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1. Introduction

The detailed understanding of spontaneous ignition process is of major interest since
many of practical problems associated with this process remain to be solved. Engine knock,
for example, is one of these problems. The efficiency of Otto cycle can be improved by
increasing its compression ratio. Knocking occurs when the compression ratio is raised.
Strong knock may damage engines and therefore it must be avoided. The cause of knocking
is clarified to be spontaneous ignition in a cylinder. Controlling ignition characteristics
prevents the knocking occurrence and allows a higher compression ratio . Another problem
that must be solved promptly is back-fire. The reduction of pollutant emission due to
combustion is strongly required currently. Research on pollutant production processes
clarified that the best way to reduce NOx, that is one of the most harmful staff for
environment, is to avoid high temperatures during combustion. Lean-premixed combustion
is the most favorable for the purpose. The most promising device that can realize this type of
combustion with liquid fuels is prevaporized-premixed combustor. Back fire problem arises
in the prevaporization-premixing section of the combustor. Fuel is injected in hightemperature and high-pressure air to vaporize and to mix in the section. Although both high
temperature and high pressure are favorable conditions to activate chemical reactions, fuel
must not burn before it is brought into its combustion section. Ignition in the
prevaporization-premixing section yields an unwanted pressure rise and may cause
mechanical damages. Not only avoiding spontaneous ignition, but also a well-defined
ignition occurrence can serve numerous purposes. An improvement in the efficiency of a

Diesel cycle is possible if the injected fuel starts burning at a desired crank angle, for
instance.
Spontaneous ignition of an isolated liquid fuel droplet is the most suited to understand
the ignition problem of practical systems. Firstly, it is a heterogeneous system that contains
both liquid and gas. Almost all of the practical systems are specified to this category.
Knowledge on the droplet ignition process can be utilized for practical problems directly.
Secondly, it is the simplest system consisting from a liquid droplet and surrounding gas. If
the system is in the absence of gravity, a spherically symmetric phenomenon can be realized
about the center of a spherical fuel droplet. This simplicity helps to understand the process
by allowing to model in one-dimension [I]. Radial distance from the droplet center is the
only dimension since phenomena are identical for all directions.

An amount of research has been carried out on the spontaneous ignition of a droplet due
to the demands and the advantages described above. The pioneering works of Faeth et al. [2,
3] dealt with droplet ignition of several fuels under microgravity. Ambient condition
dependence of ignition delay and a simple model that put importance on the heat-up and the
vapor formation of liquid fuel is made. Experiments and theoretical models for different
fuels and ambient conditions have been made by others as well [4-16]. Law and coworkers
[4-7] built up a theory combining the transient heat-up ofliquid droplet and the Damkohler
number dependent ignition criteria for the fuel-air mixture in gas phase. The influence of
heat-up characteristics on ignition is investigated by many researchers . Bryant [8] tried to
correlate the volatility of fuel and ignition delay, for example. The influence of Damkohler
number, that is a ratio between activity of reaction and rate of mass-or heat-transfer, is
clarified experimentally by Saitoh [9] and by Nakanishi [I OJ recently. The numerical models
[17-23], that is initially done by Niioka [ 17], enable more detailed investigations. High
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pressure effects and critical behaviors are studied by Ruszalo [18] as well as Tsukamoto[19].
Influence of convective flow is clarified by Tsai [20] with a two-dimensional axis-symmetric
model. All of these researcher's interests, however, were the roles of physical processes like
evaporation, dissipation or convection. Chemical reactions have been over-simplified in
those studies. In the theoretical models, ignition is thought to occur when a particular
condition is satisfied somewhere in the gas phase. Even in the numerical models, the
simplest global reaction model such as Westbrook's empirical model [24,25] is commonly
used. Fuel is oxidized to the final products in one step for such global models . The heat
production of the reactions is directly related to the consumption of fuel. This type of
reaction model produces significant errors in the heat release history. Transient behaviors of
chemical reactions have been completely neglected while extensive considerations were
made for that of physical processes. It is necessary to clarify the roles of transient reaction
process. The most part of discussions and models that have been made so far falls into vain
and needs to be re-examined if the neglected reaction characteristics dominate the ignition
process.
The reactions that may control the ignition process have been clarified through the
research on premixed gas explosion. From the early studies [26-31], it is known that cool
flame(s), that has a flame temperature typically below 1000 K, occurs preceding the
occurrence of a hot flame . Chemical reactions yield two-step temperature rise during an
ignition process, that is called two-stage ignition. Many studies have been done to model the
transient behavior of reactions. A few types of reaction models now are able to simulate the
experimentally observed two-step temperature rise. Distinction of reactions for low and
high temperatures becomes important in these models. A set of reactions (the lowtemperature reactions) is active only at relatively low temperatures and another set (the
3

high-temperature reactions) is only at high temperatures. The low-temperature reactions
cause a cool flame and the high-temperature ones cause a hot flame. As well as the twostage process, the two types of reactions give a unique temperature dependence of ignition
delay. For most of temperatures, ignition delay decreases with increasing temperature. This
is a result of a general tendency that the reaction frequency increases with temperature. This
is not the case at an intermediate temperature range where the low-temperature reactions
switch to the high-temperature one. The low-temperature reactions are inhibited if gas
temperature exceeds a certain ceiling value. This inhibition is the cause of the cool flame
whose temperature can not exceed a certain value but remains to be cool. Ignition delay
increases with temperature at the intermediate range because the low-temperature reactions
are inhibited more as temperature increases and because the high-temperature reactions are
not active at these low temperatures. This unique temperature dependence is called as NTC
(negative temperature coefficient) behavior. The first successful model that predicts the
two-stage phenomena and the NTC behavior quantitatively is the Halstead's "shell model"
(32,33]. Reaction types and their dependence on reactant concentration or ambient
conditions are analyzed theoretically and a set of reaction pattern is selected to produce both
cool and hot flames Even though this empirical model was made before experiments (3440) uncover some of important reaction paths, the model includes the principle feature that is
the degenerated-branched-chain reactions . It is now clarified that the cool flame is induced
by those chain reactions that are active only at relatively low temperatures and are inhibited
above a ceiling temperature [41,42). The decomposition-oxidation steps of the hightemperature reactions that cause a hot flame are also well clarified. The increased
knowledge on reaction paths and the intermediates involved in the path enabled the detailed
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modeling [43-50] of hydrocarbon oxidation. As well as the improvements [51-54] of the
shell model by including realistic reaction routes, a completely different approach is possible.
The growing computer power and the development of numerical algorithms made the use of
detailed model realistic. Thousands of reactions among hundreds of species can be
calculated in a reasonable time for dimensionless problems like ignition of homogeneous
premixed gas. Every possible reaction can be included at first and unimportant reactions are
deleted after sensitivity analysis. Peters introduced a systematic reduction [55] method that
outputs a compact reaction model [56-58] keeping the original characteristics of the detailed
model. These improved shell models and systematically reduced models are applicable to the
numerical model of droplet ignition that is a one-dimensional problem. It is now possible to
model the droplet ignition based on a better understanding of chemistry.
A new view point on spontaneous ignition of a droplet, by combining the knowledge of
chemistry and the existing understanding on physical processes, must be introduced .
Chemical reactions have a transient behavior that is the two-stage ignition process . It is
expected to happen also for droplet ignition . All of the existing results are restricted to the
occurrence of a hot flame but non of a cool flame . A comprehensive study on droplet
ignition dealing both cool and hot flames is required. The present study is aimed to clarity
the roles of chemical process including both the low- and the high-temperature reactions as
well as physical processes. The temperature field around a droplet and its change with time
is observed with an interferometer by using microgravity that realizes the one-dimensional
system. An extensive set of experimental data is obtained covering a wide range of
temperature and pressure. A numerical model is developed by combining the latest
knowledge about chemistry and most reliable physical models. The numerical experiments
enabled a closer look at the processes. Ignition process of a droplet is described in detail
5

based on these observations. A specification of the types of ignition process is done
including the two-stage ignition and the mechanisms behind each phenomenon at each
process are analyzed considering both chemistry and physics including their interactions.

6

2. Experimental setup and procedure

A static high pressure chamber system is employed to simulate a fuel droplet that is
injected into a high-pressure high-temperature environment. The system consists of a
pressure chamber, an electric furnace, optics, fuel and gas supplies and several kinds of
controlling elements. The whole system can operate by either remote or automatic control so
that it can fit to the micro gravity facilities. The configuration is identical for normal-gravity
and rnicrogravity experiments.

2-1. Experimental setup

2-1-1. High pressure chamber and electric furnace
A pressure chamber with four windows and two flanges is shown in Fig. 2-1-1. The two
windows that exist at the lower portion are omitted in the figure to show the interior. The
inner space is ~ 80 mm x 260 mm and designed for pressures up to 40 MPa. A furnace is
placed at the upper part of the chamber. Its inner hot section is~ 30 mm x 40 mm. It is
heated with a hot wire driven by pulsed electric current that enables a maximum gas
temperature of II 00 K. The hot section is thermally insulated with porous ceramics that has
an extremely low heat conductivity. This configuration allows to keep the lower section of
the chamber at room temperature and the inside the furnace at high temperature with
minimized temperature non-uniformity. The fuel droplet produced at the lower section can
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remain in room temperature until it is brought into the furnace.

All the windows are made of reinforced quartz glass so as to withstand the high pressures.
Two windows are mounted at the upper side for optical access to the furnace. The other two
windows are placed at the lower to monitor the droplet generation procedure. There are two
flanges at the upper and the lower side. The upper mounts the furnace, cables to supply
electric power, a gas exhaust, and a thermocouple output that measures the furnace
temperature. The lower one mounts a mechanism to move a droplet into the furnace (traverse
device), a fuel supply nozzle that is retractable by a solenoid, a thermocouple output
measuring the gas temperature near the droplet and several cables to control these devices.

2-1-2. Suspender configuration and traverse device
A horizontally placed quartz glass filament is employed to suspend a fuel droplet. Use of
suspender is inevitable for the present experiment to control the position of the fuel droplet.
The influence of this sort of suspender on droplet evaporation rate has been clarified to be
very small from a numerical simulation (59] and it is thought to be small as well for ignition
process. The diameter of the suspender filament is 0.15 mm and the tip shapes a sphere that
has a diameter of about 0.3 mm as is shown in Fig. 2-1-2. This spherical part holds the droplet.
Two thermocouples (type K) are placed in the vicinity of the suspender. One (4> 0.1 mm) is at
a distance of8 mm from the tip of the suspender to monitor the furnace temperature (i .e.
ambient temperature) . The other(<!> 0.04 mm) is put on the suspender to measure the transient
gas phase temperature near the droplet. The horizontal direction of the suspender is chosen
not to have any staff on the vertical axis of the droplet. Such a thing will influences ignition
behavior [15] by causing natural convection that flows vertically onto the droplet . This
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direction also is advantageous to hold the droplet when inserting it into the furnace and
therefore a higher insertion speed can be used compared with the case a vertical suspender is
employed.
The insertion is done by a traverse device that consists of a rack-and-pinion gear that is
driven by a step motor. The stepping of the motor is controlled by a programmable microcomputer. Determination of ignition delays requires a stepwise temperature rise at the
insertion and hence an infinitesimal short insertion process. A constant-acceleration
constant-deceleration procedure is applied to maximize the speed of insertion as well as
preventing the droplet from falling off the suspender. The temperature history that a droplet
undergoes during the insertion is shown in Fig. 2-1-3. The whole procedure takes 120 msec
for the travel distance of 65 mm. The effective period to vary the temperature from room
temperature to the set value is only 30 msec. This is considered to be short enough since the
typical time scale of the ignition process observed in this work is the order of 100 msec.

2-1-3. Fuel and gas supply system
Initial diameter of the droplet is one of the most important parameter for the time scale of
the ignition process. A step-motor driven fuel pump system shown in Fig. 2-1-4 is employed
to control fueling and enables a very precise adjustment of initial diameter. The motor drives
a pressure cylinder that is fed with fuel from a reservoir and the pressurized fuel is brought
into the chamber with a very fine tube. The fuel is put onto the suspender through a needle
nozzle. The nozzle is retractable by a solenoid-driven mechanical link so as not to block the
way of the droplet at the insertion.
The ambient gas is brought through a gas supply system shown in Fig. 2-1-5. Since
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ambient pressure is an important controlling factor for reactions, its adjustment is done
precisely with a regulator and a strain gauge type pressure transducer (SENSOTEC STJE
1833-25) coupled with a factory-calibrated digital meter (buster Sensor Master Type 9158).

2-1-4. interferometer
The present experiments are aimed to detect cool flames as well as visible hot flames .
Cool flames have almost no light emission. The only possible method to observe them is to
look at the gas phase temperature. The most-popular thermocouple measurement does not
achieve a high response to detect the cool flame appearance unless the thermocouple is placed
just at where the cool flame occurs. Interferometry has an advantage over such point
measurements because it allows to observe a two-dimensional temperature field with an
extremely high time resolution . It can detect cool flames that start from any place. Time
resolution is unlimited by the method itself Only the performance of a device to acquire the
images limits it.
A Michelson interferometer is developed for the purpose. A He-Ne laser (632.8 nm) of
1.2 mW is used as the light source and the light beam is expanded to a parallel beam of 15 mm
in diameter. The beam is split into reference-beam and object-beam that goes though the test
section (i.e. the furnace). The use of laser brings an advantage on the freedom of optics
arrangements since different optical path lengths can be used for the reference- and the
object-beams for the sake of its high coherence. The beam splitter, the reference- and the
object-mirrors are attached directly to the high pressure chamber. This way of attachment is
very rigid and is resistant against vibration that is the weakest point of interferometry. A
convex singlet lens is used as the camera objective. A CCD (charge coupled device) with 8
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rnm video recorder and a high-speed camera (in some of experiments) store the
interferometric images with a shatter speed of 1110,000 for both and with a frame rate of 50
and 500 per second respectively.
The sensitivity of the interferometry varies with gas pressure, temperature and with the
size of the object. The temperature difference that gives 2Jt phase shift is expressed as :

A.

