and Chang, 1973). Generally, it was discovered that the quasi-
steady theory agreed reasonably well at low pressures, but at pressures approaching or

above the critical pressure of the fuel, deviations from theory clearly occurred.

2.3.2.2 Transient models

Transient effects tend to dominate the burning processes at high pressures, and this
motivated Spalding (1959) to abandon the quasi-steady model and to adopt a new theory
to include the transient terms, Spalding's theory comprises of two parts, with the first part
establishing the mixture composition with respect to space and time, and the second part

making the distinction between fuel fraction and mass fraction of unburned fuel.
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Comprehension of reaction stoichiometry allows the first part of the theory to be used to
predict the transient burn rate of the fuel. This model treats the liquid phase as a denser
gas and predicts the burn times and flame radius of fuel droplets at supercritical pressures
only.

Much more realistic models have been contrived recently, such as those of Rosner
and Chang (1973), Lee and Fernandez-Pello (1986), Shuen et al. (1992), and Curtis and
Farrell (1992). They all have looked at vaporization and combustion of droplets at high
pressures, either by extending the OS theory to estimate droplet lifetimes (Rosner and
Chang, 1973), or by developing complete solutions of the govemning equations of
diffusion, energy and mass (Lee and Fernandez-Pello (1986), Shuen et al. (1992), and
Curtis and Farrell (1992)). Some of these models have used the Redlich-Kwong equation
of state (EOS) to approximate the vapour-liquid equilibrium, while others have used the

Peng-Robinson EOS.

2.4 Multi-component models
Commercial liquid fuels are not pure hydrocarbons but mixtures, usually with hundreds
of components. In view of this, efforts have been made recently to extend droplet theories
to mixtures. Most of the literature on the subject deals with simple binary mixtures. The
main issue is the state of mixing in the liquid phase, which controls the liquid
composition at the surface and hence the vapour flux and composition. Two limiting
cases exist: the well-mixed liquid, in which the liquid composition is assumed uniform
and evaporation proceeds as a batch distillation; and the diffusion-limited liquid, in: which
molecular diffusion is the only transport process within the droplet. Real droplet
behaviour falls between these limits,

All real droplets exhibit some degree of internal circulation. This problem was
investigated by Tong and Sirignano (1986) and Talley and Yao (1986). Tong and

Sirignano stated that in the absence of internal circulation, only diffusion transport takes
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place inside the droplet. However, this condition is unrealistic, so they developed their
numerical model to include internal circulation by assuming the existence of a Hill's
spherical vortex inside the droplet. More will be said about droplet internal circulation for
two-components in section §4.3.

Talley and Yao {1986) showed that the effects of internal circulation on
evaporation could be approximated by radial diffusion of components with the value of
diffusivity enhanced to account for the more rapid mixing. This results in a much simpler,
yet reasonably accurate, treatment of liquid phase processes and has been the model used
in most multi-component droplet calculations since then,

A study of mixture ignition at high pressure is present, that of Ruszalo and Hallett
(1992), who extended their numerical model for pure fuels by including liquid-phase
diffusion in the manner of Talley and Yao (1986). Bergeron and Hallett (1989a) and
Hallett and Ricard (1992) investigated droplet mixture ignition at atmospheric pressure.
Other recent works have examined evaporation without reaction at high pressure. Jin and
Borman presented evaporation models which coupled the transport properties to form a
simple quasi-steady description, while Hsieh et al. (1988) developed a two-component
vaporization model which include a full transient solution of state equations, using the
Redlich-Kwong EOS for the VLE.

To date no mixture ignition experiments have been published at high pressure.
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CHAPTER THREE

Experimental Apparatus and
Techniques

This chapter focuses on the techniques used to conduct the experiments. It reports all
aspects involved in the measuring the ignition delay times of fuel droplets, which
includes a detailed description of the apparatus and experimental procedure, and some

experimental limitations and maintenance procedures.

3.1 Suspended droplet/moving furnace method

For reasons cited in the literature survey (§2.1.3), the experimental method of choice was
the suspended droplet/moving furnace technique, even though the falling droplet method
may more closely resemble the processes that occur in some sprays. Because of their
importance, the arguments cited in §2.1.3 will be briefly summarized here. Suspended
droplets offer simple generation and observation because the droplets are static in space.
The difficuity of apparatus construction, particularly for experiments under pressure, is
reduced. Finally, the physical process can be approximated by a spherically symmetric
model, thus allowing one to focus on the fundamental processes involved. However,
some drawbacks stem from the effects of fibre disturbances such as thermal conduction
through the support fibre, distortions of the droplet shape from spheroidicity, larger

droplet sizes than would normally appear in a spray, transient convective flow from the
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moving furnace, and the presence of natural convection (which can only be eliminated by
the use of a free falling apparatus). The possible effects of these will be discussed later in
§3.4.

The disadvantages of the suspended droplet technique might suggest that the other
method (free falling droplets) would be better. However, the free fall technique has
greater disadvantages due to the difficulties involved with the ciné-photography of free
falling droplets, the experimental complexity of the apparatus, and the completely
different mode of ignition (by forced convection) known as wake ignition. Wake ignition
is an arduous task to model, requiring solution of the fluid flow about the droplet in
addition to heat and mass transfer; moreover, this must be done in two dimensions in the
fairly complex geometry of the droplet wake. This makes it difficult to focus attention on

the fundamental processes. The last consideration negates any other advantages the

method may possess.

3.2 Experimental apparatus

Figure 3.1 shows a cross-section of the experimental apparatus. A liquid fuel droplet is
hung on a bead at the tip of a quartz fibre (1) supported from a stationary steel rod (2). A
fuel droplet, supplied from a pressurized fuel reservoir, is placed on the fibre by transfer
from a fuel injector probe (3) by orienting the injector tip towards the fibre shaft.

The furnace (4) is preheated to a desired temperature, as indicated by a fixed
thermocouple (5), and is raised by the furnace air cylinder (6) to a position such that the
centre of the droplet bead is in the centre of the furnace cavity. A shutter (7) which is
actuated by a lever riding in a guide rail (8) keeps the furnace opening closed until the
droplet is just about to enter. A photo-diode array (9) monitors the light intensity around
the droplet region inside the raised furnace. Light is focused onto the diode array by
means of two lenses (10), and the diodes are connected to a digital storage oscilloscope

(11) which records the signal. The oscilloscope is triggered by a micro-switch (12) that is
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Figure 3.1: Cross-section of experimental apparatus. Part numbers are keyed to
description in text.
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activated upon impact with a strike plate as the furnace drive cylinder approaches the top
of its travel. The switch timing coincides with the moment the droplet is entering the hot
environment. When ignition occurs, emission of light from the flame causes the
oscilloscope trace to rise suddenly, as indicated by Figure 3.2, and the ignition delay time
can be measured. The term ignition delay time is defined as the time elapsed for a fucl
droplet to auto-ignite or spontaneously ignite, from the time of initial droplet exposure to

the hot environment to the time when ignition is first detected.
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Figure 3.2: Oscilloscope response of light intensity from the photo-diode array for the
measurement of ignition: delay time.

The furnace is composed of high density refractory, Nichrome resistance heating
wire, and a ceramic core. The refractory is a high density fibre board called cristobalite
Fiberfrax Duraboard® from Carborundum Co. This crystalline silica insulation was
chosen for its refractory properties, durability, and lightness. Figure 3.3 shows four 2"
discs that are stacked to form the furnace refractory. A 19 gauge (AWG) (0.91 mm)
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Nichrome wire is wrapped around a corrugated ceramic Norton Alundum® tube to form

the furnace element.
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Figure 3.3: Fumace components and dimensions. Dimensions shown are exact
specifications.

The wire ends are connected to a power transformer and heat is produced by the wire's
electrical resistance to power.

A considerable amount of detail is shown on the furnace parts to demonstrate its
relative size compared to the droplet of fuel and to reveal the amount of refractory used.
The internal volume is 850 cm® of air. Past literature surveys of furnaces used by other
researchers show that the current furnace is one of the largest of its kind, and that the

furnace walls are some 30-40 droplet diameters away from the static droplet.
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Secondary refractory paper, also a Fiberfrax® product, was placed around the
ceramic core inside the donut hole and also on the top and bottom between the discs and
the core to prevent the heating element from movement. Any movement of furnace
components would lead to premature erosion of furnace refractory. The refractory paper
also helped minimize the heat losses from the furnace.

The chamber (13) is pressurized with breathing quality bone dry compressed air
from three tanks of 8000 standard litre STP capacity. A separate single tank supplies air
for the various air cylinders. The chamber air enters through two purge tubes. The first
(14) protrudes into the furnace cavity when the furnace is in its down position, and the
second (15) is at the base of the chamber, with a slightly bent tip so as to produce some
gas swirl during purging of product gases. After each ignition event of a fuel droplet, the
air in the furnace cavity is purged, followed by purging of chamber gases.

Another tube (16), located beside the chamber purge, connects to a relief valve to
maintain the chamber pressure at a set level, followed by a rotameter (17) which is used
to monitor the purge air flow rate. A thermocouple (18) in one of the six side ports
indicates chamber air temperature prior to ignition. A video camera (19) is present to
allow the experimenter to control the release of the droplet and view the ignition event,
Heat lost from the furnace is removed by a cooling system (20), from which ethylene
glycol antifreeze is pumped into the cooling coils at (21) and out at (22). Key number
(23) is a quartz glass port window, and (24) is a thermocouple junction box.

The fuel injector produces a droplet by displacing fluid from the chamber of a
small needle valve located on a control panel (25). The entire fuel line, from the reservoir
to the tip of the injector probe, is completely filled with fuel and contains no air pockets.
Figure 3.4 shows the arrangement of two ball valves and one needle valve, positioned
between the reservoir and the injector probe. The three valves work in conjunction to

serve as a miniature piston pump for releasing the fuel droplet.
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Figure 3.4: Perimeter valves - ball valves, centre valve - piston needle valve. Step A:
opened piston valve - fuel enters chamber. Step B: closed piston valve - fuel displaced
from chamber.

The scheme is as follows: Step A: With the upstream ball valve opened and the
downstream ball valve closed, the needle valve is opened by rotating the knob counter-
clockwise, which allows the pressurized fuel to fill the valve chamber. Step B: The
upstream ball valve is then closed and the downstream ball valve is opened. Fuel is
displaced from the needle valve chamber by rotating the knob slowly clockwise. The
droplet evolves from the small diameter tip of the probe through fluid displacement and
rests against the fibre shaft. When the probe moves away, the droplet falls under gravity
and positions itself around the fibre bead. Droplet diameter is determined and adjusted by
viewing a grid transposed on the screen of a video monitor (26). A second adjacent
injector probe (27) is provided to produce an alcohol droplet which can be ignited after an
experiment to burn off residual soot from the fibre. The alcohol is also supplied from an
alcohol reservoir, located adjacent to the fuel supply next to the control panel.

Several intertocks are provided to prevent operation of the controls in any way

that might damage the equipment. Once the fuel droplet is released, both probes are
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rotated to a parallel orientation by an actuator motor (28). This activates a micro-switch
which in turn operates a solenoid valve, allowing air to pressurize an air cylinder (29) at
the top of injector assembly which raises the probes out of the path of the furnace. Two
probe ball valves on the control panel control the flow of air to and from the solenoid
valve. When the probes are in the raised position, another micro-switch (30) actuates
another solenoid valve that prevents the furnace drive cylinder from lifting the furnace
when the probes are not in the raised position. A bottom micro-switch (31) control
prevents the probes from being lowered when the furnace is in the raised position. This
safety arrangement is present to prevent mishaps due to errors in judgement when
manipulating ball valves which control the air flow to the solenoid valves. A final micro-
switch (32) is present to signal the operator that both injector probes are in proper
alignment for raising.

Two bourbon test gauges exist for accurate measurement of chamber pressure.
One is a low pressure gauge that records gauge pressure from 0 to 100 % 0.5 psi and the

other is a high pressure gauge with a range of 0 to 550 2 psi.

