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ABSTRACT 

A technique has been developed for study of self-ignition of fuel 

droplets in air that enables measurement of ignition delay and observa~ 

tion of the formation of the initial flamefront under near~stagnant con-

ditions at elevated temperatures and atmospheric pressure. This method 

involves the very rapid insertion of a hollow filament filled with the 

fuel to be studied into a. furnace that allows precise control of the 

experimental environment temperature up to 1500o C. Immediately follow-

ing insertion, a droplet is formed at the filament tip. The ensuing 

ignition is recorded by a high speed (approximately 1000 frames per 

second) motion picture camera. 

This technique has been applied to the study of ignition of n~heptane 

droplets in the temperature range of 500-860oc. Ignition delay times from 

850 msec to 22 msec were reported, which appear to be generally consistent 

with values reported by other investigators, but somewhat longer than those 

meas.ured under condit,ions of forced convection. Initial flamefronts were 

observed to form in an approximately spherical configuration at a distance 

from the surface of ·the droplet and to move outward slightly following 

formation. 



I. JJilTRODUCTION 

A. General 

The combustion of fuel droplets has been '.a process of great importance 

for some time and is of continuing significance in present day technology. 

It is most commonly encountered in the burning of fuel sprays, which pro-

vide the motive power for Diesel reciprocating engines, gas turbines, jet 

engines, and many types of rockets. It also finds application in heaters 

and furnaces, particularly ones which burn fuel oil or other heavy 011s 

tha,t are difficult to vaporize. For continued improvement in design and 

efficiency of operation of such devices, better knowledge of the phenomena 

involved in spray combustion is required, beginning with a more thorough 

understanding of the combustion of a single fuel droplet. 

The combustion process involves several distinct subprocesses, be-

ginning with ignition and continuing until the drop is either consumed or 

extinguished. The periods following ignition comprise by far the larger 

part of the burning process and cause the greatest release of energy; 

nevertheless they would not be possible without the short, transitory 

ignition phase. The ignition problem, however, has received relatively 

little attention in the literature. This is particularly true of the 

specific subject area of fuel droplet self ignition, vital to the operation ,.., 

of virtually all devices emPloying spray combustion. This type of ig-

nition, caused by contact with a high temperature environment, rather 

than by some local application,of heat, such as a spark, is difficult to 

treat both experimentally and theoretically. It is known that during 

self -ignit ion the droplet receives heat from its environment and evaporates; 

then, after the period of evaporation (called ignition lag', or delay), it 
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becomes enveloped in a flamefront which :;.f.inaly stabilizes at some d1s-

tance from the drop surface as the burning period gegins. However, a 

quantitative description of these phenomena is needed, for althou~h 

1-10 ignition lag· times have ,been reported by a number of investigators, 

the location and behavior of the ihitial flamefront of the droplet are 

not well known,; 

The objective of this study, therefore, is twofold: first, to ex-

perimenta,lly examine, under conditions of elevated temperature and atmos- . 

pheric pressure, the location of the initial flamefront during the ignition 

phase of ~uel droplet combustion, with convection and other deviations 

from spherical symmetry held to a minimum; and, secondly, to investigate 

the phenomenon of ignition lag under these conditions. The approach 

taken is the use of high speed photography to record the ignition process 

of droplets formed suddenly on the tip of a hollow filament within a high 

temperature environment. Work will be of an exploratory nature and will 

not treat droplet combustion except insofar as it directly concerns the 

ignition process. 

B.'Background 

The overall process of droplet combustion may be conveniently divided 

into four parts, or periods. They are ~gn1tion, initial transient com-

bust ion until the flamefront stabilizes, quasi-steady state combustion 

where flame and droplet radii remain in a fixed ratio), and extinction. 