P

T'

- ·- - · -·2/ (n 0 -1Jr0 P

where 'A.' is the wave length of the laser light, 'f is the size of the object, 'n' is the refractive
index, 'P' is pressure and 'T' is temperature. The subscript '0' denotes a reference state. For
example, if the object sizes I mm and the ambient is air of I MPa and 700 K, 20 K difference
gives 2Jt phase shift. This performance is powerful enough for the detection of cool flames.

2-2 . Microgravity facilities

Two kinds of microgravity facilities are used for micro gravity experiments. Droptower
experiments are for short term phenomena and parabolic flights are for long ones.

2-2-1. Bremen Droplower
Free-fall in a evacuated tube of I I 4 m high realizes a high quality of microgravity. The
schematic of the droptower is shown in Fig. 2-2-1. The experimental setup is put into a
gas-tight capsule so that the setup is operated at atmospheric conditions even the capsule is in
vacuum. It realizes about 4. 74 seconds' microgravity. The gravity level during the free-fall is
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shown in Fig. 2-2-2. A very high quality of microgravity is achieved (less than I e-5 g) for the
sake of the reduced air drag by the evacuation to less than 10 Pa. At the end of the free fall,
capsule is decelerated by entering a pool of small polymer spheres that act as a viscous fluid.
The deceleration yields about 40 g.

2-2-2. Parabolic flight with Caravel/e airplane
Parabolic flights are performed with the Caravelle twin jet airplane shown in Fig. 2-2-3.
The flight profile and the quality ofmicrogravity are also shown in Fig. 2-2-4 and Fig. 2-2-5.
It realizes about 20 seconds' microgravity. Its quality is not as high as free-fall facilities.

Ignition process is not as sensitive against gravity as combustion process that has more
variations in gas temperature around a droplet. This quality could produce the same
experimental data as the droptower experiments.

2-3. Procedure

2-3-1. Normal gravity experiments
The furnace temperature is set and kept at least for 30 minutes before an experiment starts
so that all the complete set up is in a thermally steady state. The ambient pressure is also
adjusted from the time when the furnace is powered and a fine adjustment is done just before
the droplet insertion. The ambient gas (air) is introduced from the gas inlet and continuously
flowed out from the exhaust when several experiments are done in a sequence. This
procedure flush es out combustion products. The minimum interval of each experiment is 5
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minutes.
A droplet is formed on the suspender after an ambient condition is prepared. The droplet
generation procedure is observed by a CCD camera through the lower window. The fuel
nozzle is brought to the suspender to introduce the fuel to the suspender. The sizing of
droplet is done by either forwarding or rewarding the fuel pump. The size is checked on a
monitor screen and the droplet is inserted into the furnace when it is the desired size and after
retracting the fuel nozzle. The droplet is stopped and fixed at the center of the furnace.
The observation of the igniting droplet is started shortly before the insertion. Either
interferometric image or direct photograph is recorded. The thermocouple output is recorded
as well in some of experiments. The size of droplet is checked from these recorded pictures at
the moment when the droplet reaches the center of the furnace and stopped. The experiment
is dropped and is repeated whenever the measured size is out of the desired range. To check
the size just after insertion is necessary since a part of the droplet has fallen down occasionally
during the travel.

2-3-2. Droptower experiments
The same procedure as normal-gravity experiments is used except ambient pressure
control. Ambient pressure is adjusted on ground after heating up the furnace . The hot wire is
turned off and the ambient cools down to room temperature. The experimental setup is
integrated into the drop capsule after this and brought to the top of the droptower. All the
electricity is switched off during this period to save battery power. The hot wire is on 30
minute before the free fall and no pressure adjustment is done at this moment.
The insertion of the droplet is done two seconds after starting free-fall to avoid initial
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disturbances due to the transition from 1-g to micro-g.
All the experimental procedure is done by a remote control before the free-fall and by an
automatic one during the fall.

2-3-3. Parabolic flight experiments
The same procedure as normal-gravity experiments is used except temperature
adjustments. All the experiments are done in a sequence that has very tight interval (about 5
minutes) due to the flight schedule offered by the facility. Therefore there are little time to
wait until the setup is in thermally steady state. Experimental sequences are started from a
higher temperature and the hot wire is switched off between experiments to decrease
temperature for the next experiment. It is switched on about I minutes before the next
parabola starts to hold the temperature. Pressure is kept constant during one sequence.
The insertion of the droplet is done some seconds after the parabola started.
About 30 parabolas is performed in two sequences.

2-4. Data evaluation and definition

2-4-1. Droplet diameter
Diameter of the suspended droplet is measured from a monitor screen that projects the
CCD output. The accuracy of the measurement is a few per cents because the measurement
precision is a single pixel of the monitor and the magnification of the CCD optics is chosen so
that the droplet has about 50 pixels. Since the droplet takes an ellipsoidal shape, the diameter
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is defined as that of a sphere that has the same volume as the ellipsoid. Namely,
2

D= ( a ·b

)1/ 3

where, D is diameter, 'a' is the shorter diameter and 'b' is the longer.

2-4-2. Induction times and their origins
Three kinds of induction times are used in this work. First induction time is the time from
the insertion of the droplet to the appearance of a cool flame. Second induction time is from
the appearance of a cool flame to that of a hot flame. Total induction time is from the
insertion to the appearance of a hot flame.
The insertion procedure yields about 120 msec of transient period. Since temperature is
one of the most dominant parameter for ignition process, the time when the surrounding gas
temperature reaches the set value is chosen as the origin of the above induction times.
Namely, 80 msec in the Fig. 2-1-3 is defined to be the origin of induction times .

2-4-3. Interferometer interpretation
A simplified interpretation method is applied to assess the temperature of gas phase.
Complete transformation from the interferometric fringe pattern to the temperature field
requires a perfectly two-dimensional temperature distribution and to know the composition of
gas phase to calculate its refractive index. These are not available in the present measurement.
A reasonable treatment, however, is possible.
Micro gravity experiments offer spherical symmetric temperature fields, in theory.
Assumption of spherical symmetry enables to evaluate the field because it is one-dimension
instead of three. Imperfection in the symmetricity observed in the experiments due to the
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cooling of the suspender is little and the assumption can be applied.
The composition of the gas is treated as those of standard air here. Though it is a mixture
of fuel, reaction intermediates and air in reality, this treatment possibly produces fair estimates
of the height of temperature peak like flame temperature. The mixture that gives the
maximum temperature does not contain a great portion of fuel. The fuel mass fraction of the
stoichiometric mixture is 0.062 for n-heptane. This amount does not cause a significant
difference in refractive index compared with air alone. Many of other components have
refractive indices similar to air, since their molecular weight is similar. Since soot has a very
different index, interpretation is not tried when soot appears.
Numerical reconstruction of temperature field with an assumption of axis symmetry, that
includes spherical symmetry as a special case, is described in Appendix A.

2-5. Experimental conditions and their accuracy

Fuels used are n-heptane, n-dodecane and iso-octane that have purities of more than 99
per cent. The first two have similar reaction behavior but different physical properties. The
first and the third have similar physical properties but different reactions. All of these are
typical primary reference fuels of gasoline or kerosene. Their properties are shown in Table I .
Initial droplet diameter is about 0.7 mm. The deviation allowed will be mentioned in each
context or figure.
Ambient gas is air throughout this work. Ambient conditions are pressure ofO.l-2.0 MPa
and temperature of 500-1100 K. Since the present context put importance on the two-stage
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ignition process, namely the appearance of cool flames and hot flames, the above conditions
are chosen.
The accuracy of ambient pressure is about ±5 percent of absolute value for the droptower
experiments and is less than ±I per cent for other experiments. The reduced accuracy for the
case of droptower experiments is due to the fact that the pressure control is possible only
before the system is brought into the droptower. The heating up of the furnace yields a slight
pressure increase and compensation for this effect had to be done not at the start of the
experiment but before the setup is integrated into the drop capsule.
Ambient temperature has two errors. One is temperature non-uniformity in the hot
section, that is approximately I K/mm in the vertical direction and less in the horizontal one.
The error due to the thermocouple measurement mainly depends on the electric circuit
employed (OMRON CSW). It is smaller than ±0.5 per cent of the temperature value in
degree-Celsius. No correction for radiative heat transfer is done. The temperature difference
between the place of measurement and that of infinity govern the amount of transfer. For the
present case, the infinity is the furnace wall that is heated by hot wire. The difference between
the gas temperature at the center of the furnace and the wall temperature is minimized by the
use of isolation material and is confirmed to be 30 Kat maximum. According to the report of
Heitor and Moreira [60), the error is at most I 00 K for measuring gas temperature of I 000 K
by comparing several cases where thermocouple's bead diameter is 40 to 3 50 micron.
Assuming that the conductive heat transfer between thermocouple and gas is proportional to
the temperature difference between them, the maximum possible error (E) for the present case
can be estimated by solving the following relation.
E=

1.5e-10x[(T+30) 4 -(T+e) 4),

E,

T in Kelvin
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The error is II K for ambient temperature of I 000 K and 5 K for 700 K.
The above equation surely overestimates error. Convection or conduction at elevated
pressures promotes heat flow to the thermocouple to agree its temperature with that of gas, in
reality. In addition, the wall temperature does not have so high temperature everywhere. The
temperature is even colder than gas at the place where the windows exist. Since accurate
error estimation is impossible and the error is not significant, compensation for radiation does
not supply any benefit.
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3. Numerical modeling

3-1. Governing equations and matching conditions of liquid-gas interface

The present numerical simulation model is made assuming spherical symmetry and
constant pressure. Radiative heat transfer, thermal diffusion, viscosity and kinetic energy
term are not taken into account. Liquid phase formulation is simplified by neglecting solution
from gas components. Fugacity equilibrium is assumed at the liquid-gas interface. Surface
tention is not taken into account.

3-1-1. Conservation equations
Liquid phase
L-1. Mass conservation:

L-2. Energy conservation:

Gas phase
G-1. Mass conservation:

G-2 . Species conservation:

(
apr,- +2·
1 [
)]
at r r pY, v+V, 2

G-3. Energy conservation:
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1v1

3-1-2. Auxiliary equations
Liquid phase
L-1-Al. Equation of state:

(Peng-Robinson type [61])

L-2-A1. Absolute enthalpy:

L-2-A2. Conductive heat flux:
Gas phase
G-1-Al. Equation of state:

P=pRT

G-2-Al. Diffusive velocity (Oran and Boris [62]):

(for j

=

i)

(for j "'i)
and

D,y= -

1-Y
x)

)

k

f::fDfk
G-3-Al. Absolute enthalpy:

G-3-A2. Conductive heat flux (Coffee and Heimel [63]):

20

aT

q -A. T

m

ar

3-J-3. Matching conditions at liquid-gas interface

p(v - R~

I-1. Mass flux :

~r- R-

~
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I-2. Species flux:
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I-3 . Energy balance:
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(i ~ fuel),
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I-4 . Temperature continuity:
I-5 . Fugacity equilibrium:

3-2. Properties

These properties are taken from Reid et al. (61].

3-2-1. Thermodynamic properties
Liquid phase compression factor, phase equilibrium and latent heat are calculated with the
following equations. Fuel-air binary system is used instead of multi-component system for the
equilibrium.
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P-1. Compression factor Z is given as a solution of the cubic equation;

2

2

7;;
a- 0.45724R
pc

where

[
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PC

P-2. Binary mixing rules

P-3. Fugacity
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~
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P-4. Latent heat

L

=

aIn(<P~ue~ I <P}uel)
a(1 IT)

R

Absolute enthalpy and specific heat capacity are calculated with NASA-polynomial form.
For liquid heat capacity, excess heat capacity expressed as following is added. Namely,
P-5. Liquid heat capacity (Rowlinson)

where

cp~ex

= 145 + (1- T,.

t

+ 025w[17.11 + 252(1- T,.

/' 3r,.-l + 1.742(1- T,. rl]

3-2-2. Transport properties
P-6. Liquid thermal conductivity (Roy Thodos)
).. = 8 757[exp(O 04641',.)- exp( -024121',. )]+ c · f(T,.)
210

7
( ~:;

3) 1/6

where

f(T,.)= -0.1521',. +Ll91T,.2 -0.0391',.3

and

Cis a constant (23.27 for n-Heptane)

P-7. Gas thermal conductivity (modified Eucken)
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in addition, a simple pressure correction is done with :
A= A ·I.OJ P/fb where Po= 0.1 MPa
P-8. Binary diffusivity(Wilke and Lee)

_ [Jo3- (o9&! M~ 1 2 )}w-3 )T312
Dif -
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3-3. Computation procedure

A complete program is newly developed for the present work. The same program can
simulate ignition process of premixed gas (without transport) or evaporation (without
reaction).

3-3-1. Grid arrangement
Since the droplet shrinks as it evaporates, a droplet surface fixed grid is employed. An
exponential gridding is applied for the gas phase to increase the accuracy and the efficiency of
simulation giving a high resolution near the liquid-gas interface. These methods are explained
in the pioneering work ofNiioka et al. [17].