3.3 Experimental procedure

The apparatus is allowed to warm up to thermal equilibrium before any experimental run
can be conducted. This time, usually 2 hours, allows the furnace to reach the desired
temperature under the given voltage supply. When the chamber is pressurized slightly
longer times are required for the ambient air temperature to reach thermal equilibrium
with the cooling system, owing to the greater mass of air that must be heated.

The fibre support assembly and the fibre itself are cleaned with a cloth and
alcohol to remove unburnt soot left behind from previous runs. This procedure is usually
done at least once afier a change in fuel. When a fuel is changed, the fuel line is
completely purged by running air through it, to ensure that all the old fuel has been

removed. New fuel is then purged through the line before beginning experiments,
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The vessel and fumace must be purged with fresh air to maintain a uniform air
quality between repeated experiments. After burning a droplet, it is essential to purge
both the furnace and the vessel with fresh air to remove the products of combustion. To
determine the quantity of air required after each ignition event, a simple theory has been
used to develop a purging schedule for the apparatus, and calculations were made to
determine the purging time required for various pressures and purge flow rates. The
rotameter on the exhaust from the vessel monitored the air flow through the two purge
lines. Refer to appendix B for a purge calculation.

After purging, the furnace temperature drops, and one must wait for the
temperature to rise back to the desired temperature. The power input to the furnace is
adjusted so that the furnace temperature is nearly in equilibrium - only changing very
slowly - at the time that the next run is made.

Operating variables (for example air regulator pressure to furnace drive cylinder,
furnace power) can change with pressure. Therefore, it is important to monitor the
furnace traverse time, defined as the time required for the furnace to move from the
moment the scope is triggered to the time it reaches its final resting position. This was
measured to be around 100 milliseconds, corresponding to a furnace velocity of about 1.5
m/s. To maintain consistent experimental conditions, the air pressure to the furnace air
cylinder is adjusted as the chamber pressure is varied such that the traverse time remains
roughly constant. The limited speed of the furnace makes the observation of ignition
times below 0.1 seconds impossible.

Both the fuel and alcohol injector probes are prone to clogging due to small
suspended particulates in the lines. When these probes are plugged they are replaced with
new ones and the old probes are either unplugged (if possible) or discarded. The
particulates are suspected to come from metal burrs on pipe linings and connections.

Quartz fibres are also replaced after extended use, soot accumulation, or breakage.
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3.3.1 Choice of fuels

High carbon number n-paraffin hydrocarbons (listed in Table 3.1) were chosen as fuels
because of their presence in commercial Diesel fuel blends, as also were aromatics, and a
cycloparaffin. However, the present study did not test olefin hydrocarbons, as these are
not present in significant quantities in Diesel fuel.

The fuels were selected based on their normal boiling point. The n-paraffins were
chosen to roughly cover the boiling point range of Diesel fuel, while decalin,
isobutylbenzene, and mesitylene have boiling points that are nearly identicai to a-decane.
This allowed two-component mixtures to be produced which separated the effects of

component boiling point and component chemical structure.

Table 3.1: List of hydrocarbon fuels that were tested, with the purity and normal boiling
points as given by the supplier. All fuels were supplied by Aldrich Chemical Company.

Fuel Purity (%) Boiling Point (°C)
n-decane 99 174
n-dodecane 9% 216
n-hexadecane 99 287
o-xylene 98 143 - 145
1,3,5-trimethylbenzene (mesitylene) 98 162 - 164
isobutylbenzene 99 170
decahydronaphthalene (mixture of cis/trans-decalin) 99 189 - 191

3.3.2 Quartz filament fabrication

Filaments are fabricated by holding a solid 8 mm OD Pyrex quartz rod (45 cm long) by
the ends and subjecting the middle of the rod to an acetylene torch. Only about 3 cm of
the rod is heated. As the hot flame slowly melts the centre section, the ends of the quartz

are twisted and mancuvered to obtain a feel for a desired softness. When this softness is
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achieved, the rod is removed from the flame and the ends are quickly pulled apart.
Instantly, the hot glowing section, which was once 8 mm OD, becomes approximately
0.3-0.5 mm OD. This stretched filament of quartz is detached and the two remaining
segments are fused together for another heat and pull. Since the fibres are held by a 23.8
mm long (min. 0.39 mm ID) 304 stainiess steel tube support, filament OD's must not be
greater than 0.4 mm OD. Manufactured fibres having a diameter greater than the
specified tolerance are discarded.

All fibres with the correct tolerances have a round bead formed in one end by
placing the tip of the filament over the acetylene flame and rotating the fibre until a small
spherical ball is formed. The fibre bead was typically 1.0 mm, with a shaft thickness of

0.4 mm.

3.4 Sources of error

3.4.1 Suspension fibre

The main source of etror due to the suspension fibre is an increase in heat transfer to the
droplet caused by heat conduction along the fibre; this in turn would cause faster droplet
heating and ignition. A rough estimate of this effect can be made as follows: The thermal
conductivity of quartz is 1.4 W/m°C (Weast and Astle, 1982), while for liquid
hydrocarbons at 20°C it is around 0.14 W/m-°C. Quartz therefore conducts about 10

times faster, but the fraction of the droplet surface area occupied by the fibre is only
2
W e

AT e
which with 7, = 0.19 mm and r;,,, = 0.75 mm gives 1.6% of the surface area or 10 x
1.6% = 16% of the heat transfer. This estimate assumes that the temperature gradient
along the fibre is the same as that in the adjacent gas phase, whereas in reality the much

higher conductivity of the fibre will reduce the gradient and the heat transfer through the
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fibre. In addition to this, roughly one-half of the heat transier to the droplet is by
radiation, which is not affected by the fibre at all (Bergeron and Hallett, 1989b). This
conclusion was reached by running the model. These considerations would reduce the
increase in heat transfer due to the fibre to about 5%, Kumagai (1956) found that a 0.2
mm fibre increased the evaporation rate of a burning droplet by 10%, but the absence of a
flame should make this effect much smaller for a droplet which is igniting or evaporating
without combustion. Lafreniére (1989) found that increasing fibre diameter from 0.2 to
0.3 mm decreased the ignition time by less than 2% at an ambient temperature of 760°C.
Measured ignition times under pressure are faster than at atmospheric pressure, so
the error would be even smaller for these experiments. In any case, the quartz fibre is

manufactured to as small a size as possible, yet must maintain its rigidity, durability, and

longevity.

3.4.2 Natural convection errors

As cited in §2.2, the effect of natural convection on droplet ignition is small at
atmospheric pressure (Faeth and Olson, 1968 and Sangiovanni, 1978). The measurements
of Sato et al. (1990) indicate an increasing role for natural convection as pressure
increases, but there are no data in the literature which allow this to be quantified for
ignition. Until ignition experiments can be performed at high pressure in microgravity,

this must remain an open issue.

3.4.3 Limitations of the apparatus

At high pressures, heat losses from the furnace increase and one needs more furnace
power to compensate for them - eventually one reaches the point where the furnace
winding burns out. Thus experiments were not possible at conditions above 973 K and 13
atm, 873 K and 17 atm, and 773 K and 20 atm. Any attempts to exceed these limits by

increasing the power would endanger the Nichrome heating wire.
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CHAPTER FOUR

Mathematical Modelling

4.1 Numerical model: single-component fuel

Numerical predictions of ignition delay times are made with an existing numerical model
developed by Ruszalo and Hallett (1992). In order to reduce the complexity of
calculation, some basic assumptions were made: spherical symmetry was assumed,
natural and forced convection were neglected, the effects of chemical reaction on species
concentration were neglected (a common assumption in ignition models, since reactions
are slow until the moment of ignition), transport properties were assumed uniform in
space, and the droplet liquid temperature was assumed uniform. The model gives
transient solutions for concentration and temperature fields as well as chemical reaction
in the gas phase using finite volume techniques with hybrid differencing, and couples
these to mass and energy balances on the droplet to account for transient heating and
evaporation. Included in the model are detailed vapour-liquid equilibrium calculations
using the Peng-Robinson equation of state (EOS) and the effects of air penetration into
the liquid. The literature review concluded that the Peng-Robinson EOS has been
accepted as the best overall cubic EOS to datc by most researchers. The advantage of a
cubic equation of state is that it can be solved analytically. More accurate and rigorous
EOSs are available, but they require iterative solution, and the gain in accuracy is not

worth the extra computational effort. Therefore, the Peng-Robinson EOS was adopted as
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the EOS of choice for the current numerical model. The liquid phase concentration and
temperature are assumed uniform - i.e. a well-mixed phase. For further information on the

numerical analysis, readers are encouraged to refer to Ruszalo and Hallett (1992).

4.2 Chemical reaction modelling: single-component fuel

The numerical modelling of the physical processes of droplet ignition was not changed
from earlier work (Bergeron and Hallett, 1989b and Ruszalo and Hallett, 1992).
However, some modifications were required in modelling the chemical reaction, in

particular to account for the effects of pressure on reaction. Two different reaction models

were employed.

4.2.1 Single-step global reaction model

The first rate equation used was a single-step reaction equation developed by Westbrook
and Dryer (WD) in 1981, originally used for predicting laminar flame speeds in flame
propagation experiments. The reaction is an overall description of conventional

hydrocarbon oxidation:

C.H, + (m + %) 0, = mCO, + 2 H0 11]

This model was chosen for its simplicity, because a single global reaction is often a
convenient way of approximating the effects of the many elementary reactions which
actually occur, The overall rate 1, Equation [2], must represent the combined effects of

all the individual reaction rates involved (Westbrook and Dryer, 1981)

a b
a+h ]‘;‘ ) ( YO ) [ E )
Twa = —P M (— ——| A exp| —=— [2]
foe AM.) \M, R-T

This is the rate equation which has been used in earlier work with this model.
Experiments on suspended droplet ignition at atmospheric pressure were used by

Bergeron and Hallett (1989b) to predict the pre-exponential factor A and the activation
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energy £ for each of the hydrocarbons they tested, giving values somewhat different from
Westbrook and Dryer's determinations. The Westbrook and Dryer reaction constants were
fitted to reproduce experimental laminar flame speeds; their choice of £ was more or less
arbitrary, affecting only the flame thickness in their calculations. However, previous work
on droplet ignition by Bergeron and Hallett (1989b) at atmospheric pressure had shown
that it was necessary to modify Westbrook and Dryer's required E to reproduce the
measured dependence of ignition time on temperature, which in turn required changing
the value of 4 as well.

The Bergeron and Hallett model represented the data well for n-paraffin
hydrocarbons using the prescribed fuel and oxygen exponents of a=0.25 and b=1.5 as
suggested by Westbrook and Dryer. However, they discovered that Westbrook and
Dryer's exponents for aromatic fuels gave unrealistic results for atmospheric pressure
droplet ignition. Thus, the aromatic fuel and oxygen exponents were modified to a = 0.30
and b=14 , respectively. Since 4 and b in [2] directly determine the influence of
pressure, these parameters will have to be modified to represent the experimental data of
this thesis. In other words, the reaction rate parameters E, 4, a, and b would have to be

modified for pressure dependence.

4.2.2 Four-step global reaction model

The experimental data presented later in this work for n-paraffin hydrocarbons indicate
the presence of two different reaction processes occurring at certain pressures or
temperatures. Bergeron and Hallett (1989b) also observed this phenomenon
experimentally at high temperatures, and they attributed the change to a sudden shift? in

chemical kinetics from two-stage to single-stage ignition. These results, together with

2More information on the observed ignition shift will be presented in the discussion section of chapter five
of this report.
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deficiencies in the model representing the data with the Westbrook and Dryer model,
suggested that a more complicated multi-step reaction model would be required.
Therefore, a four-step global reaction mode] was investigated.

This ingenious yet simple model was developed by Miiller et al. (MPL) in 1992
for predicting ignition delay times of n-heptane at pressures up to 40 atm. Milller er al.
were able to reduce a full kinetic mechanism for n-heptane, comprising 1011 elementary
reactions with 171 chemical species, down to 4 global reaction steps and just 5 chemical
species, without great loss in accuracy.