The first of these p~riods being the subject of this study, it is naturally c 

of primary interest here. However, a brief sur~ey of the literature 

concerning transie'nt and quasi-steady combustion is appropriate for two 

reasons. First, nearly ,all'of the available information on droplet com-

bust ion is devoted primarily. to these periods ot the combustion process. 
i 
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Secondly, transient and later combustion conditions are the direct con-

sequence of the ignition period, and hence any proposed ignition theory 

must be consistent with these conditions. 

1. Initial Transient and Quasi-Steady Combustion 

The behavior of a burning drop during the quasi-steady state phase of 

combustion has received considerable attention, particularly during the 

last decade. Both 'theoretical analyses and experimental investigations 

have been attempted, and both have been quite successful within certain 

limitations. For example, in all but a few instances, experimental data 

wer,e taken under conditions of natural convectiDn, the effect of which is 

not well understood. Theoretical results, on the other hand, must be 

considered in terms of the framework of assumptions necessary to reduce 

the problem to manageable size~ Here, the most common case considered 

involved strict spherical symmetry (including the absence of any convec­

tion), with such additional assumptions as infinite reaction rate" (zero 

flame thickness), constant droplet radius and temperature, and constant 

gas properties at some temperature intermediate between flame and droplet. 

'11 12 These theories, notably due to Godsave and Spaulding, also assumed 

quasi-steady state conditions during the entire period from ignition to 

extinction, which required the flame-droplet radius ratio to be constant. 

One result of particular significance derived from such theories is that 

the burning rate is proportional to the first power of the radius, that 

is: 

dm 
dt = ar 

,,' 
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where 

m = mass 

t = time 

r = radius 

a = constant of proportionality 

11 An equivalent statement mentioned by Godsave, which makes clear the 

dependence of the combustion process on droplet surface area, is that 

combustion life time is proportional to the initial drop diameter, 

that is: 

where 

Do = initial drop diameter 

D = instantaneous drop diameter 

t ::: time 

Itktf, the proportionality constant, has been measured (under conditions of . 

natural convection) by numerous investigators3,4,8-15 and has been found 

to be constant, or very nearly so, during the quasi-steady state burning 

period, as predicted. 

These theories, however, do not do.quite so well in other areas. 

The effect of natural convection, while negligible for very small drops, 

has been shown experimentally by Kumagai and Isoda to be significant when 

. 15 
drop diameters exceed 1000~. The constancy of the drop1et-f1amefront 

radius ratio has also been seriouslY challenged in recent works by 

Kumagai and Isoda, 15 Williams, 16 and others. The importance of transient 

conditions of combustion immediately following the ignition period are 

indicated particularly in the prediction of burning coefficients. Williams 

has determined that burning coefficients calculated according to the steady 

.... 
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state theory may be erroneous by 20%. This assertion is sUbstantiated 

by the data of Kumagai and Isoda 9 In addition, Williams has examined 

the validity of the assumptions of constant drop temperature and radius, 

from a theoretical standpoint, and found that although the latter was 

nearly always valid, the former could lead to observable errors, par-

ticularly in cases of low energy fuels. 

Some more recent worksl7,18 include attempts to develop a theoretical 

model that takes into account the initial transient behavior of the burning 

process~ However, further theoretical and experimental work is necessary 

in the field, .for it should be noted that these transient burning theories 

are- currently based upon a poorly understood set of initial conditions 

resulting from ignition. 

2. Droplet Ignition 

The problem of droplet ignition confronts the investigator with a 

sizeable number of serious technical difficulties. To the theorist it 

bears closest resemblance to the development of a diffusion flame in gas 

mixtures, although it is complicated by interfacial effects, such as 

evaporation and possible surface reactions. Moreover, it must be treated 

as a transient phenomena,. In addition, the small physical magnitudes and' 

short durations characteristic of the areas of primary interest make 

experimental observation difficult • As a result, the field is somewhat 

less thoroughly developed than is that of quasi-steady state combustion 

previously discussed • 
.... -

Nevertheless, a good deal of experimental work devoted to fuel 

droplet ignition pas been done. An early attempt to observe the self-

. 1 
ignition process of individual fuel droplets in air was made by Boodberg 

as part of a study of heavy fuels in 1940. His apparatus consisted of a 
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. 
heated cylindrical tube with a heated flat plate placed below it. Droplets 

of fuel were allowed to fall through the heated tube. and onto the flat 

plate. Ignition behavior could be observed through quartz ports in the 

side of the apparatus which allowed viewing of the space between tube and 

plate. Ignit ion delays were reported for cetane using this apparatus over 

a temperature range of 200°_400°C. 