3-3-2. Numerical methods
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Numerical integration of reacting flow is very stiff when a realistic reaction model is
employed. A fully implicit multi-order backward differentiation method by using extraporants
is employed. The formulation is described by Winslow (64). This algorithm chooses
integration order of 2 to 6 and an appropriate time step size according to a truncation error
control. The descretization of gradient term is done in second order or higher for all the grid
points including the liquid-gas interface. These high-order approximations are applied to
reduce the number of time step and that of grid point necessary to produce an accurate result.
The present program needs only 5 grid points in liquid phase and 15 in gas phase to produce
the results of negligible dependency on grid density.
The set of equations at one grid point is solved with a simplified Newton-Raphson
iteration that neglects the off-diagonal elements ofJacobean matrix. Aitken's ,:1, 2-method (64)
is applied to stabilize and to accelerate the convergence of this iteration. The coupling of all
grids is done in the Gauss-Seidel manner.

3-3-3. Program flow
The program produces, in advance, tables of heat conductivity, binary diffusivity, vapor
pressure and latent heat at different temperatures. These properties at a given temperature are
calculated by interpolating the table.
The procedure at each time step is as follows; 1. Choose a time step size so that the
truncation error (relative value) becomes less than le-4. 2. Update history arrays that contain
the information at the previous several steps. 3. Calculate boundary conditions. 4. Derive
liquid phase values. 5. Derive gas velocity from the mass conservation equation. 6. Iterative
solution of temperature and species distribution.
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The procedure 3 to 6 is repeated to couple liquid phase and gas phase as well as velocity
and the other scalars. The iteration is continued until maximum round-off error (relative
value) becomes less than 2e-5 . The thermodynamic and transport properties are updated
whenever a change in temperature or in species concentration occurred.

3-4. Reaction models

There are three requirements for reaction models to be applied for the simulation of
ignition process of a droplet;
I . Mass and species conservation
2. Inclusion oflow temperature reactions. Namely, a branched chain mechanism that can be
inhibited at high temperature.
3. Inclusion of high temperature reactions that have fuel consumption process and oxidation
process.
The first one is for coupling of a reaction model with the transport model. The second one is
necessary to produce the two-stage ignition process. The third one is for a diffusion flame
that is formed at the final phase of the ignition process. The reaction types of the second and
of the third are important to produce an accurate fuel consumption history and that of heat
release both of which characterize the qualitative behavior of the process.
The most promising model is so-called detailed model that consists from thousands of
elementary reactions. This kind of reaction model, however, is too large to be solved except
it is in zero-dimensional problem. The limited power of the computers requires simplifications
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of these models.
Two kinds of simplified reaction model are employed here. One is the empirical-model
that consists of! east number of reactions based on the realistic reaction path. The I 0-reaction
model from Griffiths (52] is chosen in the present model from this kind of models. The other
is the reduced-model (55] that is made of elementary reactions and that assumes steady-state
and equilibrium to reduce the number of species and that of reaction steps. The I 2-step
model from Pitsch (58] is chosen here.

3-4-1. 10 reaction empirical model of Griffiths
The schematic of the reaction mechanism is shown in Fig. 3-4- I. This model is chosen
because it is the simplest one among the models that satisfies the present requirements. It
includes the well-known low-temperature branched-chain reactions that are typical for the
NTC behavior. It also has a two-step decomposition-oxidation scheme of high-temperature
reactions that are initially proposed by Muller et al. (56]. While gas temperature is low, the
branched chain (reaction route 8-4-5- 7) grows cycle by cycle. Above a ceiling temperature,
this chain cycle is inhibited due to the arise of the backward reaction (reaction 6). When
temperature is high, the high-temperature reactions (route I -2) govern the process. In this
work, the pre-exponential factor of reaction 5 is modified by a factor of two from the original
value for a better agreement with the shock tube ignition experiments of Ciezki and Adomeit
(65]
One problem in applying this model is that mass conservation is not taken into account.
This is true to the most of this kind of model. Many of intermediate species appearing here are
not real ones but are groups or combinations of species. To overcome the problem, the
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molecular weight of these imaginary species is chosen so that no mass unbalance happens in
the each reaction step. The choice of molecular weights does not affect the reaction itself
since every reaction frequency is determined by number density instead of mass density. The
only possible error due to mischoices occurs in physical properties. It is not the case of the
present work, however, since their properties are taken from that of fuel and an identical
diffusivity for all species is used for this reaction model. This is a way of simplification widely
used for theoretical analysis. The binary diffusivity of fuel and air is used not to cause a
significant error in the evaporation rate. This kind of simplification is reasonable because the
reaction scheme itself is made without considering physical properties. This model allows to
clarifY the roles of the low- and the high-temperature reactions but is not expected to quantifY
the phenomena.

3-4-2. 12-step systematically reduced model of Pitsch and Peters
Inspite of the disadvantage of the amount of calculation over the above empirical model,
this model is used to achieve a quantitative prediction. The model consists of 64 reactions
among 3 5 species. All the species are real ones and 19 is treated as steady state forming 12step reaction path These steps are shown in Table 2 and Appendix B lists the reactions
considered.
This model's reactions are the same as the empirical one in principle. Reactions for middle
temperature range, that form a chain through H 2 0 2 , are included in addition.

3-5. Assessment of the physical and chemical modeling of the present simulation
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Before coupling the transport model and reaction model, the validity of the individual part
is checked. Fig. 3-5-1 shows a comparison of squared droplet diameter history between the
experimental measurements under microgravity and the present evaporation simulations. The
numerical results agree extremely well with the experimental results. Heat-up and thermal
expansion of a droplet are reproduced as well as quasi-steady evaporation rate. The droplet
life time agrees with experiments within an error ofless than I 0 per cent at ambient conditions
of between 0.1 to 1.0 MPa in pressure and 400 to 800 Kin temperature. The higher pressure
cases fail to achieve such a good accuracy because the present method of transport properties'
derivation is not aimed for near-critical point conditions.
Ignition delays of stoichiometric fuel-air mixture for the I 0-reaction empirical model and
for the 12-step reduced model are plotted against temperature in the Fig. 3-5-2. Both models
successfully reproduced the "negative temperature coefficient (NT C)" behavior. In the NTC
region, ignition delay increases with temperature. This is the least requirement to have twostage ignition process. The NTC behavior is a proof of the inhibition of the low-temperature
reactions. Below the NTC region, the low-temperature reactions become more active as
temperature increase. In the region, the activity decreases with temperature. Above NTC
region, high-temperature reactions govern the ignition process and increased temperature
yields shorter ignition delay again. The agreement between experiments and these models is
fair for these relatively low pressures like the present experimental conditions because both
models are made and tuned to produce the experi mental result of 4.2 MPa [65]. The I 0reaction model produces ignition delays shifted up . Although the 12-step model achieves a
better agreement with experiments, the average error is several tenths of percentage. Both
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models show stronger negative temperature dependence at the intermediate temperature
range than the experiments. The transition from the low-temperature reactions dominated
ignition to the high-temperature reaction one seems not to be smooth. Further understanding
on chemistry is desired to improve these models in the intermediate temperature range.
The present model of physical part is quantitatively reliable and of chemical part
qualitatively.
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4. Phenomenology of droplet ignition

There are two types of ignition observed from the present experiments.
single-stage and two-stage ignition.

They are

Single-stage ignition is a case where a sudden gas

phase temperature rise occurs only once leading a hot flame.
of it; one leads a cool flame and the other does a hot flame.

Two-stage ignition has twice
Since two-stage ignition has

not been known for the droplet ignition, a special address is put in this chapter.
Observed processes are described in detail and are specified.

The numerical

experiments enable a more detailed process analysis including the roles of the low- and the
high-temperature reactions.

4-1. Temperature history and distribution for the case of two-stage ignition

4-1-1. Temperature field visualization
The typical of the two-stage ignition process is the existence of a low temperature flame
preceding the occurrence of a hot flame .

The present experiments clarity the two kinds of

flame through visualizing the temperature field around a droplet with the interferometer.
A time varying phase shift distribution obtained with the interferometer in one case of
two-stage ignition is shown in Fig. 4-1-1 as false-colored images.

The images show

different states in one ignition process of a n-heptane droplet under microgravity.
Temperature is correlated with these phase shifts through optical density that is
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approximately gas density.
Before the onset of the first stage, i.e. image 1, the very high optical density in the
vicinity of the droplet causes negative phase shift (objective beam is retarded).

Gas phase

temperature around the droplet before the fist stage occurrence is low because the droplet
acts as a heat sink.

There is almost no chemical heat release that can compensate for the

heat loss to the droplet.

The reduced temperature yields the higher optical density.

Evaporated fuel contributes to the high density as well due to its larger molecular weight
than that of the ambient gas (i .e. air) .

Cooling effect of the suspender is noticeable, too .

A certain temperature rise is seen from the first image to the second.

The gas

temperature keeps almost a constant value for about 80 msec after it.

There is no

significant density difference between the second and the third images.

A hot flame appears

in the fourth images indicating the occurrence of ignition.
Phenomena, in all of the images,

seem not to be perfectly spherical even though these

are obtained under microgravity condition.

This is due to the cooling of the suspender and

of the vertical rod on which the suspender is attached.

The suspender side is slightly cooler

than the other side.

4-1-2. Radial temperature distribution
Radial temperature distribution estimated from the Fig. 4-1-1 is shown in Fig. 4-1-2.
The origin of the radial distance is the center of the droplet.

Spherical symmetry is

assumed on the right-side-hemisphere of the droplet for the interpretation from phase shift
distribution to temperature.

The interferometric images show phase shifts that are

integrated through the object beam path.

Inversion from the integrated value to the
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original concentric phase shift distribution is explained in Appendix A. The first stage of
ignition starts between curve I and 2 in the figure, leading to a temperature of about 750 K.
The temperature remains almost constant during the first stage.

This plateau temperature

agrees with the temperature of a cool flame stabilized by the premixed burner of Morley
[34] .

The same mechanism of cool flame as that of premixed gas ignition is controlling the

phenomena.

This first stage has a temperature plateau because the degenerated branched

chain reaction, which is typical low-temperature reactions, is inhibited when temperature
exceeds a ceiling value.
The temperature field during the first stage of a cool flame does not have a clear peak as
is the case of a diffusion flame.

Diffusion flame has a very local reaction zone defined by

the supply of fuel and oxygen through diffusion.

The reaction zone exists just at the place

where fuel meets oxygen with a suitable stoichiometry.
not such a diffusion flame.

The cool flame of the first stage is

The reactions and its heat release are governed not by diffusive

supply of reactants but by the temperature dependency of the reactions themselves.

The

partially premixed condition around the droplet realizes the cool flame everywhere forming a
The cool flame can behave like that of premixed gas.

very wide high-temperature zone.

The slight decrease in the maximum temperature between curve 2 and 3 can be explained by
the dynamic behavior of the cool flames [67].

The first stage once reaches a temperature

higher than an equilibrium temperature at which the heat release through the inhibited
reactions balances heat dissipation.

A certain stock of intermediates is formed by the chain

reaction before the occurrence of the cool flame.
when temperature starts raising.

These intermediates go heat release step

The heat release step works separately from the chain.

It is seen also in the Griffiths' model.

The heat release step is the reaction numbered as 9
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and 1o in Fig. 3-4-1 that is not a part of chain.

The pooled intermediates can produce heat,

if the amount is enough, even after the ceiling temperature is reached and chain is inhibited.
This realizes an excess temperature.

The temperature rise stops after consuming almost all

of the intermediates and there will be less hear release in the succeeding because the chain
can keep producing only little amount of these intermediates.

The exceeded temperature

slowly settles down to the equilibrium temperature.

4-2. Ignition regions

4-2-1. Characteristic temperatures, ignition regions and their definition
There are three types of critical temperature that are defined here for a given pressure
condition.

The first one is cool flame lower limit.

temperatures higher than this limit.

The first stage is observed at ambient

The second is cool flame upper limit.

Since the low-

temperature reactions are not active above a ceiling temperature, the first stage of a cool
flame does not occur when ambient temperature is too high.
temperatures below this limit.

Cool flame is observed only at

There are certain cases where the ambient temperature is

higher than the temperature of a cool flame and the first stage still exists.

In these cases, a

cool flame appears in the very vicinity of the droplet where the local gas temperature is
below the cool flame temperature due to the cooling effect of the droplet.
flame lower limit below which the second stage is not observed.
temperatures higher than the limit.

The third is hot

Hot flame appears at

For both of these two lower limits, the definition is

taken as the appearance of cool or hot flames during the droplet life time, i.e. before the
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completion of droplet evaporation.
Cool flame temperature is also plotted in the figures.

These temperatures are

determined from the direction of natural convection caused by the cool flame.

There is no

buoyancy nor sedimentation force that causes convection if density at the cool flame region
and that of ambient are almost identical.

When the cool flame takes spherical shape under

normal gravity, ambient temperature is thought to be equal to the cool flame temperature.
The mean molecular weight of the cool flame region is slightly high compared with that of
ambient because the region contains fuel and other intermediates which are large molecules.
Accordingly, the current method slightly underestimates cool flame temperature .

The

variation of cool flame temperature on initial mixture conditions in gas phase is not
considered.

In spite of these points that yields less accuracy, the obtained value agrees

fairly with the result of temperature measurement [34] of a burner-stabilized cool flame with
a thermocouple.

The present cool flame temperature can be used as an approximate value.