The four reaction steps are grouped into two temperature branches:

F X RI
highT n R1]

X+x-0,=P [R2]

Fiy.0, o1 [R3]
med. T o

1+2-0,=P [R4]

The rates r,, ry, rip rap, and ry are global descriptions of reaction rates, with pre-
exponentials that were fitted by Miiller ef al.’s data their n-heptane data. Activation
energies were obtained from Milller er al., and were kept the same for all n-paraffins and

the cycloparaffin tested. These rate equations are:

E
. =-A1-X,,-exp(—k.—}) 3]
P E,
n =-A2-Xx-Xo-ﬁ-exp —ﬁ [4]
E
I‘:r =_A3r'XF'Xo‘“%“'exp(_%) [5]
A X, -exp| ~ [6]
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The first pair of these reactions, [R1] and [R2], predominates at high
temperatures, and the second set, [R3] and [R4], at lower temperatures. Reaction [R1] in
the high temperature branch represents endothermic fuel decomposition into smaller
hydrocarbon fragments (species X), [R2] oxidizing the intermediate species to final
products. [R2] is fast relative o [R1] at moderate to high temperatures; thus [R1]
becomes rate limiting at high temperatures.

The second branch is a moderate temperature regime, for which reactions [R3]
and [R4] represent degenerate chain branching mechanisms, and species I is another
intermediate, [R3] is in equilibrium, with both forward and backward reactions, and [R4]
involves the intermediate species oxidizing to products. The activation energy of the
backward step in [R3] is assumed to be large with respect to the forward step, so that at

low temperatures (below about 830 K and at 40 atm), the reverse step is negligible
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compared to the forward. However, at temperatures above about 830 K, the rate ry,
becomes increasingly important and competes with ry. Less intermediate 1 would be
formed, leading reaction [R4] to become rate limiting. The competition between ryr and
r3p results in a slight negative dependence of rate on temperature for temperatures slightly
greater than 800 K.

Figure 4.1 shows the individual rates for the reactions [R1], [R2], [R3], and [R4]
as plotted by Miiller et al. for a pressure of 40 atm. Only the rate limiting time scales arc
of importance and they are r, and k gy, - X2, where kyovy, is the overall second-order rate
constant. The initial molar oxygen concentration X, used in the calculations of the rates
in the figure is 0.2061 at a pressure of 40 atm. The k,oy.- Xg expression represents the
net effect of the rates ry; 73y, and r, combined. The overall rate expression is determined
by whichever rate, r; or kyoyi-X3, dominates at a particular temperature. At
temperatures’ above about 1180 K, r; dominates, while below 1180 K the reverse is true.
For low temperatures, the rate of k,qy,- X3 decreases as temperature rises. Thus, it was
speculated that the shifting of reaction rates from the middle to high temperature regime
might reproduce some of the observed ignition delay times.

Using the above arguments, Miller ef al. were able to formulate an overall rate

expression for fuel oxidation, valid for temperatures above about 800 K:

T = pY!; (_ h - kJOVL 'Xé) [8]
: E
where Kooy - X2 = Aoy - e - €X (_ i"“),
20VL " “*0 J0VL RT P BT
A, A
Asou, = A4 s
- Ay,

and Eyoy, = Ey + E, = By,

3Using Miller et al.'s. pre-exponentials and activation energies for the Arrhenius rate expressions, slightly
different values were obtained by the author than reported by Mulier et al. The temperature shift between
two rates was 1180 K for Muller er al., as opposed to our calculated value of 1214 K. The cause of this

appears to be a small discrepancy in the numerical value for E, given by Mtller et al,
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Figure 4.1: n-Heptane reaction rates of different steps in the four-step model at 40 atm.
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The paper of Miiller et al. also presented a simplified low temperature equation that was
valid for temperatures below 800 K. They hypothesize that for temperatures below 800 K
reaction [R3] is no longer in partial equilibrium. Their reasoning was that a two-stage
ignition process occurs, where the fuel is partly converted to the intermediate I in the first
stage. Since no significant heat release occurs during this stage, the subsequent
consumption of I during the second stage is governed by the exothermic reaction [R4].
However, the model they derived for the low temperature branch was only appropriate for
a homogeneous gas mixture without diffusion or convection processes. Hence, it could

not be applied to the droplet ignition model.

4.3 Numerical model: two-component fuels
The binary mixture droplet ignition model is basically the same as the single component
model, incorporating the same type of transient solutions. Two issues were dealt with in
the model. The first is the effect of mixing processes within the droplet on ignition. As in
earlier work, more rapid mixing in the liquid phase was found to have no significant
effect on ignition delay times. The second issue was the combination of component
reaction rates to a mixture rate. Bergeron and Hallett (1989a) stated that in extending the
model to two components it was necessary to assume that Fick's law held for multi-
component diffusion, which is an appropriate approximation for low fuel vapour
concentrations, The two-component model can include the effects of liquid phase
diffusion of the two fuel components, so that liquid phase concentrations can be non-
uniform. However, if desired the droplet concentration can also be considered as "well-
mixed" by specifying a high effective diffusivity in the liquid, which would then
approximate the "well-mixed" binary scenario.

It must be noted that all real suspended droplets of pure components and mixtures
exhibit an internal circulation upon evaporation. In modelling this situation, Tally and

Yao (1986) developed a semi-empirical approximation by lumping the effects of internal
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circulation into effective thermal and mass diffusivities, giving an enhanced effective
radial diffusion rate. Apart from internal circulation, the main issue here is to simply find

a practical reaction model for mixtures by combining single component models.

4.4 Chemical reaction modelling: two-component fuels
In formulating a reaction scheme for binary components, Bergeron and Hallett (1989a)
developed single step rate expressions similar in form to the original Westbrook and
Dryer (1981) description. These rate expressions were also incorporated into the high
pressure model by Ruszalo and Hallett (1992).

Two simple models were devised. The first model (denoted as model 1) is a linear
combination by mole fraction of the rates that would result if the fuel were one or other of

the pure component. The pure component rates would then be

o b
Y+h)Y' (K) E
= - a'#'"M (' 2) ( 0) 4, & (—:—l—) 9
eI TN ) ) TR T Bl
o b
¥+ 5\ (X E
R - N P G
nE TP ", ) \m,) VR T o]

and the mixture rate is
Tpa = V0 + Vo 0y [11]
The second model (denoted as model 2) is a linear combination by mole fraction
of component rate parameters to produce reaction rate parameters for the overall rate

expression given by [17].

A=y A4+ 4 [12]
E = yE + yE, [13]
a=y-a+y, 4 [14]
b =y-b +yb [15]
M=y M +y M, b [16]
we o (G (G ael)
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For both schemes used the component reaction rate parameters that were previously
determined from the single-component model results (Bergeron and Hallett, 1989b).

Model 2 was found in earlier work to be more representative of the data at
atmospheric pressure (Bergeron and Hallett, 1989a). The model had demonstrated that
the more volatile species dominated ignition under the influence of pressure, and that no
model tuning was necessary as all the reaction parameters were obtained from single-
component measurements.

The Westbrook and Dryer chemical reaction rate form was applied to the mixture

model. No attempt was made to adapt the Miiller ef al. model to mixtures.
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CHAPTER FIVE

Results and Discussion

5.1 Correction of experimental data to standard conditions
When experiments were conducted, it was found that increasing the pressure while
maintaining a certain furnace temperature would also raise the chamber ambient air
temperature, owing to an increase in natural convection heat transfer rates between the
furnace exterior walls and the surrounding air. The cooling facility was not able to fully
compensate for this, so that the steady ambient temperature which could be maintained
within the vessel rose with pressure. Since the droplet liquid temperature before ignition
is assumed equal to the ambient temperature in the vessel, it also rises with pressure,
reducing the measured ignition times.

To make comparisons of measurements made under different conditions easier, a
mathematical model was used to correct for this effect. Since 40°C was about the middle
range of the measured chamber temperatures, it was adopted as the standard initial liquid
temperature for presenting results, and all data were comected to this initial liquid
temperature. The correction was performed with the single-component model. For a
given pressure and furnace temperature, the model was used to predict ignition delay
times at the standard liquid temperature of 40°C and at the actual liquid temperature

(T}iq). The relative rate of change of ignition time with liquid temperature can be

represented as
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where 7 and 1, are ignition delay times at the actual liquid temperatures 7;; and at 40°C

respectively. The corrected ignition delay time was found as

4 Lrode = moda@aosc
fo =t + Sme 4B | (4g00 _ T, 19
{ odel ( T, — 40°C ) ( "q) [33]

by linear extrapolation, where ¢, is the original measured time, ¢, is the computed
time, and f, g is the computed time at 40°C. This correction was applied to all
experimental points, including data points for mixtures. The data were corrected by first

selecting preliminary reaction rate parameters as inputs to the model so as to roughly

reproduce measured data. The numerical model was then used to calculate f,.,, @7,
and fgic fOr each data point and these were inputted into the correction, see
Equation [19]. How the corrected time differs from the measured time depends on the

difference between the actual liquid temperature and 40°C, and on how ignition delay time

for the particular fuel is related to liquid temperature.
5.2 Experimental data: single-component fuels

5.2.1 n-Paraffin hydrocarbons

Ignition delay times were measured as a function of pressure and temperature for single-
component n-paraffins. The fuels tested were n-decane, n-hexadecane, and n-dodecane.
The results are presented in Figures 5.1 through 9. Of the fuels, n-decane exhibited the
fastest drop in ignition times under the influence of pressure, with n-dodecane second and
n-hexadecane third. The monotonic ignition time decrease with increasing pressure on a
log-log scale is a representative response for n-paraffins at moderate to high temperatures

(873 K - 973 K).



For the data at 973 K (Figure 5.1 - 3) and at 873 K (Figure 5.5), at a certain
maximum pressure a sudden drop in ignition time occurs to a value lower than can be
measured with the current apparatus, which is less than about 0.1 seconds. This is
indicated by a vertical dotted line at the highest pressures reccrded, which has also been
observed in experiments at atmospheric pressure (Bergeron and Hallett, 1989b) and is
believed to represent a shift in reaction kinetics from two-stage ignition at lower
temperatures and/or pressures to one-stage ignition at higher. (Two-stage ignition
comprises a low-temperature ignition process, leading to a barely visible low temperature
ncool flame", followed by a further ignition delay period before ignition to full-fledged
combustion. The cool flame process disappears with the onset of one-stage ignition.)

The reason for the dotted graphical representation is that no true or actual ignition
delay time was recorded because the ignition response of the fuel was below the
minimum time, stated previously in §3.3 as the furnace traverse time. The fuel droplet
would ignite as soon as it was exposed to the hot environment, prior to the furnace
coming to a complete rest.

Some of the data at temperatures below 973 K reveal the presence of a range of
pressures for which two distinctly different ignition times were observed (Fipures 5.4 to
59). The two-ignition or “twinned” ignition times were recorded under the same
operating conditions (i.e. pressure and temperature). This appears to be the similar effect
just mentioned for data at 973 K, but the lower temperature measurements show two
values over a fairly wide range of conditions, while the 973 K data show no regions of
overlap between the two types of behaviour. The individual data points at each of these
conditions grouped themselves clearly about two different mean values, and the lack of
overlap between the error bars show that this grouping is statistically significant. The
error bars on all experimental plots shown in this report are of + one standard deviation

wide, and each sample set ranged from 4 to 12 data points.
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The explanation which suggests itself for the observation of two distinct values is
that they represent two different reaction kinetic paths (probably corresponding once
again to two-stage and one-stage ignition), one or other of which can be favoured by
slight changes in initial conditions. The brief transient flow of air during entry of the
droplet into the furnace and the natural convection about the droplet occurring during the
pre-ignition period are subject to some degree of random fluctuation; this may result in
local variations in mixture formation and heating and thus affect the reaction pathway
taken. Why this should happen more at lower temperatures is not clear, but is probably
due to changes in reaction mechanism. This “twinned” data was more evident at higher
pressures and lower temperatures. Comparing Figures 5.4 - 6, at 873 K it appears that as
the carbon chain length increases from n-decane to n-hexadecane, the two-ignition
phenomenon gradually disappears or shifts to lower temperatures, Data at 773 K, Figures
5.7 - 9 indicates similar results.