Kobayasi3 and Nishiwaki4 were apparently .the first investigators to 

attempt to observe droplet ignition under nearly stagnant conditions. Both 

used the same general approach: a fuel droplet was suspended on a filament 

at room temperature, and then a movable furnace was rolled into position 

around it. The behavior of the drop thereafter was recorded photograph-

ically by a 16 mm motion picture camera. Initial droplet diameters were 

in.both cases on the order of lOOO.to 1500~. Temperatures ranged from 

approximately 600°C to nearly lOOOoC, and a wide range of fuels were in-

vestigated. Kobayasi reported, in addition to a reaffirmation of the 

quasi-steady combustion relations mentioned earlier, the establishment of 

the mechanism of ignition, and the fact that ignition delays vary inversely 

with furnace temperature, as might be expected. Nishiwaki, too, reported 

ignition lags, with some information qf the effect of placing two droplets 

in close proximity. It is important to note~' however, that time resolution 

was poor in both. cases, as Kobayasi used a frame rate of 16 frames/second, 

and Nishiwaki, one of. 28 frames/second. Moreover, during the time required ':>, 

to move the furnaces into position, the droplet was subjected to a wide 

variation of temperatures, and probably a certain amount of forced convec-

tion. These two circumstances may give rise to errors in measured ignition 

lag times. 

, ':, 
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Somewhat more recently, Meier zu Kocker has conducted an extensive 

investigation of fuel droplet ignition delays during which, in a series 

of articles published in 1965 and later, he reports the delays for nearly 

40 substances, in pure oxygen at various elevated temperatures.' 577 ' 

All data are for droplets that fell freely through a vertical burning 

chamber approximately six feet long. Drops were formed by means .of a 

hypodermic needle above this chamber, and their initial size was recorded 

with a camera, triggered by the droplet itself passing through the field 

of a photo relay before entering the chamber. After the drop entered, a 

delay and, solenoid arrangement Glosed the entrance, and a~ the drop ignited 

and,burned, a lens focused the light given off by the flame on a photo 

resistor aligned with the axis of the chamber. The response of this trans-

ducer was recorded on an oscilloscope, thereby giving a record of the 

history of the luminosity of the drop. Temperatures in these studies 

ranged from 650°C to Boooc, while drop sizes were slightly less than 1000J,l. 

In general, the values of ignition delays reported were on the order of 

0.1 second, ranging from 325 msec for cyclopentane at 650°C to 3B msec for 

n-octane-l at Boo°c. No observations concerning flamefront location and 

shape could be made as no photographic record was made of the droplet during 

, combustion. 

A very recent experimental work dealing specifically with the problem 

of fuel droplet self-ignition is the contribution by El Wakil and AbdOU,B 

wherein high speed photography is employed to record the ignition process 

under conditions of forced convection. In this study, droplets to be ob- " . ' 

served were suspended from the high temperature junction of a thermocouple. 

By means of a solenoid controlled ceramic plate, a,heated air stream of 

known temperature and velocity was allowed to suddenly impinge upon the 

suspended droplet_ The subsequent ignition process was recorded by the 
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high speed camera and also by a low speed one to obtain a drop siz,e 