Ignition phenomena are specified to the following four regions by using the aforementioned critical temperatures.
two-stage-ignition regions.

They are no-ignition, cool-flame, single-stage ignition and

There is a certain temperature rise but it yields neither cool

flame nor hot flame in the no-ignition region.

Cool flame alone or hot flame alone appears

in the cool-flame region or ignition region respectively.
flame is observed in the two-stage ignition region.

A cool flame followed by a hot

These regions are shown in the Fig. 4-

2-1 to 4-2-3 for different fuels.
No cool flame is observed for iso-octane droplet.

The activity of the low-temperature

reactions is governed by a process that is the internal hydrogen abstraction through which
the reaction chain is branched [41] .

The abstraction process requires a ring structure
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consists of typically more than five members .

The structure of iso-octane molecule has less

freedom of bending and it is hard to form a ring structure compared with the other two fuels
that have long straight chains [44].

This yields fewer opportunities of the internal

abstraction and hence less-active low-temperature reactions.

The resulting temperature

rise is too little and is too slow to be specified to a cool flame.
These figures clearly show the relative importance of chemical characteristics on the
type of ignition process compared with physical ones (i.e. heating up, evaporation rate or
diffusion) from a phenomenological point of view.

Since the structure and the reactions of

n-heptane and of iso-octane are different, the ignition regions take very different locations in
spite of the similarity in their physical properties.

On the other hand, the regions of n-

heptane and n-dodecane are very similar though their physical properties are different.

In

addition, the locations of the regions agree with those of homogeneous premixed gas
ignition [26,27,42] that are free from physical processes.
Cool-flame region exists at low pressure and in the middle temperature range for the
two normal alkanes.
the no-ignition region.

The low-temperature- or high-temperature border of the region meets
The high-temperature and high-pressure side of the region meet the

two-stage ignition region.

Note that cool flames appear also in the two-stage ignition

region.
There are two separated no-ignition regions for these figures.
no temperature rise can be seen during the droplet life time.

They are where almost

The only one no-ignition

region of iso-octane is the same case.
There are also two separated single-stage ignition regions.

In the one that exists at

lower temperatures, the process is equal to the two-stage region in principle.
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The low-

temperature reactions cause a certain temperature rise and immediately yield a hot flame by
activating the high-temperature reactions.

It can be specified to a special case of two-stage

ignition where the duration of the first stage is infinitesimal.

In the current definition, the

case where the duration is shorter than the temporal resolution of the measurement (i.e. 20
msec) is treated as single-stage ignition.

The single-stage region at the higher temperatures

is where the high-temperature reactions instead of the low-temperature ones lead the
process. The high-temperature reactions cause a hot flame before the low-temperature
ones cause a cool flame .

4-2-2. Ambient andjitel dependence of the characteristic temperatures
Cool flame temperture increases with pressure.
characteristics of the low-temperature reactions.

This is simply due to the

The ceiling temperature of the low-

temperature reactions is governed by the equilibrium of an oxygen addition process [41].
The reaction chain of the low-temperature reaction propagates through this step.
process goes forward while temperature is low.

The

The reverse step arises as temperature

increase since the activation energy of the reverse step is higher than that of the forward one.
The process stops going forward when temperature exceeds a ceiling value.

Since the

forward step of this reaction is two-body reaction and the reverse step is single-body
reaction, the process prefers forward as pressure increase.

The ceiling temperature rises

with pressure due to this increase in forgoing speed of this process.
At low pressures (0.1 to 0.5 MPa) the hot flame lower limit decreases with increasing
pressure.

The decrease is in one part due to the activity of the high-temperature reactions.

The rate of the reactions is estimated to be proportional to the -!.75th power of pressure
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[25] .

When pressure is high, even low ambient temperatures can activate the high-

temperature reactions to cause ignition.

The other reason of the decrease is the existence

of the first stage at the middle temperature range.

The temperature rise at the first stage

activates the high-temperature reactions regardless of ambient temperature.

When the

second-stage lower limit comes below the first-stage upper limit as pressure increases, it
suddenly decreases to agree with the cool flame lower limit.

Cool flame preceding a hot

flame surely promotes the activity of the high-temperature reactions through its temperature
rise.

The increased cool flame temperature at high pressures makes ignition more probable

because the higher temperature activates more the high-temperature reactions.

The hot

flame lower limit at low pressures (i.e. when it exists at high temperatures) is determined by
the high-temperature reactions and that at high pressures (i.e. when it exists at low
temperatures) by the low-temperature ones.
equal to the all of these fuels .

The tendency of the hot flame lower limit is

Even though no observable cool flame occurs for the case of

iso-octane, the distinction of the low- and the high-temperature reactions seems to be
important.

Namely, the low-temperature reactions of iso-octane play the same roles on

ignition process as those of normal alkanes through its slow reaction rather than a cool
flame .
The temperature of the border between the lower no-ignition region and either coolflame- or ignition-region

increases with pressure.

higher in general at higher pressures.
limits at higher pressures.
than reaction.

The activity of chemical reactions is

Hence, reaction alone must realize decreased lower

The contrary tendency of these figures requires reasons other

Change in physical process must explain the tendency.

influences of natural convection.

There are

The stronger natural convection at higher pressures yields
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higher loss of heat and mass from a reactive place causing a slower reaction development.
The reactivity of chemical reactions is reduced by the stronger convection because the
intermediates and the produced heat are removed by it.

The higher rates of diffusive mass

transfer (dissipation) at high pressures have the same influence.

The stronger convection

and dissipation also play a role on the life time of a droplet that is one controlling factor of
the limits.

Droplet life time needs to be longer than the time to induce active reactions.

Both the strong natural convection and higher dissipation rate indicate an increased heat
transfer to the droplet (67). Evaporation is promoted with the increased heat flow.
life time is shorter as pressure increases.
experimentally by Nomura (68].

Droplet

These tendencies are also confirmed

The sum of these influences results in the increase of the

lower limits with pressure.
The cool flame upper limit increases with pressure.

The reason is simply that the

temperature range where the low-temperature reactions are active shift to the higher region
due to the elevated ceiling temperature at high pressures

4-3. Place of ignition

4-3-1. Normal gravity cases
Gravity yields natural convection.
influenced by the convection.

The place of ignition under normal gravity is

Typical sequences for the three different ignition types are

shown in Fig. 4-3-1 to 3 as interferometric images
Ignition process starts from the heating up of the droplet and evaporation of fuel.
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Since the evaporated fuel has lower temperature than the ambient gas and since fuel has
larger molecular weight, the vapor has higher density.
evaporation phase flows downward .

Natural convection during the

This convective flow forms a preferable condition for

reactions at the down side of the droplet.

There is a large amount of fuel-air mixture below

the droplet and it is distributed widely compared with the upper side.
below the droplet is smaller than that above it.
goes far from the droplet.

The convective flow itself is weakened as it

Weaker convection is also preferable due to the less loss of heat

and intermediates from reactive region.
free from convection, too.

The dissipation rate

The stagnation point at upper side of the droplet is

This place, however, is not suitable for the development of

reactions since the flow field there is extremely stretched.

As a consequence, a cool flame

or a hot flame of single-stage ignition starts below the droplet.
A hot flame for the case of two-stage ignition shown in Fig. 4-3-2 starts above the
droplet, on the contrary.

A cool flame is burning before the occurrence of a hot flame .

The cool flame causes upward convection for this case.

The most preferable place for

ignition is above the droplet for the same reason as it is below when convection is
downward.

Cool flame does not cause upward convective flow when its temperature is

nearly equal to the ambient or when the duration of cool flame is very short.

A hot flame

starts spherically about the droplet for this case (See Fig. 4-3-3).
These clarifY the fact that the most reactive place always exists at the down stream of a
convective flow.

This agrees with the numerical analysis of droplet ignition in forced

convection done by Tsai and Yang (20].

They predicted a hot flame occurrence from the

wake region.
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4-3-2. Microgravity cases
Since the convective flow field around a droplet is spherical symmetric, the place of
ignition mirrors the other influences clearly.

Three cases are shown in Fig. 4-3-4 and 4-3-6.

The place of the cool flame occurrence at the lowest temperature case (Fig. 4-3-4) is far
from the droplet.

Reactions are expected to be more active at hotter places and a cool

flame starts from the outer edge of the temperature-fuel boundary layer formed by
dissipative transfer.

The starting point is situated on the other side of the suspender.

The

suspender side has slightly lower temperature than the other side due to the cooling of the
suspender.

A hot flame appears before the cool flame reaches the droplet.

The cool flame

induces a hot flame while its propagation.
A cool flame starts near the droplet and it propagates to surround the droplet for the
middle temperature case (Fig. 4-3-5).
smaller than the former case.

Induction time is short and the layer can not develop as

widely as the lower temperature case.
established.
case.

The temperature-fuel boundary layer for this case is

A hot flame appears after a steady cool flame is

The place of the hot flame occurrence is different from the lower temperature

The temperature of the steady cool flame is controlling it.

The temperature of the

cool flame seems to be high very near the droplet where mixture has fuel-rich conditions.
For the highest temperature case (Fig. 4-3-6), ignition is single-stage and a hot flame
starts from the other side of the suspender.
there is hotter than the suspender side.

It starts from the side because temperature

Ignition place is close to the droplet because

induction time is very short and can not form a widely spreaded temperature-fuel layer.
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4-4. Simulated result

4-4-1. Temperature history and heat release rate of the low- and the high-temperature
reactions
A typical calculated temperature history in the case of two-stage ignition by using the
empirical 10-reaction model is shown in Fig. 4-4-1.
seen clearly.

The two-step temperature rise can be

The low-temperature reactions cause the first temperature rise and after the

temperature reaches around 1100 K the reactions are inhibited.
temperature reactions are activated to cause ignition.

After a while, the high-

Since these high temperature

reactions do not have a ceiling temperature, the temperature rise continues until either fuel
or oxygen is consumed completely.

This two-step temperature rise agrees with the

experimentally observed phenomena except the temperature of the first stage (i.e. cool flame
temperature) .

The present model shows advantages over the conventional models [17-23]

that do not reproduce the first stage even qualitatively.
The roles of the low- and the high-temperature reactions on ignition process can be
evaluated by tracing their heat production over time that is the measure of the activity of the
reactions.
Fig. 4-4-2.

Chemical heat release rates normalized by gas phase heat capacity is shown in
The heat release is divided into that of the low-temperature reactions and of the

high-temperature ones.

Both values are taken from a grid point where total heat release

rate is the maximum among all the grid points.
heat release almost all the time.

The low-temperature reactions produce heat from the

early stage of the ignition process.
intermediates increases.

The low-temperature reactions are leading

The heat release increases as the amount of their

The constant exponential increase of heat production with time,
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that appears as a straight line in the figure's coordinates, is the typical for a chain reaction
that grows cycle by cycle.

When gas temperature reaches the ceiling value, the heat release

rate decreases due to the inhibition.

The high-temperature reactions do not dominate the

heat release until ignition process comes to the final phase.
constant almost all the time.

Their heat release keeps

The heat release of the high-temperature reactions has a very

strong dependence on the maximum gas temperature seen in the previous figure.

4-4-2. Place of ignition, initial flame propagation and diffusion flame establishment
The low-temperature reactions employed here demonstrate a unique process to the
diffusion flame establishment.
and 4-4-4.

Time varying temperature distribution is shown in Fig. 4-4-3

Ambient temperature of Fig. 4-4-3 is lower than the temperature at which the

low-temperature reactions are most active (i.e. below the NTC temperature region) and that
of Fig. 4-4-4 is higher (in the NTC temperature).
Although ignition is induced by the low-temperature reactions in both cases, the
succeeding process to the establishment of a diffusion flame differs .

For the lower ambient

temperature case, i.e. for Fig. 4-4-3, the initial temperature peak propagates inward to the
droplet until it reaches the maximum value.

After the maximum temperature is reached, the

reaction zone propagates both in- and outwards.

The inward propagation is due to the

reaction between fuel and oxygen through the high-temperature reactions.
consuming oxygen in the vicinity of the droplet.
low-temperature intermediates and oxygen.

It stops after

The outward one is the reaction between

It stops after consuming the intermediates.

For the higher ambient temperature case, the initial temperature peak moves outward.
succeeding flame propagation to both directions happens as well.
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The

In this case, both of the

propagation are due to the reaction between fuel and oxygen through the high-temperature
reactions.
The most characteristic difference between the phenomena of these figures is the
relation between the location of initial temperature rise and that of maximum temperature.
Initial temperature rise starts outside the place where the maximum temperature happens for
lower ambient temperature case while it starts inside for the case of higher ambient
temperature.

Since the location of the maximum temperature is approximately where gas

mixture is in the stoichiometric condition, it means that ignition starts from a point of lean
condition for the lower temperature case and from that of rich condition for the higher
temperature case.
Preceding ignition, a spherical vapor and temperature boundary layer are formed around
the droplet, which is due to the evaporation and diffusion of fuel and to the cooling effect of
the droplet respectively.

For ambient temperatures below the ceiling temperature, the

reactivity of the reactions increases with increasing gas temperature everywhere.

Therefore

the most reactive point is away from the droplet where gas temperature is high, namely the
outer edge of the vapor boundary layer will be the starting place of a cool flame .

Cool

flame starts from a lean region and propagates inward with increasing its temperature.

The

increased temperature activates the high-temperature reactions and causes a hot flame .
There is a partial premixed region inside the initial temperature peak and there is almost no
fuel outside.