Figures 5.10 - 16 are plots of ignition delay times versus the inverse of ambient
temperature. Note all n-paraffin atmospheric pressure data were taken from Bergeron and
Hallett (1989b). The data in all cases show a nearly linear relationship of ignition time on
a log scale to inverse temperature. The slope of this refationship represents the effective
activation energy for the ignition process. As pressure increases ignition times drop and
so do neighbouring data points at lower temperatures (Figure 5.10). The slope inferred
from connection of these points indicate a decrease in the effective activation energy for
n-decane as the pressure rises, suggesting a change in chemical reaction kinetics at higher
pressures. At atmospheric pressure, a two-stage ignition is seen for n-decane at 1068 K.

A similar but small decrease in activation energy with pressure was recorded for
n-dodecane and n-hexadecane (Figures 5.11 - 16). Figure 5.11 shows n-dodecane data
plotted at 7.8 atm, which also reveals an effective activation energy decreasing with
increasing pressure. These observations hold for pressures below about 10 atm; at higher

pressures, the effective activation energy no longer decreases with pressure, as the
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example of n-dodecane at 12.9 atm (Figure 5.12) reveals. Figures 5.13 - 16 show similar
results for n-hexadecane, that is effective activation energy decreasing with increasing
pressure, It is expected that n-paraffins should all behave in a similar fashion and this is
born out by these data.

| Due to the physical limitations of the apparatus stated in §3.4.3 it was not possible
to obtain data beyond 17 atm without the possibility of burning out the furnace windings.
‘Thus, for temperatures of 873 K and 773 K the experimental runs were gathered only to
this limit. Higher pressure data may be possible at lower temperatures than 773 K, but
this was not investigated.

The only comparable data in the literature was those of Kadota et al., who show
substantially shorter ignition times than those reported here (approximating 40% shorter).
It was believed that the thermocouple in Kadota es al.'s furnace was too close to the
proximity of the droplet during the ignition process, creating a "hot spot" which led to
premature ignition. This problem was avoided in the present apparatus by having our
thermocouple withdraw from the furnace area as the furnace raised, such that the field

around the droplet is free from extraneous heat sources during droplet ignition.
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Figure 5.1: Experimental ignition delay time versus chamber pressure for n-decane at an
ambient temperature of 973 K. Droplet diameter 1.40 mm. All data reduced to a uniform
initial liquid temperature of 40°C. The error bars are at + one standard deviation of the
measurements. Solid line represents model predictions with modified Westbrook and
Dryer reaction rate parameters: a = 0.25, b = 1.80, 4 = 1.75 x 105, and E = 72.80 k}/mol.
Dashed line represents mode! predictions with Miiller ef al. reaction rate parameters: A4, =
6.00 x 10° 5™, E, = 180.01 kl/mol, A,qy, = 1.09 x 10° cm®Agmol*s), and E,q, = -
19.71 kJ/mol.
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Figure 5.2: Experimental ignition delay time versus chamber pressure for n-dodecane at
an ambient temperature of 973 K. Droplet diameter 1.40 mm. All data reduced to a
uniform initial liquid temperature of 40°C. The error bars are at & one standard deviation
of the measurements. Solid line represents model predictions with modified Westbrook
and Dryer reaction rate parameters: a = 0.25, b = 1.90, 4 = 4.05 x 10%, and E = 76.15
kJ/mol. Dashed line represents model predictions with Miiller et al. reaction rate
parameters: 4, = 7.25 x 108 5™, E, = 180.01 k¥mol, 4,4, = 1.24 x 10° em®/(gmols),
and E,qy. =-19.71 kl/mol.
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Figure 5.3: Experimental ignition delay time versus chamber pressure for n-hexadecane
at an ambient temperature of 973 K. Droplet diameter 1.40 mm. All data reduced to a
uniform initial liquid temperature of 40°C. The error bars are at * one standard deviation
of the measurements. Solid line represents model predictions with modified Westbrook
and Dryer reaction rate parameters: @ = 0.25, b = 1.90, 4 = 4.30 x 10°, and E = 78.24
kJ/mol. Dashed line represents mode! predictions with Miller et al. reaction rate
parameters: 4, =9.75 x 108 5™, E, = 180.01 k¥/mol, 4,q,, = 1.54 x 10° cm®(gmol*s),
and E,qy, =-19.71 kJ/mol.
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Figure 5.4: Experimental ignition delay time versus chamber pressure for n-decane at an
ambient temperature of 873 K. Droplet diameter 1.40 mm. All data reduced to a uniform
initial liquid temperature of 40°C. The error bars are at + one standard deviation of the
measurements. Solid line represents model predictions with modified Westbrook and
Dryer reaction rate parameters: @ = 0.25, b= 1.80,4 = 1.75 x 10%, and E = 72.80 kJ/mol.
Dashed line represents model predictions with Miller ef al. reaction rate parameters: 4, =
6.00 x 108 s, E, = 180.01 kJ/mol, 4oy, = 1.09 x 10° cm®/(gmol*s), and Eop =-
19.71 kJ/mol.
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Figure 5.5: Experimental ignition delay time versus chamber pressure for n-dodecane at
an ambient temperature of 873 K. Droplet diameter 1.40 mm. All data reduced to a
uniform initial liquid temperature of 40°C. The error bars are at + one standard deviation
of the measurements. Solid line represents model predictions with modified Westbrook
and Dryer reaction rate parameters: a = 0.25, b = 1.90, 4 = 4,05 x 10%, and E = 76.15
kJ/mol. Dashed line represents model predictions with Miiller e al. reaction rate
parameters: 4, = 7.25 x 108 5™, E, = 180.01 ki/mol, A,y = 1.24 x 10° cm®/(gmol®s),
and E,q,, =-19.71 ki/mol.
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Figure 5.6: Experimental ignition delay time versus chamber pressure for n-hexadecane
at an ambient temperature of 873 K. Droplet diameter 1.40 mm. All data reduced to a
uniform initial liquid temperature of 40°C. The error bars are at + one standard deviation
of the measurements. Solid line represents model predictions with modified Westbrook
and Dryer reaction rate parameters: a = 0.25, b = 1.90, 4 = 4.30 x 10%, and E = 78.24
k)/mol. Dashed line represents model predictions with Miller et al. reaction rate
parameters: 4, = 9.75 x 108 s, E, = 180.01 kl/mol, 4,0y, = 1.54 x 10° cm®(gmol*s),
and E,qy =-19.71 k¥/mol.
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Figure 5.7: Experimental ignition delay time versus chamber pressure for n-decane at an
ambient temperature of 773 K. Droplet diameter 1.40 mm. All data reduced to a uniform
initial liquid temperature of 40°C. The error bars are at + one standard deviation of the
measurements. Solid line represents model predictions with modified Westbrook and
Dryer reaction rate parameters: a = 0.25, b = 1.80, 4 = 1.75 x 105, and E = 72.80 kJ/mol.
Dashed line represents model predictions with Miiller et al. reaction rate parameters: 4, =
6.00 x 108 5!, E, = 180.01 kimol, A,gy = 1.09 x 10° cm®/(gmol*s), and E,qy, = -
19.71 kJ/mol.
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Figure 5.8: Experimental ignition delay time versus chamber pressure for n-dodecane at
an ambient temperature of 773 K. Droplet diameter 1.40 mm. All data reduced to a
uniform initial liquid temperature of 40°C. The error bars are at + one standard deviation
of the measurements. Solid line represents mode! predictions with modified Westbrook
and Dryer reaction rate parameters: a = 0.25, b = 1.90, 4 = 4.05 x 10%, and E = 76.15
kJ/mol. Dashed line represents model predictions with Miiller et al. reaction rate
parameters: 4, = 7.25 x 108 s, E, = 180.01 kl/mol, A,y = 1.24 x 10° cm®/(gmol*s),
and E,qy, =-19.71 k¥/mol.
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Figure 5.9: Experimental ignition delay time versus chamber pressure for n-hexadecane
at an ambient temperature of 773 K. Droplet diameter 1.40 mm. All data reduced to a
uniform initial liquid temperature of 40°C. The error bars are at * one standard deviation
of the measurements. Solid line represer. s model predictions with modified Westbrook
and Dryer reaction rate parameters: a = 0.25, b = 1.90, 4 = 430 x 10% and £ = 78.24
k)/mol. Dashed line represents model predictions with Miiller et al. reaction rate
parameters: 4, = 9.75 x 108 s, E, = 180.01 kJ/mol, Aoy, = 1.54 x 10° cm®(gmol™s),
and E,qy, =-19.71 kJ/mol.
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Figure 5.10: Measured and calculated ignition delay time versus inverse ambient
temperature for n-decane at the chamber pressures of 1 and 6.1 atm. Droplet diameter
1.40 mm. All data reduced to a uniform initial liquid temperature of 40°C. The error bars
are at + one standard deviation of the measurements. Solid line represents model
predictions with modified Westbrook and Dryer reaction rate parameters: a = 0.25, b =
1.80, 4 = 1.75 x 10%, and E = 72.80 kJ/mol. Dashed line represents model predictions
with Milller er al. reaction rate parameters: 4, = 6.00 x 108 s™', E, = 180.01 k¥/mol,
Az, = 1.09 x 10° cm®(gmol*s), and E,qy, =-19.71 kJ/mol.
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Figure 5.11: Dependence of ignition delay time versus inverse ambient temperature for
n-dodecane at the chamber pressures of 1 and 7.8 atm. Droplet diameter 1.40 mm. All
data reduced to a uniform initial liquid temperature of 40°C. The error bars are at + one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b = 1.90, 4 = 4.05 x
105, and E = 76.15 kJ/mol. Dashed line represents model predictions with Miiller ef al.
reaction rate parameters: 4, = 7.25 x 108 s, E, = 180.01 kJ/mol, 4,4, =1.24 x 1¢°
em®/(gmol®-s), and E,qy, =-19.71 kl/mol.
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Figure 5.12: Dependence of ignition delay time versus inverse ambient temperature for
n-dodecane at a chamber pressure of 12.9 atm. Droplet diameter 1.40 mm. All data
reduced to a uniform initial liquid temperature of 40°C. The error bars are at + one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: g = 0.25, b = 1.90, 4 = 4.05 x
10%, and E = 76.15 kl/mol. Dashed line represents model predictions with Miiller et al.
reaction rate parameters: 4, = 7.25 x 108 s™', E, = 180.01 k¥mol, 4,5, = 1.24 x 10°
cm®/(gmol’s), and E,qy, =-19.71 ki/mol.
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Figure 5.13: Dependence of ignition delay time versus inverse ambient temperature for
n-hexadecane at a chamber pressure of 1 atm, Droplet diameter 1.40 mm. All data
reduced to a uniform initial liquid temperature of 40°C. The error bars are at * one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b = 1.90, 4 = 430 x
10%, and E = 78.24 kJ/mol. Dashed line represents model predictions with Milller ef al,
reaction rate parameters: 4, = 9.75 x 108 5™, E, = 180.01 kJ/mol, A,q,. = 1.54 x 10°
em®/(gmol*s), and E,qy, =-19.71 kJ/mol.
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Figure 5.14: Dependence of ignition delay time versus inverse ambient temperature for
n-hexadecane at a chamber pressure of 7.8 atm, Droplet diameter 1.40 mm. All data
reduced to a uniform initial liquid temperature of 40°C. The error bars are at + one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: g = 0.25, b = 1.90, 4 = 4.30 x
10%, and E = 78.24 kJ/mol. Dashed line represents model predictions with Milller et al.
reaction rate parameters: 4, = 9.75 x 10% s™', E, = 180.01 ki/mol, 4,5, = 1.54 x 10°
cm®/(gmol’s), and E,qy =-19.71 ki/mol.
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Figure 5.15: Dependence of ignition delay time versus inverse ambient temperature for
n-hexadecane at a chamber pressure of 13.2 atm. Droplet diameter 1.40 mm. All data
reduced to a uniform initial liquid temperature of 40°C. The error bars are at + one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: @ = 0.25, b = 1.90, 4 = 4,30 x
10°, and E = 78.24 k¥/mol. Dashed line represents model predictions with Mdller es al.
reaction rate parameters: 4, = 9.75 x 108 s, E, = 180.01 kJ/mol, 4,q,, = 1.54 x 10°
cmsl(gmolz-s), and E,y, =-19.71 kl/mol.
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Figure 5.16: Dependence of ignition delay time versus inverse ambient temperature for
n-hexadecane at a chamber pressure of 16.7 atm. Droplet diameter 1.40 mm. All data
reduced to a uniform initial liquid temperature of 40°C. The error bars are at + one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b = 1.90, 4 = 4.30 x
10%, and E = 78.24 kJ/mol. Dashed line represents model predictions with Miiller er al.
reaction rate parameters: 4, = 9.75 x 10% s™', E, = 180.01 ki/mol, 4,q,, = 1.54 x 10°
cm®/(gmol*s), and E o =-19.71 kJ/mol.
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5.2.2 Cycloparaffin hydrocarbons