history. In this manner, the inve'stigators were able to study the 

ignition process in detail, with a, greater degree of control over 

system parameters than had been possible previously. Initial flame-

front location at the stagnation point was reported, as well as the 

changes in ignition lag times occasioned by variations in air temper­

atur'e, initial drop diameter, and volatility. In' addition, ignition 

delays were reported which seem in reasonable agreement with the data 

of Meier zurocker. Drop sizes were relatively large in this study, 

on the or4er of 1/00~, and temperatures ranged as high as 1093°C. Air 

veipcities reported were from' 500 ;to 2500 cm/sec. Although the con-

','vective cohditions apparently were of great 'influence on the initial 

location of the flamefront as well as on 'such phenomena as burning 

rate, the photographs revealed a number of interesting ,faCts. Two of 

. the most important of these, observations are worthy of note. ,The 

, authors report that both the drops and their boundary layers were 

spherically synunetrical, and moreover, that flow in the boundary layer 

was laminar, heat and mass transfer being simple radial diffusion pro~ 

cesses o Two subsequent articles by El Wakil(and Abdou make use of 

the data obtained in the experimental study to do theoretical analyses 

',' 

" " , 

, " 

.. ~: ': 

: '. 
" . 
",.'.' 

" " 

of the ignition delay process. These are mentioned: in some detail below.,;' :' :' 
':," 

In a preliminary study preceding this ,present work, savage19 set 

out to investigate the dI-oplet self-ignition phenomenon and initial 

flame front location for small fuel droplets (100 to 500~) under near 

stagnant conditions. His experimental device consisted of a furnace, 

a high speed moti~n picture camera, and a mechanism for producing 

droplets at the end: of "a ,slender, hollow quartz fiiament'. In this 
",; 
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study no data were taken at elevated temperatures because evaporation 

of the fuel within the filament prevented droplet formation. HQwever, 

portions of the experimental apparatus have been modified and used in 

the present study. 

The investigations mentioned above constitute the bulk of the 

work done experimentally in the field of droplet self-ignition. One 
,( 

other related work is worthy of note, however, not only because it pre-

dates the work by Kobayasi and Nishiwaki, but because' of the surprising 

failure of subsequent investigators to develop the ingenious experi-

mental techniques contained therein. 
2' 

This work, by Gregory and Calcote, ' 

undertaken in 1952, employs virtually the same experimental devices and 

procedures as does the much more recent work of Meier zu Kocker. The 

only significant differences, in fact, aside from those in the recording 

devices, are that the types of fuels studied were primarily hypergolic 

rocket fuels, and the vapor temperatures were considerably lower, in the 

range of 100-200° C,. 
" 

Limited ignition delay values were reported of the 

same order of magnitude as most of Meier zu Kockerfs data. 

Theoretical development in the field of droplet ignition studies has 

lagged behind experimental work, and has received little direct attention 

until recently. Qualitatively, it has been determined that the ignition 

phenomenon is composed of two overlapping periods, physical delay, the 

period from initial contact to the formation of a mixture of combustible 

proportions around the drop, and chemical delay, from the initial chemical 

reaction to the establishment of a flamefront. Quantitative studies, 

though, have been lacking. 

There are, however, a few works that treat in a theoretical manner 

problems similar enough to droplet self-ignition so that their results 
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" are' of interest. 
, 2'0 

Hottel and co,.,.workers, fo:: examPle, as part of an 

,extensive investigation of the, combustion process in heavier, and more , 
',r 

viscous types of fuels, conducted a theoretical investigation of heat 

transfer to a droplet from the surrounding environment unde.r conditions 

of rigid spherical symmetry and the assumption that vaporization and 

subsequent ignition occur only when the droplet surface is close to the 

boiling temperature. This analysis, which includes the effect of radi-' 

,:' ative'~ transfer to the droplet, resulted in a dimensionless equation which 

defines preheat time (corresponding to overall ignition delay), a~ well 

as the internal temperature pattern of the droplet. AlsO observed was 

the'fact that the heat required to raise the whole droplet to boiling 

temperature following ignition is comparable in magnitude to ~he heat 

required :to completely vaporize the Prop for these high bo.iling fuels.' 