This results in the inward propagation

Situation differs if ambient temperature is in the NTC region.

The low-temperature

reactions prefer a place close to the droplet where gas is cooled by the droplet because there
is a particular temperature for the low-temperature reactions to be most active and it is
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lower than the ambient temperature.

Cool flame does not start from the edge but from

somewhere in the middle of the temperature boundary layer for this case.

Since fuel vapor

layer is closely related to the temperature boundary layer, this means that the starting point is
the middle of the fuel layer.

After the occurrence of a cool flame, a widely spread high

temperature region is formed around the starting point of the cool flame.

The cool flame

can spread because there is fuel enough both inside and outside of the starting point.

A hot

flame starts from the place where temperature is maximum among the wide high temperature
region.

The place of highest temperature exists at a fuel rich place.

The stoichiometric

fuel-to-oxygen ratio of the low-temperature chain, that controls the ceiling behavior, is high
compared with the ratio of its total oxidation process.

Highest cool flame temperature at a

given pressure is attainable for a "fuel-rich" (in terms of total oxidation step) condition.
Hot flame starts from a fuel rich place.

Since there is fuel outside the place of the initial

temperature rise, the initial flame propagates mainly outward.

It is a unique fact that

ignition can happen from the place of fuel rich condition and it is due to the particular
behavior of the low-temperature reactions.
For temperatures much higher than the ceiling value (above the NTC region), ignition is
dominated by the high-temperature reactions.

Since the high-temperature reactions prefer

higher temperatures, ignition takes place at a point of fuel lean condition by the same
mechanism as the case of Fig. 4-4-3 with the low-temperature reactions at an ambient
temperature below the NTC region.

4-5. Discussion
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4-5-1. Observed phenomena
Experimentally observed phenomena can be summerized as follows;
1. The process can take a type of either no-ignition, cool flame, single-stage ignition or
two-stage ignition according to ambient condition.
2. Reaction characteristics of fuel determine the characteristics of ignition type that is
specified to the above four regions.

The employed normal alkanes have cool flame

occurrence and hence the fist stage temperature rise while it is not observed for isooctane.
3. The first stage has ceiling temperature that is approximately 750 K and that increases with
pressure.
4. Ignition occurs near the droplet where fuel-rich conditions exist when ambient
temperature is in the NTC region.

For other temperatures, a hotter place is preferred.

The observed phenomena agree with those observed for the spontaneous ignition
process of premixed gases.

The phenomenological aspect of the ignition process of a

droplet is mainly determined by the chemical reactions that is unique to the each fuel.

The

ignition process is able to be explained with the knowledge that is obtained by the researches
on chemistry.
The branched chain reaction, that is inhibited at temperatures above a ceiling value due
to the equilibrium of the second oxygen addition, causes the first stage.

The forward shift

of the equilibrium reaction with increasing pressure realizes higher values of the ceiling
temperature at high pressures and hence higher cool flame temperatures .
molecular structure govern the reactivity of the low-temperature reactions.
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The differences in
The freedom in

bending the molecular chain of normal alkanes gives more opportunities for a chain
propagation step, yielding the relatively active low-temperature reactions compared with
iso-octane that has no straight chain.

The second stage is caused by the high-temperature

reactions.

4-5-2. Analysis on the criticality for the reaction development
Ignition process up to the onset of the first stage can be analyzed without considering
temperature rise due to chemical heat production.
reaction development.

The process has criticality for the

That is, the rate of chemical reaction must be higher than the rate of

dissipation to cause the first stage.

The transient reaction rate and dissipation rate can be

assessed by using evaporation model of a droplet and a model of premixed gas ignition
respectively.
A schematic explanation on the transient vapor formation can be done with Fig. 4-5-1.
Time varying gas phase conditions around a droplet are plotted on a plane of temperature
versus fuel mass fraction.

Each straight line expresses a set of conditions existing in gas

phase at an instance. The line will be called as "transient flamelet" and the diagram as
"flamelet plot" in the following for convenience.
of unit Lewis number.

The line can be straight on an assumption

The line moves as time goes on and as physical process proceeds.

Ambient condition remains constant throughout the process. Surface condition changes.
At the moment when a droplet is suddenly exposed to a high temperature ambient, its
surface is cold and vapor pressure is low realizing the line denoted as 'initial state'.
droplet is heated up by the heat flow from the hot ambient to the droplet.

The

The surface

temperature rises gradually and yields higher fuel mass fraction at the surface through the
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increase in vapor pressure.
shown.

The trajectory of continuously varying surface condition is also

The trajectory is equal to the liquid-gas phase equilibrium conditions.

The

change in surface condition stops after a quasi-steady state is reached .
Figure 4-5-2 shows a change in conditions of gas mixture for the three ambient
temperature cases that is calculated with the present simulation model without the reaction
term.

The stoichiometric fuel-air mixture exists somewhere in gas phase and this mixture is

taken as a sample.

The temperature of the mixture rises with time and as the line in the

previous figure shifts upward by the change in the surface condition.
rise, the reactivity of this mixture increases.

As this temperature

The reactivity is approximated with the

reciprocal of the first induction time for premixed gas ignition at these temperatures.
history is shown in Fig. 4-5-3.
induction time.

The

The 12-step reduced model [58] is used to calculate the first

These reactivities increase more than two orders of magnitude for unit

magnitude of time.

Dissipation rate for the point of stoichiometry is also calculated from

the simulation and its temporal decay is shown in Fig. 4-5-4.

Ambient temperature does

not have significant influence on the history of dissipation rate throughout the droplet life
time.

Fuel and temperature field develop widely in physical space with time.

these two scalars becomes less and less.

It decreases approximately one order of

magnitude for unit magnitude of time increase.
proportional to the reciprocal of time, namely.
beginning of the ignition process.

Gradient of

The amount of dissipation is almost
Dissipation is more than reaction at the very

The increase in the reactivity and the decrease in the

dissipation rate bring a chance for the chemical reactions to develop.

If the production of

heat or species due to reaction is faster than the loss due to dissipation, the reaction is
sustained and causes the first stage.

The ratio of reactivity and dissipation rate is a kind of
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Damkiihler number and is shown in Fig. 4-5-5 .
reaction has a chance to cause the first stage.

Above a certain value of the number, the
Considering the first induction time that will

be shown in the next chapter, about I 0 is the critical value for the present definition .
The slow decay in the dissipation rate and the quick increase in the reactivity through
temperature rise indicate the relative importance of the two controlling factor for the
occurrence of the first stage.
the process mainly.

Heat-up characteristics instead of dissipation decay control

In addition, the ambient temperature dependence of the characteristics

of the first stage occurrence must be explained through the difference in reactivity rather
than dissipation because dissipation history is nearly identical for different ambient
temperatures.

Therefore the mixture formation and the reactivity variation must be

emphasized for the interpretation of the observed phenomena.

4-5-3. Interactive process of mixture development and reaction
A few characteristic behaviors exist for droplet ignition compared with premixed gas
ignition that has no physical process.

One is the fact that the two-stage ignition occurs at

ambient temperatures even higher than cool flame temperature. The other is the selectivity of
the place of ignition.

Both of those are due to the non-homogeneity of the fuel-air mixture

around the droplet.
Figure 4-5-6 is an example of how the activity of the reactions depends on temperature
and fuel mass fraction .
heptane (58].

This is a calculated result by using the 12-step reduced model of n-

The low-temperature reactions have activity peak around 760 K.

high-temperature reactions play a role above 900 K.

The dependence on fuel mass fraction

is comparatively less than that on temperature except extremely fuel-lean region.
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The

The most

reactive region exists in fuel rich conditions (note that the stoichiometric fuel mass fraction
ofn-heptane is 0.062).
A closer look of the ignition process is possible by overlapping the reactivity distribution
and the transient flamelet on temperature-fuel fraction space.
4-5-7.

An example is shown in Fig.

The reactive region is where reactivity of chemical reaction is higher than

dissipation rate.
decreases.

The reactive region becomes wider as time goes on and as dissipation rate

This change is neglected in the succeeding discussions to put more importance

on how mixture field is developed with time.
The low-temperature reactions are very active around 760 K and are inhibited above
800 K that is the ceiling temperature.

The transient flamelet line goes through the region

where the low-temperature reactions are very active.

Its activity is higher than any other

conditions below 1000 K as is shown in Fig. 4-5-6. The low-temperature reactions at the
place of this condition control the cool flame occurrence. The high-temperature reactions
have no chance to dominate the process unless ambient temperature is higher than I 000 K.
Fuel mass fraction of the most reactive place changes as the process proceeds.
fuel lean is the most active at the very beginning.
surface condition changes.

A place of

It shifts to the fuel rich places as the

The range of the reactive region relative to the range of the gas

phase conditions present around a droplet is very small in terms of temperature range and is
very wide for fuel mass fraction.
is determined by temperature.

This means that the place where reactions are most active
A place that has a certain temperature leads ignition process

and it is a fuel rich place unless ignition occurs at the very beginning of heat-up period.
The above mechanisms control the process before a cool flame starts.

The occurrence

of cool flame changes the relation between temperature and fuel mass fraction in gas phase.
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The transient flamelet does not take a straight line.
Fig. 4-5-8.

The propagating cool flame is shown in

The succeeding process can be specified to the two cases.

cool flame causes a hot flame before it spread over widely.
temperature controls the hot flame occurrence.

One is the case a

Instantaneous cool flame

The other case is, on the contrary, a hot

flame appears after a widely spread high temperature region is formed by the cool flame .
Temperature of the steady cool flame controls the process.
favorable to attain higher cool flame temperatures.

Very fuel-rich conditions are

Initial temperature in gas phase does

not have a strong influence on the temperature of the steady cool flame established by
propagation.

The propagation is driven by the increased temperature at the flame front.

The temperature of a propagating cool flame is mainly controlled by the inhibition
characteristics of the low-temperature reactions rather than the dynamic behavior.

If a

pressure condition is given, the only parameter that characterises the inhibition is fuel mass
fraction of gas mixture.

As is seen in Fig. 4-5-9, the fuel mass fraction that realizes the

shortest second induction time, that is a measure of highest cool flame temperature, is 0.2.
Change in the second induction time when fuel mass fraction is changed is less at richer side
than leaner side.
mixtures.

Cool flame temperature seems to be nearly constant fo r the fuel-rich

The temperature seems to decrease rapidly, on the contrary, if condition

becomes leaner than 0.2 in fuel mass fraction.

If cool flame starts from leaner places, it

propagates towards droplet with increasing its temperature.

A hot flame may happen

during this propagation if the temperature becomes high enough.

This is the former case.

The place of hot flame occurrence depends on the propagation characteristic and can not be
defined from the flamelet plot.

Dynamic behavior must be taken into account.

On the

contrary, the place of ignit ion is easily determined from the plot for the other (the latter)
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case.

After the propagation pass through the place of the most favorable mixture

condition, or if cool flame started from the place, the flame starts decreasing its temperature
as propagation proceeds.

Instead of the propagation front, a hot flame appears at a place

where the cool flame temperature takes maximum.

This is due to the fact that the high-

temperature reactions are sensitive against temperature more than against fuel fraction.
The place of the hot flame occurrence can be determined by looking for a place of a
particular fuel mass fraction that realizes highest cool flame temperature.

The place of a

hot flame occurrence is controlled by fuel mass fraction instead of temperature at the onset
of the cool flame.

It is in contrast to the case of the cool flame occurrence where

temperature determines the place.
Introduction of the transient flamelet supplies how the observed characteristic ignition
behaviors come out and the difference between ignition of a droplet and that of
homogeneous premixed systems.
controlling the process mainly.

Reaction development through mixture formation is
The relative locations of ambient condition, reactive region

and the trajectory of surface condition are the important factor for the phenomena in the
droplet ignition process.
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5. Induction times

Three different induction times are employed for the analysis of the two-stage ignition
process; the first, the second and the total induction time, namely. The definitions of these are
equivalent to those of Halstead [32] and the detail for the present case is described in the
section 2-4-2. The distinction of the first and the second induction times has not been
employed so far for the droplet ignition. The only one that have been researched on are the
total induction time (so-called ignition delay, namely). The newly introduced distinction
enables a more detailed analyses on the pressure, temperature or droplet size dependence of
"ignition delay".
Since iso-octane does not produce cool flame and since the process is always single stage,
the distinction of the three kinds of induction times is not possible. Only the total induction
time is used for this fuel.
The induction times are plotted against ambient temperature for several pressure cases of
the three different fuels. The whole set of data can be found in Appendix C; in the figures C- I
to C-21. Droplet life time is also included . Fig. C-1 to 7 are those ofn-heptane, C-8 to 14 are
of n-dodecane and C-15 to 21 are of iso-octane. Measurements of these induction times are
mostly done with the interferometric images stored on 8 mm video tapes . This limits the
resolution of these times to 20 msec and the figures show induction times of discrete values.

5-1. The first induction time
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The first induction time is required to activate the low-temperature reactions to cause a
cool flame. It includes periods for heating the droplet, vaporizing fuel and for mixing fuel and
air by diffusion. The first induction time can be determined only for the two normal alkanes.
They are shown in Fig. 5-1-1 and Fig. 5-1-2. Only a few pressure cases are plotted to avoid
overlapped data. See Appendix C for the data of the other pressure conditions.