Only one cycloparaffin hydrocarbon was studied, namely decalin (decahydronapthalene),
chosen because its boiling point is similar to that of n-decane. Figures 5.17 to 5.19 show
the dependence of ignition delay time on chamber pressure, for ambient temperatures of
973 K, 873 K, and 773 K, respectively. A change in chemical kinetics from two-stage
ignition to one stage seems to occur at 11 atm for 973 K (see Figure 5.17). As discussed
for n-paraffins, this also occurs over a range of pressures from 7 atm to 18 atm at
temperatures below 973 K (Figures 5.18 and 5.19). The results supgest lower
temperatures induce a higher occurrence of “twinned” ignition when pressures are 10 atm
and above. The pressure dependence for decalin does not seem to be as strong as that
observed for the n-paraffins family. The plot for 773 K starts at about 4 atm; this is the
ignitable limit, and decalin droplets could not be ignited below this pressure.

Plots of ignition delay time versus inverse ambient temperature (Figures 5.20 to
5.23) reveal slight changes in effective activation energy for decalin under pressure, but
not as much as for n-paraffins. This result suggests that the earlier assumption that
pressure has little influence on activation energy may not be as valid as first presumed.
Figures 5.22 and 5.23 might provide some insight into this matter. There are “twinned”
data points in the upper half of the temperature ranges. The slower ignition points possess
similar slopes (similar activation energies), whereas the faster ignition points have slopes
that are less steep, suggesting a drop in effective activation energy with the effect of
pressure. These “twinned” data points for the n-paraffin 1/T plots might be the apparent
cause of the noticeable decrease in effective activation energies.

Overall, decalin behaves like n-paraffin hydrocarbons with only slightly slower
ignition delay times. This is to be expected, since during the ignition process
cycloparaffins resemble n-paraffins as the ring structure breaks into straight chain

segments of hydrocarbons.
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Figure 5.17: Experimental ignition delay time versus chamber pressure for decalin
(decahydronaphthalene) at an ambient temperature of 973 K. Droplet diameter 1.40 mm.
All data reduced to a uniform initial liquid temperature of 40°C. The error bars are at +
one standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: @ = 0.25, b = 1.54, 4 = 1.07 x
10%, and E = 81.59 kJ/mol. Dashed line represents model predictions with Milller ef al.
reaction rate parameters: 4, = 1.15 x 108 s, E, = 180.01 kl/mol, 4,5y, = 1.09 x 10°
cm®(gmol?s), and E,q,, =-19.71 kl/mol.
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Figure 5.18: Experimental ignition delay time versus chamber pressure for decalin
(decahydronaphthalene) at an ambient temperature of 873 K. Droplet diameter 1.40 mm.
All data reduced to a uniform initial liquid temperature of 40°C. The error bars arc at +
one standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b= 1.54, 4 = 1.07 x
105, and E = 81.59 kJ/mol. Dashed line represents model predictions with Mdller ef al.
reaction rate parameters: 4, = 1.15 x 108 s, E, = 180.0] kJ/mol, 4,5, =1.09 x 10°
em®(gmol’'s), and E,qy, =-19.71 k¥/mol.
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Figure 5.19: Experimental ignition delay time versus chamber pressure for decalin
(decahydronaphthalene) at an ambient temperature of 773 K. Droplet diameter 1.40 mm.
All data reduced to a uniform initial liquid temperature of 40°C. The error bars are at *
one standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b = 1.54, 4 = 1.07 x
105, and E = 81.59 kJ/mol. Dashed line represents model predictions with Miiller ef al.
reaction rate parameters: 4, = 1.15 x 108 s, E, = 180.01 k¥/mol, Aoy =1.09 x 10°
em®/(gmol?s), and E,g, =-19.71 k¥/mol.
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Figure 5.20: Dependence of ignition delay time versus inverse ambient temperature for
decalin (decahydronaphthalene) at a chamber pressure of 1 atm. Droplet diameter 1.40
mm. All data reduced to a uniform initial liquid temperature of 40°C. The error bars are at
+ one standard deviation of the measurements. Solid line represents model predictions
with modified Westbrook and Dryer reaction rate parameters: @ = 0.25, b = 1.54, 4 = 1.07
x 105, and E = 81.59 k)/mol. Dashed line represents model predictions with Milller ef al.
reaction rate parameters; 4, = 1.15 x 108 5™, E, = 180.01 ki/mol, 4,5, = 1.09 x 10°
cm®/(gmol®s), and E,qy, =-19.71 ki/mol.
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Figure 5.21: Dependence of ignition delay time versus inverse ambient temperature for
decalin (decahydronaphthalene) at a chamber pressure of 4.4 atm. Droplet diameter 1.40
mm, All data reduced to a uniform initial liquid temperature of 40°C. The error bars are at
+ one standard deviation of the measurements. Solid line represents inode! predictions
with modified Westbrook and Dryer reaction rate parameters: a =0.25, 6 =1.54,4 = 1.07
x 10%, and E = 81.59 k}/mol. Dashed line represents model predictions with Milller er al.
reaction rate parameters: 4, = 1.15 x 108 s7', E, = 180.01 k¥/mol, 4,4y, = 1.09 x 10°
cm®/(gmol?s), and E,qy, =-19.71 k¥/mol.
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Figure 5.22: Dependence of ignition delay time versus inverse ambient temperature for
decalin (decahydronaphthalene) at a chamber pressure of 7.8 atm. Droplet diameter 1.40
mm. All data reduced to a uniform initia! liquid temperature of 40°C. The error bars are at
+ one standard deviation of the measurements. Solid line represents model predictions
with modified Westbrook and Dryer reaction rate parameters: a = 0.25, b = 1.54, 4 = 1.07
x 105, and E = 81.59 kJ/mol. Dashed line represents model predictions with Miller er o/,
reaction rate parameters: 4, = 1,15 x 108 s, E, = 180.01 ki/mol, Ao, = 1.09 x 10°
cm®/(gmol*s), and E,qy, =-19.71 kJ/mol.
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Figure 5.23: Dependence of ignition delay time versus inverse ambient temperature for
decalin (decahydronaphthalene) at a chamber pressure of 11.2 atm. Droplet diameter 1.40
mm. All data reduced to a uniform initial liquid temperature of 40°C. The error bars are at
+ one standard deviation of the measurements. Solid line represents model predictions
with modified Westbrook and Dryer reaction rate parameters: @ =0.25,5=1.54, 4 = 1.07
x 10%, and E = 81,59 kJ/mol. Dashed line represents model predictions with Miller er al.

reaction rate parameters: 4, = 1.15 x 108 s, E, = 180.01 kJ/mol, A4,qy, = 1.09 x 10°
cm®/(gmol*s), and E,q,, =-19.71 kl/mol.

71



5.2.3 Aromatic hydrocarbons

The first aromatic compound chosen for experiments was mesitylene (1,3,5-
trimethylbenzene). This fuel was chosen because its boiling point (437.9 K) is close to
that of n-decane (447.3 K), making it well suited for mixture studies. The results for this
compound (Figure 5.24) are remarkable. At atmospheric pressure, the data show
considerable scatter, but the average value obtained agrees with that from earlier
atmospheric pressure experiments (Bergeron and Hallett, 1989b). However, an increase in
pressure to 2 atm results in a slightly longer ignition delay time, despite the increase in
furnace power for sustaining the ambient temperature at 700°C. At pressures any higher
than 2 atm, no ignition was possible. Earlier experiments at atmospheric pressure
(Bergeron and Hallett, 1989b) showed that the ignitable limit for mesitylene droplets was
about 660°C, or close to the experimental temperature. The large scatter observed in the
present data is typical of droplets near the ignitable limit. However, one would expect that
increasing the pressure would make the droplet more ignitable.

A review of ignition data under homogenous gaseous conditions for aromatic
hydrocarbons (Salooja, 1965) showed that aromatics fall roughly into two groups of
compounds of similar ignitability. Mesitylene and other methyl-benzenes, with the
exception of o-xylene, belong to the less reactive group, while o-xylene and alkyl
benzenes with two or more carbons in the side chain ignite more rapidly. Fucl-air
mixtures of the less reactive compounds cease to be ignitable at about 650°C, while the
limit for the other group of compounds is around 520°C to 550°C.

Having established that the failure to ignite mesitylene at higher pressures was at
least partly due to its belonging to the less reactive group, it was decided to carry out
subsequent aromatic experiments with an alkyl benzene, isobutylbenzene, whose boiling
point (445.9 K) is virtually identical to that of n-decane (447.3 K).

Figure 5.25 shows remarkably that isobutylbenzene has the same ignition effect

with chamber pressure as that observed with mesitylene. Ignition delay times showed
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little or no influence of pressure, At 7.8 atm, ignition times actually increased from the
previous data point at 4.4 atm. However, unlike n-paraffins, isobutylbenzene did not
experience a change in the slope of the plots with /T under the influence of pressure
(Figures 5.27 - 29). This suggests that the activation energy for this fuel does not change

with pressure.

Experiments were also performed at 923 K for 4.4 atm and the ignition delay
times obtained averaged 1.46 £ 0.09 seconds; however, at 7.8 atm and 923 K, the fuel
was not ignitable for a wide range of droplet diameters (1.0 mm to 2.5 mm). With
mesitylene and isobutylbenzene having similar effects, experiments were conducted with
o-xylene and Figure 5.26 shows again no pressure dependence up to 2 atm, beyond which
the fuel was not ignitable. In section §5.3.3 more will be said to provide an explanation
for the ignition of aromatics by using the single-component numerical model to predict
the mass flux of fuel evolving from the droplet surface.

It is interesting to note that none of the aromatics tested showed any sign of
“twinned” data points. Recent measurements by Marchand (1995), at lower temperatures
than those recorded here, have confirmed that experimental conditions which produce
twinned points for paraffins do not do this for aromatics. This, together with the fact that the
literature shows that aromatics do not undergo two-stage ignition, tends to support the
hypothesis that the “twinned” points correspond to one- and two-stage ignition. It also shows
that the measurements of two different ignition times for paraffins are not due to

experimental error.
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Figure 5.24: Experimental ignition delay time versus chamber pressure for mesitylene
(1,3,5-trimethylbenzene) at an ambient temperature of 973 K. Droplet diameter 1.40 mm.
All data reduced to a uniform initial liquid temperature of 40°C. The error bars are at
one standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b=080,4=414 x
102, and E = 75.31 kJ/mol.
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Figure 5.25: Experimental ignition delay time versus chamber pressure for
isobutyibenzene at an ambient temperature of 973 K. Droplet diameter 1.40 mm. All data
reduced to a uniform initial liquid temperature of 40°C. The error bars are at + one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b = 0.90, 4 = 4.47 x
10°, and E = 90.58 kJ/mol.
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Figure 5.26: Experimental ignition delay time versus chamber pressure for o-xylene at an

ambient temperature of 973 K. Droplet diameter 1.40 mm. All data reduced to a uniform
initial liquid temperature of 40°C. The error bars are at + one standard deviation of the
measurements. Solid line represents model predictions with modified Westbrook and
Dryer reaction rate parameters: a = 0,25, b = 0.80, 4 = 1.77 x 10?, and £ = 69.04 k}/mol.
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Figure 5.27: Dependence of ignition delay time versus inverse ambient temperature for
isobutylbenzene at a chamber pressure of 1 atm. Droplet diameter 1.40 mm. All data
reduced to a uniform initial liquid temperature of 40°C. The error bars are at + one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: @ = 0.25, b = 0.90, 4 = 4.47 x
103, and E = 90.58 kJ/mol.
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Figure 5.28: Dependence of ignition delay time versus inverse ambient temperature for
isobutylbenzene at a chamber pressure of 7.8 atm. Droplet diameter 1.40 mm. All data
reduced to a uniform initial liquid temperature of 40°C, The error bars are at t one
standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b = 0,90, 4 = 447 x
103, and £ = 90.58 kJ/mol.
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Figure 5.29: Dependence of ignition delay time versus inverse ambient temperature forE
isobutylbenzene at the chamber pressures of 1 and 7.8 atm. Droplet diameter 1.40 mm.
All data reduced to a uniform initial liquid temperature of 40°C. The error bars are at
one standard deviation of the measurements. Solid line represents model predictions with
modified Westbrook and Dryer reaction rate parameters: a = 0.25, b = 0,90, 4 = 4.47 x
103, and £ = 90.58 kJ/mol.
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5.3 Model predictions: single-component fuels

It was the original intention to derive chemical reaction rate parameters from these
models so as to use this information for future mathematical modelling for Diesel engine
ignition. However, it was found that the complex behaviour of the data - especially the
“twinned” ignition points - could not be entirely reproduced by either model, so that the
main purpose of this exercise was to explore the possibilities of these models for
simulating various features of the data.

Numerical predictions of ignition delay times were achieved by using the single-
component mathematical model with two different reaction models: modified Westbrook
and Dryer (1981), and Milller er al. (1992). The Westbrook and Dryer rate model,
Equation [2], has four parameters that affect the rate: g and b are fuel and oxygen
exponents, E is the activation energy, and 4 is the pre-exponential. Of these, the
experimental data only provides enough information to adjust three of these: (a + b), E,
and A. The fuel and oxygen exponents a and b are both unitiess and they sum together to
form the overall pressure dependence (a + b). The behaviour of ignition time with
temperature at constant pressure is controlled by £ in units of kJ/mol, and the magnitude
of the ignition time is determined by A. For the pressure dependence, it is not possible to
separate the effects of a and b; thus, the exponent a is arbitrarily held constant at the
value a = 0.25 as prescribed by Westbrook and Dryer, while b was allowed to vary. The
Mitller et al. model, Equation [8], required choosing the reaction rate parameters 4, and
A,ov. -The E's in kl/mol were not changed from Miller ef al.’s, but rather held constant
to values identical to their data for n-heptane.

The results shown thus far have two sets of model predictions represented, the
first of which, labelled WD, are predictions with the modified Westbrook and Dryer
reaction rate parameters, and the second, labelled MPL, are predictions with the Miiller e
al. reaction rate parameters. Figure captions have the values of the reaction parameters for

‘the two models indicated.
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5.3.1 n-Paraffin hydrocarbons

Model predictions using both reaction models are given in Figures 5.1 - 16. As stated in
§4.2.1, the exponents a and b prescribed by Westbrook and Dryer were 0.25 and 1.50
respectively, giving an overall pressure dependence of P*** = P'™. The values b, E, and
A. were originall}xg':orrelated to experimental data at atmospheric pressure by Bergeron
and Hallett (1989b).\When these values were applied to the present data the pressure
exponent was found to be too small and had to be increased. In selecting values, the fuel
exponent a was held constant at the value prescribed by Westg}ook and Dryer (1981)
because they discovered the fuel exponent did not have a significant effect on the rate.
The b parameter was varied to best represent the data. In view of the uncertainties
associated with “twinned” data points and the fact that the model did not give a good
representation of many of the data, no attempt was made to use a rigorous least-squares
procedure for the fitting. The “best fit” for the current model was simply chosen by eye,
selecting b such that the model would give a reasonable representation of the variation of
ignition time with pressure at 973 K. The fit at lower temperatures (873 K and 773K) was
not a concern; how the model performed at these temperatures depended on the fit at 973
K. This gave @ = 0.25, b =1.80, and an overall pressure dependence of P*** = P** for n-
decane. For n-dodecane and n-hexadecane the fuel and oxygen exponents were
determined to be the same with a = 0.25 and b =1.90, and an overall pressure dependence
of P*** = P*'5. The pre-exponentials and activation energies chosen were respectively:
175x%10° and 72.80 k¥/mol for n-decane, 4.05x10° and 76.15 kJ/mol for n-dodecane,
and 430%10° and 78.24 k¥/mol for n-hexadecane. One of the weaknesses of the WD
model is that it has a constant E, while the data indicate that the E of the reaction may be
changing with pressure. Thus, while the mode! activation energy of each fuel was kept
equal to the measured atmospheric pressure value, the true activation energies might be

different under pressure from the atmospheric values.
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After selecting parameters for the Westbrook and Dryer (WD) model for pressure
and temperature dependence, it was found to be an inadequate description of ignition
deiay time in that it could not represent the whole realm of the data, especially at the
lower temperatures. The model worked reasonably for data at 973 K, but for lower
temperatures (873 K and 773 K), the WD model was on the high end of ignition times
(refer to Figures 5.4 - 9), and it could not of course, reproduce the observed changes in
effective activation energy with pressure (Figures 5.10 - 16). The poor performance of the
WD model was the motivation for the implementation of the model by Milller, Peters,
and Lifian (MPL). The adaptation of the MPL model to the specific n-paraffin fuel
required modification of the two pre-exponential parameters, 4, and Aoy, from the
original values that were fitted for n-heptane by Miller er al. (1992). The pre-
exponentials were respectively 4, =600x10° s* and 4,4y, =1.09x10° cm®/(gmol*s)
for n-decane, 4, =725x10° s* and A5, =124x10° cm%(gmol*s) for n-dodecane,
and 4,=9.75x10°s" and 4,4, =154x10° em®/(gmol®s) for n-hexadecane. The
activation energies, E, and E,,, , were not adjusted, but were kept the same as those
obtained for n-heptane by Miiller e al. {1992), the values of which were E, =180.01
kJ/mol and E,qy, =-19.71 kJ/mol. Activation energies should not vary too much for
fuels within the n-paraffin family, which was why they were not changed for the present
work.

The MPL predictions for all three n-paraffins showed ignition times slightly
longer than those of the WD model at 973 K. However, at lower temperature (below 973
K) with two-stage ignition, the MPL model generally reproduced the faster of the
“twinned” ignition times (see Figures 5.4 - 9). Because the MPL model involves two
competing reaction pathways, it reproduces the trend of data with temperature a bit better,
with the exception of n-dodecane (see Figures 5.10 - 16).

Some attempt was made to model the two-stage ignition using the MPL

description. Figures 5.1, 5.4, and 5.7 show the MPL model with the high temperature
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branch tumed off by setting the rate r, = 0. The prediction is far from the data for the 973
K and 873 K plots, However, at 773 K the MPL model with r, = 0 approaches the slower of
the ignition times, wheteas the full MPL approximates the more rapid times. This suggests
that a more complex kinetic model which takes into account two-stage ignition, as the multi-
step Miller et al. (1992) model does, may be more successful here.

For all atmospheric pressure plots against (1/T) (Figures 5.10, 11 and 13), both
models had similar predictions and represented the data reasonably well. At higher pressures,
Figures 5.11 - 5.16 reveal that the model calculations differed significantly from each other.
The WD with its constant value of activation energy no longer fits the trend with 1/T,
suggesting that the real activation energy changes with P, while the MPL model is somewhat

more representative of the data.

5.3.2 Cycloparaffin hydrocarbons

In §5.2.2 it was found that decalin behaves much like n-paraffins with only slightly
higher ignition times. Numerical calculations using the WD and MPL models at 973 K
(Figure 5.17) correlated good with the data, except for the high pressure end data at 11
atm. For the 873 K plot (Figure 5.18), the WD model is somewhat representative of the
slower ignition times, whereas the MPL model was better at faster times. At 773 K
(Figure 5.19) neither model fitted good. The WD model was a little high and the MPL
model was low.

For decalin the 1/T plots (Figures 5.20 to 5.23) were very much like those for #-
paraffins. Faster ignition times were better predicted by the MPL model and the slower
times by the WD model. The results of the model predictions for decalin were: for WD
reaction rate parameters a = 0.25, b =1.54, giving an overall pressure dependence of
P = P with 4=107x10° and E =81.59 kJ/mol; and for MPL reaction rate
parameters 4, =115x10° s*, 4,0, =109 x10° cm®/(gmol?s), E, =180.01 k¥/mol, and
E,on ==19.71 ki/mol.
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5.3.3 Aromatic hydrocarbons

The WD reaction rate parameters adjusted to represent isobutylbenzene data still show a
strong positive dependence of rate on pressure (the fuel concentration exponent a = 0.25,
and the oxygen exponent was chosen as b=0.90, giving an overall pressure deiaendence of
reaction rate of P***=P"), with 4=447x10° and E=90.59 kJ/mol, albeit a
somewhat lesser dependence than for other fuels. A similar fit was obtained for
mesitylene and o-xylene, giving a = 0.25, b = 0.80, P**" = P'®, 4=414x10", and
E =75.31 kl/mol for mesitylene; and a = 0.25, b = 0.80, P*** = P'®, 4=177x10, and
E =69.03 kJ/mol for o-xylene.

Since the reaction kinetics of aromatics are quite different from paraffins, and since
the Miiller et al. (1992) model was designed specifically for paraffins, only the WD model
was used for model predictions, as shown in Figures 5.24 - 29. The model results represent
the experimental data reasonably well, and the plots agains“-t 1/T show no change in slope

with pressure, suggesting that the activation energy for isobutylbenzene is constant (see

Figure 5.29). However, since the reaction itself has a positive pressure exponent, the very
small dependence of ignition time on pressure for the three aromatic fuels must therefore
be the result of a competition between physical processes and chemical kinetics. At
higher pressures, the droplet must be heated to higher temperatures to produce significant
quantities of vapour, and thus undergoes a longer period of transient heating before
reaction occurs. This counteracts the rise in reaction rate with pressure.