5-1-1. Temperature dependency
In all of the pressure conditions for both fuels, the first induction time decreases with
ambient temperature. Both chemical and physical processes contribute to this tendency. The
activity of the low-temperature reactions increases with temperature unless it exceeds a
certain value. The heat-up of a droplet and mixture formation in gas phase are faster at higher
temperatures. The higher activity of reactions and The faster mixture formation shorten the
induction time.
For the case of n-heptane, this induction time can be measured only in the relatively low
temperatures (< 800 K) because it becomes too short to be determined at higher
temperatures.
The temperature dependency of the first induction time of n-dodecane contains more
information about the interplay of physical and chemical part. The ceiling temperature of the
low-temperature reactions is approximately the cool flame temperature. It is about 750 K as
is shown in the ignition region diagrams . The first induction time decreases even at ambient
temperatures higher than the ceiling temperature. The temperature of the place that leads the
first stage can be below the ceiling temperature even if ambient temperature is above it. The
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occurrence of a cool flame is controlled by a place that has a certain temperature at which the
low-temperature reactions are most active. This, however, should realize a constant first
induction time at any ambient temperature above the ceiling value, because the same gas
phase condition of the highest reactivity exists near the droplet irrespective of the ambient.
The first induction time includes also heat-up period. It is a time to realize higWy reactive
mixture conditions. Fuel mass fraction at the droplet surface is extremely low for n-dodecane
in the initial state of the ignition process. The mixture condition of the highest reactivity does
not exist for this moment as is seen also in Fig. 4-5-7. The flamelet line of the initial state
exists in the fuel-lean side of the most reactive region. A certain time for heat-up and to shift
the line is required. Two factors determine this heat-up period for the present case. One is
how quickly the required surface condition is satisfied. A higher ambient temperature realizes
a faster rise of the surface temperature because the higher temperature gradient in gas phase
promotes heat inflow to the droplet. The other is the requirement of the surface condition
(namely, how much temperature and fuel mass fraction are necessary) to have a reactive
mixture somewhere in gas phase. The surface fuel mass fraction required for a flamelet line to
cross the reactive region becomes smaller as ambient temperature increases as is shown in Fig.
5-1-3 schematically. Both of these two factors yield shorter heat-up periods at higher ambient
temperatures. Note that the present heat-up period is different from the definition used for
evaporation process that is just determined from a view point of the first one of the two
factors. The discussion above can be extended to the regions of arbitrary reactivity, that can
be seen in Fig. 4-5-6 as the areas surrounded by iso-reactivity contours. Namely, a higher
ambient temperature yields a shorter time to have a certain reactive condition somewhere in
gas phase. This principle realizes the general tendency that the first induction time decreases
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with increasing ambient temperature.

5-1-2. Pressure dependency
The first induction time has very little dependence on ambient pressure. This trend owes
a great part to the characteristic of the low temperature reactions. The theoretical analyses of
Keck and Hu [69] showed an induction time inversely proportional to the square of pressure
for n-heptane premixed gas explosion. The induction time should be slightly shorter at higher
pressures from the chemical point of view. The experimental results show this behavior only
below 0.5 MPa. For the higher pressures, the first induction time increases with pressure.
This is a result of a contradictory influence of physical process. The great part of the
induction time is spent for the heating up of the droplet. Higher pressure yields lower fuel
fraction at the droplet surface in the initial state because vapor pressure remains constant even
when (total) pressure is increased. Although the increased heat inflow to the droplet at higher
pressures accelerates the temperature rise at the surface, the time to achieve a certain fuel
mass fraction may take longer. The result of Nomura [68] showed longer heat-up periods for
high pressures due to the decreased fuel fraction. The increased first induction time is due to
the lengthened heat-up of the droplet. In addition, these results are obtained under normal
gravity conditions where natural convection influences. The stronger natural convection at
higher pressures also tends to lengthen the first induction time. The detail of the influence of
natural convection will be discussed in the later section.

5-2. The second induction time

56

There are two ways how the second induction time exists. One is the case where the lowand the high-temperature reactions interact in the two-stage ignition process. When ambient
temperature is lower than the temperature of a cool flame, a hot flame is induced by the cool
flame. The second induction time is a time for the cool flame to activate, through its
temperature rise, the high-temperature reactions to cause the hot flame. The characteristics of
the cool flame control the time. The other case is where these two kinds of reactions act
independently. At ambient temperatures higher than the cool flame temperature, the high
temperature of the ambient rather than that of a cool flame activates the high-temperature
reactions. There is no interaction between the two kinds of reactions through the cool flame
If the low-temperature reactions cause a cool flame before the high-temperature ones cause a
hot flame, the phenomenon becomes two-stage ignition. The difference between the times to
the appearances of these flames becomes the second induction time.
This induction time is determined only for the two normal alkanes. The second induction
times of n-heptane and n-dodecane for several pressure cases are plotted in Fig. 5-2-1 and 2,
respectively.

5-2-1. Temperature dependency

The second induction time of n-heptane droplet does not vary for most of the ambient
temperatures. On the contrary, those of n-dodecane have a peak at an ambient temperature
equal to the ceiling temperature for each pressure case.
The second induction times of n-heptane at ambient temperatures above the ceiling
temperatures are not measured because the first induction times for these conditions are too
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short to determine. The second induction times at these temperatures are, though it is not
plotted, supposed to decrease with temperature since the total induction time decreases and
since the first induction time is negligible short. Hence, the decrease of the second induction
time with temperature when ambient temperature is higher than the cool flame temperature is
to be a common behavior for these two fuels.
The second induction times at the low temperature ends become infinitesimal for both
fuels. Thus, the general trend is that the second induction time increases with increasing
temperature while ambient temperature is below the ceiling temperature and it decreases
above it. The fact that the second induction time of n-heptane does not becomes longer than
a certain value exists in addition to the general trend .
The decrease in the second induction time at ambient temperatures above the cool flame
temperature is explained by the low- and the high-temperature reactions that are acting
independently. The low- and the high-temperature reactions need induction times to cause a
cool and a hot flame respectively. The decrease in the induction time for a hot flame with
increasing temperature is more than that for a cool flame . Therefore the second induction
time, that is the difference of these induction times, decreases.
The increase in the second induction time with ambient temperature at the lower
temperature cases is due to the decreased cool flame temperature. There are two reasons why
cool flame temperature decreases with increasing ambient temperature. One is the change in
mixture conditions around a droplet at the cool flame occurrence. The first induction time
becomes short as ambient temperature increases. This yields a leaner mixture. A leaner
mixture tends to yield a shorter second induction time through a lower cool flame temperature
as is seen in the Fig. 4-5-9. The other reason is the dynamic behavior of a cool flame . For a
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lower ambient temperature, a more amount of chain carriers is required to start a cool flame.
The heat release step of the low-temperature reactions does not start until these radicals are
pooled enough because the lower temperature tends to reduce the activity of the step. A
larger amount of radical pool before the occurrence of a cool flame yields a higher excess
temperature as is explained in the section 4-1-2. Thus, cool flame temperature is elevated
when ambient temperature is decreased . If a hot flame occurs before the cool flame
propagates and forms a steady cool flame, the dynamic behavior of the cool flame controls the
induction time. Namely, the dynamics becomes important near the low temperature end of the
data where the second induction time becomes infinitesimal short. The second induction time
decreases to zero with decreasing ambient temperature.
The qualitative difference that the second induction time of n-dodecane increases with
ambient temperature while that of n-heptane does not exceeds a certain value must be
explained from the difference in physical part. The natures of the chemical reactions for the
two fuels are almost identical. The difference in the mixture conditions when a cool flame
starts is the reason . The gas phase conditions at the moment of cool flame occurrence are
shown as the flamelet lines in Fig. 5-2-3 . The surface conditions are not measured in the
present experiments. Therefore, calculated values are employed for these plots. Evaporation
processes are simulated with the present numerical model and the surface condition at the
experimentally-measured first induction time is chosen. The conditions for n-dodecane are
leaner (fuel mass fraction <0.1) while those of n-heptane are very fuel-rich. The cool flame
can have possible highest temperature when the gas contains about 20 per cent of n-heptane.
The value must be a bit higher for n-dodecane since its molecular weight is larger while the
stoichiometric mole fraction for the highest cool flame temperature must be nearly equal to
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that of n-heptane. The cool flame temperature decreases as the fuel mass fraction deviates
from this value. For the case ofn-heptane, there exists this condition somewhere in gas phase
for all the ambient temperature cases. The gas phase conditions of n-dodecane do not have
this most favorable condition. The second induction time ofn-heptane keeps a constant value
over ambient temperature because the best condition always exists and controls the induction
time irrespective of the ambient. On the contrary, the second induction time ofn-dodecane
increases with temperature because the decreased first induction time with temperature yields
leaner mixture conditions that realize lower cool flame temperatures.

5-2-2. Pressure dependency
The second induction time decreases drastically with pressure as is seen from Fig. 5-2-1
and 2. The pressure dependence of the high-temperature reactions contributes the decrease in
the second induction time with pressure. The simple model of Westbrook indicates that the
global reaction rate of the high-temperature reactions is proportional to the !.75th power of
pressure (25]. This alone does not realize the strong pressure dependence of the observed
second induction time. The change in cool flame temperature with pressure explains the
drastic decrease. The cool temperature becomes higher as pressure increases as is described
in section 4-2-2. The increased cool flame temperature activates the high-temperature
reactions more and yields the shorter second induction times at high pressures.

5-3. The total induction time
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Since the total induction time is the sum of the first and the second induction time, the
characteristics can be explained by combining the former two sections' contexts. Those of
n-heptane, n-dodecane and iso-octane are plotted in Fig. 5-3-1, 2 and 3 respectively.
For then-heptane case and at pressure conditions above 0.2 MPa, there are a temperature
range where the total induction times are almost independent of ambient temperature (i .e.
zero temperature coefficient; ZTC). The constant second induction time in this temperature
range realizes this distinctive feature. Independence of the second induction time on ambient
temperature appears as the ZTC behavior of the total induction time if the first induction time
is negligible short. Droplets of small sizes and of volatile fuel can have the ZTC behavior.
The total induction times of iso-octane show a very similar trend as the other two fuels .
The increase in pressure drastically reduces the time around 1.0 MPa. The pressure
dependence at other pressure ranges seems not to be as much. This similarity in the total
induction times of iso-octane and the other two fuels implies the hidden roles of the lowtemperature reactions . They surely play the similar roles as the other two fuels' cases, though
they do not cause any sudden temperature rise like cool flame. The low-temperature
reactions of iso-octane are less active compared with the other fuels. This yields the longer
total induction times.
At high temperatures where no cool flame and hence the first stage occurs, the total
induction times show characteristics of the high-temperature reactions. The induction time
decreases with ambient temperature since the reactions are more activated with temperature
and since the heat-up period is shorter.
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5-4. Influence of initial droplet diameter

Initial droplet diameter is the parameter that controls the time scale of the heat-up of a
droplet. The initial diameter dependence of the induction times clarifies the importance of the
heat-up characteristics.
Figure 5-4-1 shows the first and the total induction times for several initial droplet
diameters. Microgravity conditions are used to avoid the influence of natural convection
whose strength is diameter dependent. The diameter is varied more than a factor of five . The
suspender is not able to hold all of those droplets of different diameters . A suspender without
the spherical tip is used for the smallest droplet and porous spheres made of Al0 3 are
employed for the large droplets. The amount of fuel fed to the porous spheres is controlled so
that the whole surface is in a wet condition. The use of porous spheres does not produce
significant differences in the heat-up time scale compared with real droplets, because
observed induction times are so short that the properties near the droplet surface alone
determine the rate of surface temperature rise. The first induction time of the smallest droplet
is not plotted since the reduced size yields a sensitivity of the interferometer too low to detect
the temperature inflection properly.
The first induction time varies with initial droplet diameter. It increases as the diameter
increases. The heat flux (heat flow per unit surface area) is proportional to the reciprocal of
the radius of a surface. A smaller radius realizes a larger heat flux and hence the faster surface
temperature rise. Simple evaporation obeys the d-square low. Theoretically and
experimentally, it is well proofed that the time required to achieve a certain surface
temperature and hence fuel mass fraction is proportional to the square of the initial droplet
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diameter (68). Dimension analysis of these first induction times gives a droplet diameter
dependence with a power of 1.4 instead of2. This slightly smaller value, i.e. a weaker
dependence on diameter, means that larger droplets ignite faster than are expected from the
surface temperature rise. The surface mass fraction required for the occurrence of the first
stage should be lower for larger droplets. Relatively lower reactivity is enough to cause the
first stage for larger droplets since the time scale is elongated. To have regions of relatively
lower reactivity requires less fuel mass fraction at the surface as is easily derived from the
flamelet plots.
The total induction times seem to be on a line parallel to the line of the first induction
times. The second induction time is almost independent of the initial droplet diameter. A
power of0.05 is obtained from dimension analysis for the diameter dependence of the second
induction time. Since the fuel-air mixture around a droplet is already prepared before the
onset of the first stage, no heat-up like period is necessary to cause a hot flame . It is a time for
chemical reactions to develop . The slight increase of the second induction time with diameter
is due to the lower fuel mass fraction for the larger droplets at the onset of the cool flame. The
cool flame temperature is lower for the larger droplets that has leaner mixtures in gas phase.
The decreased temperature result in the slight increase in the second induction time.