Using the numerical WD model, predicted histories of the mass flux of vapour
evolved from the surface of the droplet for isobutylbenzene fuel at 973 K were corﬁputed
for various pressures. Shown in Figure 5.30, the mass flux at atmospheric pressure is the

largest followed by the flux histories at 5 and 10 atm of pressure. For comparison

purposes, Figure 5.31 shows mass fluxes at the same pressure but for n-decane fuel. The

plots are similar in shape, which means that mostly pressure and vapour-liquid
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equilibrium affect the mass flux evolving from the surface of the liquid droplet. Since the
pressure conditions are identical, and isobutylbenzene and n-decane have very similar
normal boiling points, it is not surprising to find the mass fluxes of the fuels being
similar. The only difference is the point of ignition on the time scale. Under pressure n-
decane obviously ignites considerably faster than isobutylbenzene, and this is mainly the
result of the greater dependence of reaction rate on pressure for n-paraffins. The processes
of chemical reaction and the physical processes of mixing caused by diffusion driven by
concentration differences and the state of the VLE compete during the ignition process.
For isobutylbenzene the chemical reaction is too slow to cause significant heating until an
appreciable concentration of fuel-air mixture is produced such that ignition can occur.
This is not the case for n-decane and other straight paraffins and cycloparaffins because
these particular fuels have reaction rates that accelerate faster with pressure. Physical
processes are relatively the same for the fuels tested but it is the chemical properties of

each fuel that has the greater influence and control on the fuel's ignition delay time.
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Figure 5.30: Predicted mass flux of isobutylbenzene in kg/m?s that has evaporated from
the surface of the droplet versus the time elapsed after initial exposed to the hot
environment at an ambient temperature of 973 K. The mass fluxes shown are for chamber
pressures of 1, 5, and 10 atm. The ignition delay times were predicted as 1.235 seconds at
1 atm, 1.215 seconds at 5 atm, and 1.230 seconds at 10 atm.
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Figure 5.31: Predicted mass fiux of n-decane in kg/m?s that has evaporated from the
surface of the droplet versus the time elapsed after initial exposed to the hot environment
at an ambient temperature of 973 K. The mass fluxes shown are for chamber pressures of
1, 5, and 10 atm. The ignition delay times were predicted as 1.090 seconds at 1 atm,
0.330 seconds at 5 atm, and 0.215 seconds at 10 atm.
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5.3.4 Summary of reaction rate parameters

This section summarizes the reaction rate parameters used for the predictions of the previous

sections. Table 5.1 shows the modified Westbrook and Dryer parameters and Table 5.2 the

Miiller et al. parameters.

Table 5.1: Reaction rate parameters - Westbrook and Dryer model

Fuel A E/R (K) a b

n-decane 5% 10° 8756 0.25 1.80
n-dodecane 4.05x10° 9159 0.25 1.90
n-hexadecane 4.30x10° 9410 0.25 1.90
decalin 07x10° 9813 0.25 1.54
isobutylbenzene 4.47x10° 10895 0.25 0.90
mesitylene 4.14x10 9058 0.25 0.80
o-xylene T7x10 8303 0.25 0.80

Table 5.2: Reaction rate parameters - Miiller ef al. model

Fuel A" E /R (K Asv (cm’(gmol™s)) Eow /R (K)
n-decane 6.00% 10° 21650 .09x10° -2370
n-dodecane 7.25x10° 21650 24%10° -2370
n-hexadecane 9.75x10° 21650 .54x10° -2370
decalin 15%x10° 21650 .09x10° -2370

Since these reaction models did not fit much of the data at all, the use of these parameters
for further modelling is not recommended unless one stays strictly in the regions of
temperature and pressure for which reasonable agreement with the data was found.
Therefore, the parameters reported above are only a rough approximation to the general

trend of the real reaction rates with pressure, temperature, and fuel type.
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5.3.5 Effect of pre-exponential parameter and liquid
temperature on calculated ignition delay times

Since in all the numerical calculations the mode! behaviour was varied by changing the
reaction rate parameters, it is of interest to see what the relative importance of chemical
reaction is in the overall process of droplet ignition. This can be investigated by varying the
pre-exponentiai factor 4 of the Westbrook and Dryer model. This model is the only
model that will be used here to demonstrate this effect because a similar effect would be
experienced with the MPL model.

Figure 5.32 reveals the changes produced by varying the pre-exponential factor to
half the original fitted value (dashed line) or double the original fitted value (dotted line),
from the original fitted value indicated by the solid line. The numbers shown are the pre-
exponential parameter values in unit of ¢!, Halving the pre-exponential nearly doubles
the predicted ignition times, and vice versa. This indicates a substantial degree of control
of the overall process by chemical kinetics.

Figure 5.33 shows the effect of liquid temperature versus ignition delay time. The
trend reveals that ignition times decrease about 15% from the value at 40°C if the liquid
temperature is 60°C. This last value is roughly the highest liquid temperature encountered
in the experiments, so that this gives an upper bound to the correction made in reducing
data to a uniform initial liquid temperature of 40°C. it must be stated that the liquid
temperature of the droplet is only approximate because no actual droplet temperature is
measured by the present apparatus, the recorded measurements of ambient chamber

temperature prior to droplet ignition being assumed equal to the liquid temperature.
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Figure 5.32: The numerical trends shown are for different pre-exponential values, with
the values indicated. All other rate parameters were unchanged. Experimental data shown
have been corrected to 40°C and the numerical ignition times have been computed at the
40°C liquid temperature.
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Figure 5.33: Plot of predicted ignition delay time (WD model) versus liquid temperature.
The effect of liquid temperature on calculated ignition times of n-decane at 10 atm and
973 K.
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5.4 Experimental data and model predictions: two-component
fuels

Experiments were done for six binary mixtures, two of n-paraffin fuels (n-decane/n-
dodecane and n-dodecane/n-hexadecane), one of an n-paraffin and a cycloparaffin (n-
decane/decalin), and three of n-paraffins with aromatics (r-decane/isobutylbenzene, n-
decane/mesitylene, and n-decane/o-xylene). These mixtures were tested at 10 atm
absolute and 700°C. Because of the “twinned” data points encountered at lower
temperatures, it was felt that mixture experiments below 973 K would be inconclusive.
The results are shown in Figures 5.35 - 38. Figures 5.35 - 36 show the n-paraffin
mixtures, Figure 5.37 the paraffin-cycloparaffin mixture, and Figures 5.38 - 40 the
paraffin-aromatic mixtures. All data reported have been corrected to a uniform initial
liquid temperature of 40°C.,

As mentioned in §4.3, the state of mixing in the liquid is not a significant factor in
determining the process of evaporation of & multi-component droplet. Numerical model
runs, however, showed no significant difference in ignition delay times between well-
mixed droplets and droplets with molecular diffusion as the only liquid-phase transport
process. This agrees with earlier observations by Bergeron and Hallett (1989a).

As described in §4.4, two different reaction rate expressions were used for the
two-component model calculations; these are denoted as "Model 1" (linear combination
of component rates) and "Model 2" (linear combination of component rate parameters) in
the figures. Both of these used the modified Westbrook and Dryer rate expressions for the

pure components; no mixture calculations with the Miller et al. model were attempted.

5.4.1 Mixtures of n-paraffins

As the n-paraffins exhibit similar reaction behaviour, the main purpose of the paraffin
mixture experiments and calculations was to explore the effects of component boiling

point on mixture behaviour. Figure 5.35 shows data for a 50/50 by mass mixture of n-
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decane and n-dodecane. The two fuels do differ somewhat in normal boiling point (174°C
and 216°C, respectively). Ignition delay times were slightly higher than both modei
predictions. For n-dodecane/n-hexadecane mixtures (Figure 5.36), these fuels have a
greater disparity in normal boiling point (216°C and 287°C, respectively). The
experimental results are much higher than model values except for one grouping. It is
believed that this is the same effect as that observed in atmospheric pressure experiments
on mixtures (Bergeron and Hallett, 1989a). The higher ignition delay times are belicved
to be due to an "aging" effect on the droplet during transient heating. Referring to the
Figure 5.34, the more volatile component vaporizes more quickly, depleting the
concentration of this component near the droplet surface. At the top of the droplet, only a
thin layer of fuel covers the "shoulder" of the supporting bead. This region will be
quickly stripped of the volatile component, and, unlike the surface layer around the rest of
the droplet, will not be replenished by diffusion and internal circulation. The vapour
produced by this "shoulder" will hence become nearly pure n-hexadecane shortly after the
start of vaporization. This vapour, falling downward in the natural convection flow
around the droplet, will tend to "blanket" the fuel diffusing out from the lower regions of
the droplet. Hence it will be the least volatile component which comes first in contact
with the air, causing ignition to behave as if the droplet were almost pure n-hexadecane.
Because of this, the experimental points for this mixture must be regarded as spurious, In
work at atmospheric pressure, this effect occurred only when a large difference in boiling
point existed between components (for example, it was observed for n-heptane/n-
hexadecane mixtures, but not for #-dodecane/n-hexadecane). Evidently increased natural
convection at higher pressures causes this to occur for smaller differences in boiling point
as well. There was no significant difference between the performance of the two different

mixture reaction rate models for these mixtures.
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o Convection

Figure 5.34: Effect of natural convection on mixture droplet during transient heating.
Convection is additive by presence of air flow (downward pass droplet region) caused by
upward air flow from hot walls of furnace.

The mixture predictions reflect the fact that the more volatile component of the
mixture dominates the ignition behaviour, as even at small concentrations in the liquid
phase it will be present in large quantities in the vapour. Hence, ignition times for the
mixtures are close to those for the more volatile pure component except at very small
concentrations of the latter.

The mixture models (1 and 2) at the concentration extremes give identical results

as the WD model for the respective pure components.
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Figure 5.35: Experimental ignition delay time versus mass fraction of n-dodecane for
binary mixture of n-decane/n-dodecane at pressure of 10 atm and at ambient temperature
of 973 K. Droplet diameter 1.40 mm. All data reduced to a uniform initial liquid
temperature of 40°C. The error bars are at + one standard deviation of the measurements.
Solid line represents model 1 predictions using a linear combination of component rates.
Dashed line represents model 2 predictions using linear combinations of component
parameters.
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Figure 5.36: Experimental ignition delay time versus mass fraction of n-hexadecane for
binary mixture of n-dodecane/n-hexadecane at pressure of 10 atm and at ambient
temperature of 973 K. Droplet diameter 1.40 mm. All data reduced to a uniform initial
liquid temperature of 40°C. The error bars are at £ one standard deviation of the
measurements. Solid line represents model 1 predictions using a linear combination of
component rates. Dashed line represents model 2 predictions using linear combinations of
component parameters.
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5.4.2 Mixture of n-paraffin and cycloparaffin

The normal boiling point of decalin is 190°C and is similar to n-decane. Hence the results
in Figure 5.37 mainly reflect the effects of chemical kinetics. The reaction behaviour of
decalin was found in single component experiments to be similar to that of n-paraffins,
but somewhat slower, The predicted results show a nearly linear dependence of ignition
delay on decalin concentration, and both reaction models agree with the mixture data,
most likely because of the similarity between the rate expressions for the two fuels. It is

believed the ring de-coupling of cycloparaffins is a fast process which leads to n-paraffin

behaviour.,
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Figure 5.37: Experimental ignition delay time versus mass fraction of decalin for binary
mixture of n-decane/decalin at pressure of 10 atm and at ambient temperature of 973 K.
Droplet diameter 1.40 mm. All data reduced to a uniform initial liquid temperature of
40°C. The error bars are at t one standard deviation of the measurements. Solid line
represents model 1 predictions using a linear combination of component rates. Dashed
line represents model 2 predictions using linear combinations of component parameters.
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5.4.3 Mixture of n-paraffin and aromatics
The aromatics used {isobutylbenzene, mesitylene, and o-xylene) have normal boiling
points of 170°C, 163°C, and 144°C, respectively; these components were chosen because
their boiling points are all close to #-decane, allowing the experiments to more or less
isolate the effect of chemical kinetics. These mixtures show more complex variations in
ignition time with composition, and according to model 2 can actually ignite more rapidly
than either pure component at some concentrations.

Model results were reasonably representative of the data. Model 2 seems to be a
better predictor than model 1 for the n-decane/isobutylbenzene mixture (Figure 5.38).
However, the opposite may be true for n-decane/mesitylene (Figure 5.39) where model 1
is better. Mixtures of n-decane/o-xylene fall between both models (Figure 5.40). The
results do not discriminate clearly which model best represents the experimental data. An
explanation to the outcome lies in how aromatics respond under pressure. Both
mesitylene and o-xylene do not ignite beyond 2 atm absolute as pure species. However,
addition of the much more ignitable n-decane considerably changes this limitation. Since
the rate expressions for mesitylene and o-xylene have to be extrapolated well beyond the
2 atm ignitable limit in making these calculations, they may not be particularly reliable,
and this will affect the performance of the model quite strongly. The model obviously
becomes unrealistic in predicting that mixtures of these two components continues to
occur as one approaches very high aromatic concentrations.