5-5. influence of natural convection

Since convection is an important way of heat and mass transfer, the influence is examined.
The influence of natural convection is investigated here as an example. Two counteracting
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influences exist. One is the increased heat transfer to the droplet that shortens the heat-up
period. The other is the increased heat and species transfer from a reactive place that slows
down the reaction development. Induction time is shortened if the former influence plays a
dominant role and is lengthened if the latter one does. Comparisons between induction times
obtained in microgravity and those in normal gravity clarifY the influence of natural
convection.
The first induction time and the total induction time are plotted against ambient
temperature in Fig. 5-5-1 and 2. Microgravity data on these figures are obtained by using the
parabolic flights . The detection of the onset of the first or of the second stage for these figures
is done with the thermocouple placed at 3 mm distant from the suspender end. The
thermocouple detection yields slightly slower response than the interferometer since it is a
point measurement that can detect only if the temperature rise comes at where it is placed. A
rough comparison between data obtained with the two methods are done and the
measurement error of the thermocouple is found to be less than 40 msec in those induction
times.
The first induction times at 0.2 MPa under both gravity conditions show agreements at
high ambient temperatures. The induction time is lengthened under normal gravity compared
with microgravity for lower temperatures. Natural convection lengthens the induction time
through the removal of heat and intermediate species of reaction. The reason why the
induction times agree at high temperatures can be explained from two viewpoints. One is the
strength of convection. Natural convection during the first induction time is downward as is
seen in Fig. 4-3-1 and 2. The reduced gas temperature due to the cooling of the droplet and
the larger molecular weight of fuel yields higher density compared with ambient. Thus the gas
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around the droplet sedimentates. The bulk force to sedimentate is weak at the very beginning
of the heat-up period since the gas around the droplet is not cooled widely and since the
evaporated fuel is little. Natural convection needs a certain time to develop, in addition . The
first stage of a cool flame starts before natural convection becomes strong for the high
ambient temperature cases. The weaker convection does not influence the induction times.
The other is the amount of convective loss of heat and species relative to that of chemical
production. A shorter first induction time indicates a faster chemical reaction. A more
convective loss is required to influence the reaction rate compared with the case when
chemical reaction is slow. Therefore the influence of convection appears at lower ambient
temperatures where convection can be strong and reaction is slow. The difference between
both gravity conditions becomes larger as temperature decreases. The more developed
convection and the less active reactions at lower temperature yield this trend. A simple
modeling can demonstrate this principle. For low ambient temperatures, a droplet ignites
after the quasi steady evaporation state is nearly reached. The first induction times for these
cases are thought to be proportional to the rate of reactions. Therefore, the mean reaction
rate at a given ambient temperature can be approximated as;
A I "tm,
where A is constant over temperature and "tms is induction time without convective loss (i.e.
microgravity case). When a constant rate of convective loss 'C' is introduced, the induction
time with loss (Tn,, i.e. normal gravity case) can be derived with

Tn 8 = l I (A I "tm 8 - C)
Rewriting this equation to show the ratio between induction times under normal and
microgravity yields;
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-r,8 I "tm 8 = 1 I (A - C*1:m8)

This ratio becomes infinity in the limit (1:m8 = NC) , that is the low ambient temperature case
when the induction time under microgravity becomes longer. The experimental results agree
with this rational behavior.
These experiments are conducted to the cool or the hot flame lower limit for these figures.
The shown data of lowest temperature for both gravity cases correspond to the temperature
of the cool flame lower limit. The shorter first induction time for micro gravity guarantees the
occurrence of the first stage during droplet life time realizing the lower limiting temperature
than normal gravity case.
The total induction times for both gravity conditions agree with each other. The total
induction time for the figure's cases is nearly equal to the second induction time since the first
induction time is negligible short. Natural convection due to a cool flame exists during the
second induction time. This convection is very weak because the temperature of the cool
flame is nearly equal to the ambient. The weak convection can not influence the second
induction time and hence the total induction time.
The total induction time at 1.0 MPa shows a similar influence as can be seen for the first
induction time at 0.2 MPa . The total induction time for this pressure case is nearly equal to
the first induction time, the second induction time being negligible short. The influence of
natural convection explained for the first induction time of0.2 MPa appears directly in the
difference of total induction times for the two gravity conditions. The influence is stronger
since natural convection becomes stronger as pressure increases.
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5-6. Simulated result

The current level of understanding on reaction kinetics does not provide a fully
quantitative reaction model. The analysis of Kojima [46) showed that even the most-reliable
detailed model is not satisfactory. A small error in a reaction rate constant may change the
total reaction path. The present simulated results with the systematically reduced model,
however, achieve a fair agreement with experiments.

5-6-1. The total induction time of numerical simulation
Calculated total induction times are shown in Fig. 5-6-1.
The model reproduces induction times similar to the experiments except the region where
the simulated value jumps. This exists in the temperature range where reaction is switched
from the low-temperature ones to the high-temperature ones. The transition from the lowtemperature reactions dominant ignition process to the high-temperature one is not
reproduced successfully. Temperature dependence of cool flame temperature and hence the
second induction time does not agree with experiments. A hot flame occurs immediately after
the cool flame occurrence for low ambient temperature cases. Ignition is single-stage for all
of these temperatures . An extremely long second induction time is required at ambient
temperatures above the switching point.
The calculated hot flame lower limit agrees with experiments as well as the ignition delays
of off-intermediate temperature range. The reaction model is useful except reproducing
dynamics of the reactions.
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5-6-2. Temperature history
Figure 5-6-2 shows an example of temperature history for the case of two-stage ignition.
A dynamic behavior of a cool flame can be seen. The total induction time can be short if the
first temperature rise yields a hot flame. On the contrary, the induction time becomes very
long if a hot flame happens after the cool flame temperature settles down to the steady value.
The difference between the initial temperature of the cool flame (i.e. the height of the
temperature spike at the onset of the cool flame) and the temperature of the steady cool flame
seems to be too large. This too strong dynamic behavior also appears as the stronger negative
dependence of ignition delay on temperature that is found in Fig. 3-5-2. The decrease in the
cool flame temperature when initial temperature is raised is too much for the 12-step model
compared with reality. A possible cause of this tendency is an unrealistically high activation
energy of the heat release steps. Unrealistically large amount of radical pool is needed to start
a cool flame when temperature is low. This yields excess temperature and results in an
unrealistically high instantaneous cool flame temperature. A further improvement of the
reaction model can be done, for instance, by calibrating the amount of radical pool or of
consumed fuel preceding the cool flame occurrence.

5-6-3. Sensitivity analysis
The relative importance of transport and of reactions can be estimated by analyzing the
sensitivity of the induction times on those parameters. Either doubled or halved rate of heat
and mass transport or of reactions is tested . All of binary diffusivities and heat conductivities
in gas phase are doubled or halved to change the rate of transport. The same procedure is
done for all of the rate coefficients of the elementary reactions to change the reaction
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frequency without influencing chemical equilibrium.
The induction times of these cases and sensitivities are listed in Table 3. Transport
properties influence the first induction time while reaction rate does little. Doubling the rate
of transport almost halves the first induction time. A higher rate of transport shortens the
induction time through a faster heat-up of a droplet. The contrary tendency can be seen in the
second induction time. More active reactions shorten the second induction time. Increased
transport yields longer second induction time. A higher dissipation calms down the
development of reactions and lowers the temperature of a cool flame . The decreased cool
flame temperature lengthens the second induction time.
The results from the sensitivity analysis show that the first induction time is controlled by
physical properties and the second one by chemical reactions

5-7. Discussion

The distinction of the first and the second induction times enables the detailed analyses of
the roles of physical and chemical processes. It also uncovers many kinds of influences.
Apart from the heat-up of a droplet, the ignition of a droplet shows distinctive behavior
due to the variation of the gas mixture condition around a droplet. The ZTC behavior is a
typical of such non-homogeneous systems. Figure 5-7-1 illustrates the relation between
ignition of homogeneous and non-homogeneous systems. Since a variety of conditions is
coexisting for the non-homogeneous gas mixture, ignition is controlled by the most reactive
condition among them and the short-cut of the NTC happens. Two important facts can be
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derived from it. One is the fact that imperfection in the homogeneity of a gas mixture may
result in a faster ignition occurrence. The other is that what controls ignition delay in the
intermediate temperature range is not temperature but pressure. Ignition delay is constant
over a temperature difference of more than 100 K. On the other hand, the drastic decrease of
the second induction time with pressure yields significant reduction of the total induction time
as pressure increases.
Adiabatically compressed fuel-air mixtures have conditions that overlap with the NTC
region as is shown in the Fig. 5-7-2. This means that almost all of the high pressure ignition in
practice fall into the problems of such intermediate temperature range. The present
knowledge for this region provides a clear explanation to the practical problems. Maly [70],
for example, report the engine knock occurrence from end-gas near the cylinder wall. The
variation of temperature due to the cooling of the wall realizes the non-homogeneity and
supplies the best mixture condition for the low-temperature reactions. Pressure plays a role
for the occurrence of ignition. The combustion partially happens in a cylinder compresses the
unburned mixture. Pressure rise is the most favorable condition to shorten the transition
period from cool to hot flame . Avoidance of knock may possible by strongly stirring the
mixture in a cylinder to minimize the non-homogeneity and by using an appropriate shape of
combustion section not to have any convergent pressure wave that produces high pressures.
A similar example is reported by Poeschl et al. [71]. They observed an unwanted ignition in
the premixing section of their pre-vaporized-premixed plug flow combustor when mixing is
done poorly. Homogeneity of mixture prevents back-fire and widens the safety margin of
operations of these combustors.
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6. Conclusions

From detailed process analyses on the ignition of isolated fuel droplets, the followings are
concluded.
Ignition process of a droplet is specified to the four types. No ignition, cool flame, singleand two-stage ignition, namely. No ignition is the case a droplet evaporates completely
before chemical reaction causes a sudden temperature rise. Cool flame is the case a cool flame
happens due to the low-temperature reactions and the droplet bums out before the cool flame
induces a hot flame. A hot flame appears during droplet life time for single- and two-stage
ignition. Single-stage ignition is specified to two types. One is the low-temperature reactions
dominant ignition. That is, the low-temperature reactions cause a cool flame and its
temperature rise activates the high-temperature reactions causing a hot flame right after the
occurrence of the cool flame . It is a special case of two-stage ignition with an infinitesimal
short cool flame duration. Another is the high-temperature reactions dominant. When
ambient temperature is very high, the low-temperature reactions do not play any role on heat
release. The high-temperature reactions are activated by the high temperature of ambient and
cause a hot flame . Cool flame does not happen for this type.
The types of ignition and its ambient condition dependence are controlled by the reaction
characteristics of the employed fuel. The ignition regions are almost the same as those
reported from the ignition of premixed gases. The difference is that the cool flame and the
two-stage ignition process happens for droplet ignition even at ambient temperatures higher
than the ceiling temperature of the low-temperature reactions. The variation in the gas-phase
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conditions around the droplet gives chances for a cool flame to appear in such high ambient
temperatures.
Ignition process proceeds in several steps. Two-stage ignition has all of these typical
steps. A droplet suddenly exposed to a hot ambient is heated up by the gas and raises its
temperature. The increased temperature yields an increase in fuel mass fraction at the surface.
Thus, the mixture conditions changes from fuel-lean to fuel-rich as time goes on. The lowtemperature reactions prefer a particular temperature. When a place of this temperature get
enough fuel, the reactions are activated and a cool flame occurs. Temperature in gas-phase
increases widely and a fuel-rich place realizes the highest temperature. The high-temperature
reactions are activated by temperature and a hot flame firstly appears at the place of the
highest temperature. The flame propagates consuming partially premixed reactants and
finally a diffusion flame is formed about the droplet. In these steps, the place of the cool flame
occurrence is controlled by the temperature and that of the hot flame occurrence is by fuel
mass fraction.
To characterise the time to each event, the first, the second and the total induction times
are introduced. The first induction time is the time to have a cool flame after a droplet is
brought into a hot ambient. The second induction time is the duration of a cool flame. The
total induction time is the time to the hot flame occurrence. The first induction time is
controlled by the heat-up characteristics of a droplet. It is a time to realize a certain fuel mass
fraction at the place of a certain temperature. If the low-temperature reactions require less
fuel to become active, or if high fuel mass fraction can be achieved sooner by a higher vapor
pressure, the time is decreased. A higher ambient temperature, a higher volatility of the fuel or
a smaller droplet diameter realizes a shorter first induction time. The second induction time is
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controlled by the gas phase conditions at the onset of a cool flame . The temperature of a cool
flame controls the activity of the high-temperature reactions and hence the second induction
time. If very fuel-rich conditions exist when a cool flame starts, the cool flame temperature
can take the possible maximum and a particular value of the second induction time is obtained
irrespective of ambient conditions. If a cool flame starts before rich mixture is achieved, the
cool flame temperature depends on the stoichiometry of the mixture. The leaner conditions
yield the longer second induction time. Thus, a rapidly vaporizing droplet has a constant
second induction time over ambient temperature while a slowly vaporizing droplet does not.
Ambient temperature has no influence on the second induction time of volatile fuel or a
droplet of small diameter. Since the cool flame temperature has a strong dependence on
pressure due to the equilibrium characteristics of the inhibition step in their chain, pressure is
the dominant parameter for the second induction time. An increase in ambient pressure
dramatically reduces the induction time.
The first induction time is mainly controlled by the physical characteristics of fuel while
the second one is by the characteristics of chemical reaction .
The total induction time can be quantified and qualified by summing the first and the
second induction times .
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Nomenclatures