It must be noted that no two-stage ignition was observed for any mixture tested.
One might suggest the two regimes (in Figure 5.36) of ignition delay times represent the
“twinned” ignition, but the effect of "aging" is the more likely explanation of what is

actually occurring.
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Figure 5.38: Experimental ignition delay time versus mass fraction of isobutylbenzene
for binary mixture of n-decane/isobutylbenzene at pressure of 10 atm and at ambient
temperature of 973 K. Droplet diameter 1.40 mm. All data reduced to a uniform initial
liquid temperature of 40°C. The error bars are at + one standard deviation of the
measurements. Solid line represents model 1 predictions using a linear combination of
component rates. Dashed line represents model 2 predictions using linear combinations of
component parameters.
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Figure 5.39: Experimental ignition delay time versus mass fraction of mesitylene for
binary mixture of n-decane/mesitylene at pressure of 10 atm and at ambient temperature
of 973 K. Droplet diameter 1.40 mm. All data reduced to a uniform initial liquid
temperature of 40°C. The error bars are at + one standard deviation of the measurements.
Solid line represents model 1 predictions using a linear combination of component rates.
Dashed line represents model 2 predictions using linear combinations of component
parameters.
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Figure 5.40: Experimental ignition delay time versus mass fraction of o-xylene for
binary mixture of n-decane/o-xylene at pressure of 10 atm and at ambient temperature of
973 K. Droplet diameter 1.40 mm. All data reduced to a uniform initial liquid
temperature of 40°C. The error bars are at + one standard deviation of the measurements.
Solid line represents model 1 predictions using a linear combination of component rates.
Dashed line represents model 2 predictions using linear combinations of component
parameters.
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CHAPTER SIX

Conclusions and Recommendations

This thesis discussed experiments on the auto-ignition of single hydrocarbons droplets
and its binary mixtures that were carried out at pressures ranging up to 18 atm and at
temperatures between 773 K and 973 K. The fuels that were tested included n-paraffins
(decane, dodecane, and hexadecane), aromatics (mesitylene, o-xylene, and
isobutylbenzene) and a cycloparaffin (decalin), as well as selected binary combinations:
n-decane/n-dodecane, n-dodecane/n-hexadecane, n-decane/decalin, h-
decane/isobutylbenzene, n-decane/mesitylene, and n-decane/o-xylene. An existing
numerical model was used to model the droplet ignition process, including all the
physical processes of heat transfer, droplet evaporation, vapour diffusion, and chemical
reaction. Two different chemical reaction models (WD - a single-step rate model from
Westbrook and Dryer, 1981, and MPL - a simplified form of the four-step global model
from Miiller ef al., 1992) were explored because the chemical reaction section was the
only part of the numerical model which can be adjusted to fit the model to the measured

data.

6.1 Conclusions

The following conclusions were drawn:

1. n-Paraffin fuels: At the highest temperature of experiments (973 K), n-paraffins
showed a strongly dependence on pressure, in which ignition delay times decreased

monotonically with pressure. However, at lower temperatures and at elevated pressure
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more complex ignition behaviour was clearly evident. Over a large range of pressures
and temperatures, two distinct ignition times could be obtained at given operating
conditions. The measured points seemed to organize themselves into two branches,
one of slow ignition delay times and the other faster ones. High to low temperature
ignitions performed under increasing pressures revealed more of these “twinned”
ignition delayed times at the higher pressure regions. At these pressure regions, the
pressure dependence of ignition delay time becomes less apparent. It is believed that
this is an indication of the existence of two different possible reaction pathways,
probably associated with two-stage ignition.

3. Aromatic Fuels: In contrast to the n-paraffins, the aromatics showed no or very little
dependence of ignition delay on pressure, and in fact sometimes showed, surprisingly,
a slight increase of ignition delay with pressure. Model reaction rate parameters derived
from the data showed that aromatics have a much lower (although still positive)
dependence of reaction rate on pressure than the n-paraffin family. Experimental results
for aromatics showed no evidence of “twinned” data points. This corresponds to the fact
from the literature that aromatics do not undergo two-stage ignition. It is also evidence
that the twinned data points are not simply the result of deficiencies in experimental

techniques.

3, Cycloparaffin fuels: The only cycloparaffin tested, decalin, resembled the ignition
behaviour with respect to temperature and pressure of n-paraffins.

4. Binary mixture fuels: The ignition behaviour is governed by the more volatile of the
pure fuel components, For mixtures of similar boiling points, the ignition behaviour
resembled more closely that of the more reactive component.

5. Reaction rate models: The Westbrook and Dryer model (with modified reaction rate
parameters) reproduced the data at 1 atm and at 973 K reasonably well for the n-
paraffin fuels and the cycloparaffin. However, the model did not fit the low

temperature ignition data. The Milller et al. model, which was applied only to n-
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paraffin fuels and decalin, gave poorer model fits to 1 atm data and to the pressure
dependence at 973 K. In the lower temperature region where most of the “twinned”

points occurred, the MPL model followed roughly the trend of the faster ignition

times.

6. Binary mixture models: Of the two simple mixturec models proposed for determining

mixture reaction rates (linear combination of pure component rates or linear
combination of pure component rate parameters), both numerical models gave
reasonable approximations to the data. However, neither model fitted the data very
well,

Experimental Significance: This work was only the second experimental
investigation of static droplet ignition under pressure, and it was the first to test fuels
other than n-paraffins or to deal with mixtures. The most important findings of this
work were the disclosure of the two distinct ignition delay times at particular

pressures and temperatures and the unusual behaviour of the aromatics under

pressure.

In summary, the ignition behaviour of hydrocarbons under pressure appear to be an

extremely complex process comprising many reactions, and to model these reactions with

a simple reaction description is not adequate. Therefore, more sophisticated models are

necessary to better predict hydrocarbon ignition under pressure.
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6.2 Recommendations

1. Chemical reaction modelling: Clearly the model results have demonstrated that
although single and two-step rate models can simulate some of the experimental data,
the current models are not capable of making reliable predictions of ignition delay
times of hydrocarbons under pressure. Therefore, it is a recommendation that a more
detailed and complex reaction model is required. For starters, implementation of the
full Miiller et al. model would be interesting to predict two-stage to one-stage ignition
behaviour. The complexity of this model would be substantial, requiring a kinetics
solver, and the introduction of several chemical species into the model and not just
fuel, oxygen, and air as in the current description.

2. Higher pressure ignition time data: Limitations in the apparatus prevented
measurements beyond pressures of 18 atm at temperatures as low as 773K. Data at
higher pressures are necessary to confirm the phenomena discovered in this research.
It is recommended that an improved furnace design may lower heat losses to permit
experiments to be conducted at the pressures desired.

3. Mixture modelling: Experiments and modelling on mixtures should be conducted

under conditions which produce “twinned” ignition times in the pure components.
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APPENDICES

As an input to the ignition model, properties for isobutylbenzene had to be computed

using standard correlations in Reid er al. (1976). Properties for all other fuels were

already in the existing data banks of the model.

Appendix 1 - Property calculations for liquid hydrocarbon

fuels

SAMPLE CALCULATIONS" (fuel: ischutylbenzene)

Rihani and Doraiswamy's group contributions for ideal-gas heat capacity (cal/mol-K):

group no. a b c d
cb-(H) 5 -14572  915x107 -1.233x10°  2.985x10”
cb-(C) 1 -1.3883  .516x107 -1.069x10°  2.659x107
c-(C),(H), 1 0.3945  2.136x107 ~1197x10°  2.596x10”
¢-(C),(H) 1 -3.5232  3.416x107 -2.816x10°  8.015x10”
c—(C),(H) 2 06087 2.143x107 -8.520x 10° 135% 107
Zno.xa Zno.xb Zno.xc Zno.xd
-10.586  2.093x10” -1.295x10*  5.090x 10

Cp, = -10586+2.093x 107(T) - 1295 10*(T?) + 5090 x 10*(T*} cal/mol K.

4All calculations and property values for the hydrocarbon fuels were taken from Reid et al. (1976).
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31 atm

4818 cm® 10001 m’

gmo!

m  100° cm®

Compressibility factor: z. = ==t =
P \ = RT.

0.0820562 1-atm

+650 K

gmol-K

={.280

Luria and Benson's group contributions for liquid heat capacity {(cal/mol-K):

group no. a b c d
cb-(H) 5 -1.842  5.778x107 -1.716x10™ .995x 107
cb-(C) 1 28.807 -2.824x10"  9.779x107 ~1.103x10°¢
c-(C),(H), 1 -1.383  7.049x107 -2.063x10™  2.269x107
c~(C),(H) 1 2489  —4.617x10°  3.181x10™ ~4.565%107
c-(C),(H) 2 8459  2.113x10° -5.605x 107 723%107
Zno.xa Zno.xb Zno.xc Zno.xd
37.621  3.505x107 196x10™ 9.500x 107

Cpy = 37.621+3.505x 10%(T) + 1196 x 10*(T? )+ 9500 x 10°(T*) cal/mol K.

Verma-Doraiswamy's group contributions for heat of formation @298 K. (J/kg):

group no. dH {4, group no. dH{,,
cb-(H) 5 3.27 (c)0), 10 -393.9
cb—-(C) 1 5.55 (H),(0) 7 -285.8
c-(C),(H), 1 -4.94 (C),,(H),, 1 -23.40
¢-(C),(H) 1 -1.29

c-(C),(H) 2 -10.25

c6 ring correction -0.76

2 no.xdHpy, Heat of reaction = 4.4050x 10" J/kg

Heat of formation =-23.40 kJ/mol Heat of combustion = -4.4050 x 107 J/kg

Chen method for enthalpy of vaporization at normal boiling point (J/kg):

T.=650.0K T, =T,/T,=4459/650.0=0.686
_ 1.987-T, -T,,{3.978- T, - 3.938 +1.555In(P.))
v 1.07-T,,

P, =31.0 atm

=29724x10° J/ kg
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Chueh and Swanson 's group contributions for liquid heat capacity (J/kg'K):
CPJ@zo-c = S(_CH =) + l(- -C =) + ](—CHZ) + 1(— -CH —) + 2(-— - CHJ) +2.5
Criguec = 5(53)+29+726+44 + 2(88)+25=190649 J / kg K

All other fuel properties are read off tables and charts in Reid et al. (1976).

Appendix 2 - Furnace and chamber purge calculations
The purpose of this calculation is to determine the total purging air quantity required to
make up most of the oxygen that was consumed by the ignition experiments. The basis is
to take a complete stoichiometric combustion of two 1.5 mm droplets of a hydrocarbon
fuel. Two droplets are taken because they represent the ignition of a fuel and an alcohol
droplet.

The strategy of purging is to purge the furace gases first, then exhaust the gases

through the vessel. A mass balance on products in the furnace with the vessel in series
dy,

—E=—mY., 20

m; dl mi; [20]
solvingat Y. =Y, att =0

) D A exp(_—m) ; (21]

Mg
followed by a mass balance on products in the vessel
day, . —~rht

m, -d—:’ =1 ¥, exp(;—;) - Y,,J [22]
solvingat Y, =0 atf=0

Y, = Meteo (exp(ﬂ) —exp[-—mr)] . [23)

m, +m, m; my

Equation [21] is the lumped sum mass fraction of products in the furnace and Equation
{23] is the lumped sum mass fraction of products in the vesse! after furnace purging.
If the vessel was to be purged alone, from Equation [21] solving at }, =1}, at the

end of furnace purging
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—m!

Y, =h, exP(?m‘]

v

[24]

Equations [21], [23], and [24] give the mass fractions of products in either the furnace
and/or vessel with respect to time. Figure A.] shows the furnace and vessel oxygen mass
with respect to purge time of each compartment. The total void volume of the apparatus is
0.037 m’, the purge flow rate is 64 l/min, and the air density and molecular weight are

respectively 1.204 kg/m® and 28.97 g/mol.
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Figure A.1: Oxygen mass fraction versus purge time at 1 atm and an ambient chamber

temperature of 20°C.
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