Cp

heat capacity

D;j

binary diffusivity of ith species injth species
fugacity of ith species
absolute enthalpy

fi
h

k;;
L

M
P
qr
R

correlation factor ofPeng-Robinson equation of state
latent heat
molecular weight
pressure
conductive heat flux
radial coordinate
gas constant

t

regression rate of droplet radius
time

T
v

temperature
velocity

V

critical volume

R

V;

diffusive velocity of ith species

W;

chemical mass production rate of ith species
mole fraction of ith species
massfraction of ith species
compression factor
fugacity coefficient
heat conductivity
density
12-6 Lennard-Janes potential parameter
acentric factor
collision integral

X;
Y;
Z
<I>

A
p
0

w
Q

sub- and superscript
c
critical state
ex
excess value
g
gas phase
i,j, k i,j, kth species
I
liquid phase
m
mean value
r
reduced value
R+
gas side of liquid-gas interface
Rliquid side of liquid-gas interface
tr
translational
0
reference state
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Table 1. Properties of fuels
n-heptane

n-dodecane

iso-octane

molecular weight [g/mol]

100.2

170.3

114.2

critical temperature

[K]

540.2

658.3

566.4

[MPa]

2.74

1.80

2.73

[K]

371.6

489.5

386.6

3

0.684

0.748

0.719

critical pressure

normal boiling point
liquid density

[g/cm

]

Table 2. reaction steps of Pitsch's model
(R: C7H1s, Q: C7H,.)

reaction step
1a

n-C7H1s = C3Hs + 2 CzH• + Hz

1b

n-C7H1s + Oz +OH = ROz + HzO

2

ROz + Oz = OH + OQOOH

3

OQOOH = 2 CzH• + CHzO + CH3 + CO + OH

4

C3Hs + HzO = CzH• + CHzO +Hz

5

CzH• + Oz = 2 CO + 2 Hz

6

CHzO =CO+ Hz

7

CH3 + OH = CHzO + Hz

8

2 HOz = Oz + HzOz

9

HzOz = 2 OH

10

CO + HzO = COz + Hz

11

Oz +Hz= 2 OH

12

2 OH + Hz = 2 HzO

first induction
time [msec]

sensitivity of
first induction
time

second induction
time [msec]

sensitivity of
second induction
time

original

61.54

transport x 2

28.04

1.13

377.9

-0.565

transport x 0. 5

143.0

1.22

208.3

-0.294

reaction x 2

49.23

0.322

102.5

1.32

reaction x 0.5

79.83

0.375

723.5

1.50

255.4

Figures

2-1-1.
2-1-2.
2-1-3.
2-1-4.
2-1-5.
2-2-1.
2-2-2 .
2-2-3.
2-2-4.
2-2-5.
3-4-1 .
3-5-1 .

a schematic of the exparimental setup
suspender configuration
temperature rise that a droplet undergo at insertion to the furnace
fuel pump system
gas supply system
Bremen droptower
gravity level during free-fall in droptower
Caravelle twin jet used for parabolic flights
flight profile of parabolic flight
gravity level during parabola
a schematic illustration of Griffiths' 10-reaction model
squared diameter history for the case of evaporation, a comparism between
experimental resuslts and simulation
3-5-2. ignition delay over temperature, a comparism between shock-tube
experiment and simulations
4-1-1. sequential images of phase shift distribution obtained by the
interferometer, false color
4-1-2 . estimated temperature field variation with time
4-2-1 . ignition regions and characteristic temperatures of n-heptane droplet
4-2-2. ignition regions and characteristic temperatures of n-dodecane droplet
4-2-3. ignition regions and characteristic temperatures of iso-octane droplet
4-3-1. sequential images of interferometric fringes , cool flame under normal gravity
4-3-2. sequential images of interferometric fringes , two-stage process under
normal gravity
4-3-3. sequential images of interferometric fringes , single-stage process under
normal gravity
4-3-4. sequential images of interferometric fringes , low ambient temperature case,
under microgravity
4-3-5. sequential images of interferometric fringes , middle ambient temperature
case, under microgravity
4-3-6. sequential images of interferometric fringes , high ambient temperature
case, under microgravity
4-4-1 . simulated two step tempreature rise with 1O-re acton model
4-4-2 . heat release history, the time varying activity of the low- and the
high-temperature reaction
4-4-3. variation of temperature profiles with time up to the diffusion flame
formation , ambient temperature of below NTC region
4-4-4. variation of temperature profiles with time up to the diffusion flame
formation , ambient temperature of in NTC region
4-5-1. transient process of mixture formation, surface temperature rise and the
movement of the flame let line on temperature-fuel mass fraction plane
4-5-2 . temperature change at a place of stoichiometry during evalopration,
simulation
4-5-3. mixture reactivity history at a place of stoichiometry, simulation

4-5-4.
4-5-5.
4-5-6.
4-5-7 .
4-5-8.
4-5-9.
5-1-1.
5-1-2 .
5-1-3.
5-2-1.
5-2-2.
5-2-3.
5-3-1 .
5-3-2.
5-3-3.
5-4-1
5-5-1 .
5-5-2.
5-6-1 .
5-6-2 .
5-7-1 .
5-7-2 .

temporal decay of dissipation rate at a place of stoichiometry, simulation
Damkohler number history
mixture reactivity
transient flamelet and reactivity change with time, before the onset of a
cool flame
transient flamelet during the first stage
fuel mass fraction dependence of the second induction time
the first induction time against ambient temperature for a few pressure
cases, n-heptane
the first induction time aga inst ambient temperature for a few pressure
cases, n-dodecane
geometric derivation of required suface condition
the second induction time against ambient temperature for a few pressure
cases, n-heptane
the second induction time against ambient temperature for a few pressure
cases, n-dodecane
gas phase conditions at the onset of the first stage
the total induction time against ambient temperature for a few pressure
cases,n-heptane
the total induction time against ambient temperature for a few pressure
cases, n-dodecane
the total induction time against ambient temperature for a few pressure
cases, iso-octane
variation in the induction times with initial droplet diameter
comparisons of induction times under normal- and microgravity, 0.2 MPa
comparisons of the total induction times under normal- and microgravity,
0.2 MPa
comparisons of ignition delay, experiments and simulation
typical calculated temperature history
NTC of homogeneous premixed gas ignition and ZTC of non-homogeneous
ignition
conditions of adiabatically compressed gases

Appendix A.

Numerical reconstruction of temperature field with an
assumption of axis symmetry.

Axis symmetric temperature field and the fringe count of the interferometer are correlated
by the following equations in general through refractive index that is a function of gas density.
Equation of state:

P = pRT

= .!__ - ~
T.

Gladstone-Dale relation: !J.n

=

n- n.

=

p

for constant P

k(p- Pa)

and an integration through a concentric distribution of refractive index:

4~[
4~[
r
N(y)= -t..J,
r~y n(r)-n~ }i1= -t..J,-y
r n(r)-n~ J ~
dr
-yr - y

In the first equation, 'P' is pressure, 'p' is density, 'R' is gas constant and 'T' is temperature.
The subscript 'a' denotes ambient or a reference state. In the second equation, 'n' is refractive
index and 'k' is the Gladstone constant that is unique to the component of gas.
The 'N' in the third equation is the fringe counts as a function of radial coordinate 'y' that has
its origin at the center of the axis of symmetry. This is obtained from the interferometric
images. The '/..' is the wave length of light beam, 'r' is a variable indicating radial distance, and
'I' is a coordinate in the direction parallel to the object light beam.
For a numerical solution, the above equation is rewritten as follows :

in another form,

dl, _,
[N(y, }··N(y, )] ~

i·

dl ,,2

0
here,

t. n(y k) ~

~

t. n(y 1 )

dl,_,

t. n(y,)

n(y k)- n(y a),

n(y) ~ n(y a)~ n ~
dli,k

dl, _,

dl2,2

at Y"' Ya

H~Y~.t -y; - ~Y~-1 -y;)

2I ~ Yk2 +t- Y,2
Since 'N' and 'dl' are known,

(k "i)

(k ~ i)
t.n can be derived explicitly.

After the refractive index

distribution is solved, it is transformed into temperature distribution through the aforementioned Gladstone-Dale relation and the equation of state.

Appendix B.

Considered reactions in 12 step model of
Pitsch and Peters.

1. H + 02

O+OH

34.CH4 + OH

CH3 + H20

2. O+OH

H + 02

3S.C2H2 + 0

CH2 +CO

3. H2 + OH

H + H20

36.C2H3

C2H2 + H

4. H + H20

H2+ OH

37 .C2H3 + 02

C2H2 + H
CHO+ CH20

5. OH+OH

0+ H20

38 .C2H3 + 02

6. 0+ H20

OH + OH

39.C2H4 + OH

C2H3 + H20

7. H+H+M

H20

40 .C2H4 + H

C2H3 + H2

8. H20 + M

H + OH

41 .C2HS

H + C2H4

9. H + 02 + M

H02

42.C2HS + 02

C2H4 + H02
C2HS + H2

10.H + H02

OH+OH

43 .C2H6 + H

11.H02 + OH

H20 + 02

44 .C3H6 + OH

C2HS + CH20

12.H02 + H02

H202+02

4S .C3H7

C2H4 + CH3

13.H202 + M
14.0H + OH + M

~

OH+OH

46 .C3H7 + 02

C3H6 + H02

H202

47.C4H9

C2HS + C2H4

1S.CO + OH

H + C02

48 .CSH11

C3H7 + C2H4

16.C02 + H

OH+CO

49 .C7H15

CSH11 + C2H4

17.CH + C02

CHO +CO

SO .C7H15

C4H9 + C3H6

18.CH + H20

CH2 + OH

51 .C7H16

C3H7 + C4H9

19.CHO + M

H +CO

52 .C7H16 + H

C7H15 + H2

20. CHO + H

H2+ CO

53 .C7H16+ OH

C7H15 + H20

21.CHO + OH

H20 +CO

54 .C7H16 + H02

22 .CH2 + H

CH + H2

SS .C7H16 + 02

C7H15 + H02

23.CH2 + 0 2

CO+ OH + H

56 .C7H15 + 02

C7H1502

~

C7H15 + H202

24 .CH2 + H2

CH3+ H

57.C7H1502

C7H15+ 02

2S.CH20 + OH

CHO + H20

58 .C7H1502

C7H1400H
C7H1502

26 .CH3 + 0

H + CH20

59.C7H1400H

27.CH3 + 02

CH20 + OH

60.C7H1400H + 02

02C7H1400H

28 .CH 3 + H02

CH30 + OH

61 .02C7H1SOOH

HOOC7H1300H

29.CH3 + H

CH4

62 .HOOC7H1300H

30.CH3 + CH3

C2H4 + H2

63 .0C7H1300H

31.CH3 + CH3

C2H6

64 .0C7H130

32 .C2H6

CH3 + CH3

33 .CH30 + M

H + CH20

M (third body)

~

OC7H1300H + OH
OC7H130 + OH
1CSH11 + CH20 +CO

Appendix C.
C-1 to 7.

C-8 to 14.
C-15 to 21 .

Conprehensive data set of induction times
induction times of n-heptane
induction times of n-dodecane
induction times of iso-octane
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Figure 4-1-1 . Sequential images of phase shift distribution
obtained by the interferometer, false color
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Figure 4-3-1 . Sequential images of interferometric fringes
cool flame under normal gravity
n-dodecane dropelt, ambient condition; 0.2 MPa, 610 K

Figure 4-3-2. Sequential images of interferometric fringes
two-stage process under normal gravity
n-dodecane dropelt, ambient condition; 0.5 MPa, 680 K

Figure 4-3-3. Sequential images of interferometric fringes
single-stage process under normal gravity
n-dodecane dropelt, ambient condition ; 1.0 MPa, 900 K
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Figure 4-5-7 . Transient flamelet and reactivity change with time
before the onset of a cool flame
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Figure 4-5-8. Transient flamelet during the first stage
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Figure 5-1 -1. The first induction time against ambient temperature
for a few pressure cases, n-heptane
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Figure 5-1-2. The first induction time against ambient temperature
for a few pressure cases, n-dodecane
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Figure 5-1-3. Geometric derivation of required suface condition
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Figure 5-2-1 The second induction time against ambient temperature
for a few pressure cases, n-heptane

700
D

u

D

600

D

D

o 0.2 MPa

D

Q)

D

(/)

• 0.3
A 0.4
• 0.5
o1 .0

D

.s 500
Q)

E

:;::;

c

400

MPa
MPa
MPa
MPa

• 2.0 MPa

0

t5

::J
"0

300

"0

200

c
c

t:J...A1:J.

•

0

Q)

100

e

••
l:J.
•
Mil
AAAM
ee A AA
AA AMAA
A
M A
0
00000 00
AOAOA AAA A
A
00
0
000 0
A A A

A
11

0
500

l:J.A
•

••
600

AAA

~A..&...t. ............

•

(.)
(/)

ee

••••••••••
••
e
M
ee

o

o

oo

•

•
••••
• e ooooo
•• •••
••• •• •••• ooo

•••.a•eo• oo oo

700

800

900

1000

temperature [K]

n-Dodeca ne, nonna l gravity, DO= 0.7-0.8 mm

Fi gure 5-2 -2. The second induction tim e ag ain st ambient tem perature
for a few pressure cases, n-dodecane

BOO

700

--heptane
--dodecane

~ 600
~

::J

-ro
03

a.
E 500

2

400

0

0.1

0.2

0.3

fuel mass fraction

Figure 5-2-3. Gas phase conditions at the onset of the first stage

0.4

1.0E+1
600

700

BOO

900

1000

temperature [K]
n-Heptane droplet, nonnal gravity, DO= 0.7-0.75 mm

Figure 5-3-1. the total induction time against ambient temperature
for a few pressure cases, n-heptane
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