In another study, primarily concerned with solid fuels for rockets,' 

Hermance;, Shinnar and Summerfield21 have employed similarity theory to 

partially describe the ignition process in heterogeneous Gombustion 

systems with'a planar fuel surface. The model used involved the sim-

ultaneous solution' of an instantaneou? heat and mass b'alance across the 

fuel surface, a vaporization rate (Knudsen) equation, and the fuel 

energy transport equation, under conditions of constant concentration 

and mass flux of fuel. The results of this, limited 'treatment indicate, 

in part, that the exact definition of the ignition event and the method 

of measurement strongly influence the value of the ignition time, and 

that the apparent order of the combustion reaction involved can deviate 

: from this real kinetic order to a considerable degree. 

There have been other theoretical stUdies ,of the self-ignition 

problem prior to 1965, but most of these have treated mixed gas phase 

, I 

'. " 
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ign,ition (e.g., yang22)or have been directed at materials such as wood 

23 24 . 
(Kinbara and Akita, and Squire ) and therefore are of limited applic-

ability to droplets. In contrast, the two theoretical articles by El Wakil 

and Abdou mentioned earlier comprise what is probably the most direct 

attempt to analyze droplet ignition to date.9,10 The periods of chemical 

and physical delay are each the subject of a paper in which the nature of 

each and its interrelations with the other are discussed. The assumptions 

were similar in both papers: spherical symmetry, uniform drop temperature, 

ideal gas behavior, and unidirectional diffusion. The results obtained 

indicate that the'relative lengths of chemical and physical ignition 

delays are comparable for the processes studied, and also that the 

variation of these delays with variation in initial diameter, temperature, 

and volatility were similar to each other and to the total delay. In 

addition) the following empirical correlation based on their previous 

experimental data was proposed for evaluating the physical delay times: 

= 

where 'Tp is physical igni~ion delay in seconds 

D is initial drop diameter, in inches 
0 

Tb is free stream temperature, oR 

and n is number of carbon atoms in fuel, from 8 to 16. 

In summary, a theoretical groundwork has been laid for a more com-

plete description of the droplet self-ignition process ~ Experimentally 

there has been some work done toward determining ignition delay times 

under con~ective conditions for drops greater than 1000~ in initial 

diameter. In addition, there have been observations on the behavior 
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of .the flame front of such droplet sunder convect i ve condit tC)llS • However, ' ", ," 

there have been no experimental studies of ignition of individual smaller, ,,' . " 
,droplets in the ranges such as are encountered in actual'applications of 

. 'i"';-' 
":'!, '. '.,' 

~', .. ' . : 
I ' • . ' 

'spray combustion, and no observations of the initial flamefront under·,· . 
. ,. ';4 .. : 

conditions of spherical symmetry. Such studies and observations are 

required for proper understanding of the droplet combustion process. 

C~ , Concept of the Study 

The ignition of a fuel droplet in a' stagnant environment is a par-

ticularly flfragile lt phenomenon; that is l subtle techniques of observation' ,";: 

and measurement are required in order to keep from destroying the boundary., ': .. ; , . 
~, r· 

" . 
conditions, or altering them sufficiently to negate the value of the ob~· ':':.' 

. '." 

'servations made. Ideally, the drop to be observed should appear instan-' 
.'. " ~.~ :- .. 

taneously within the experimentally predetermined environment and remain 
• ,~. I l , 

stationary throughout the ignition process.' It should also be spherically 

symmetrical, and natural convection should be absent.q These ideal con-

ditions, of course, are not presently obtainable. The best that one can 

do is to approximate these conditions as closely as possible, making 

every attempt to preserve a stagnant·environment and spherical symmetry~ 

This study involves experimental observation of fuel droplets in the 

size range of 250-750~ during ignition. The droplets are formed at the 

'tip of, a hollow filament in the controlled environment, a procedure '\-,hich', 

makes ,possibie near stagnant conditions 'with relatively little distortion, . 
. . - "',',' 

of the spherical symmetry of drop and environment, so long as the filament 

is small in relation to initial drop diameter. Moreover, drops are 

actually formed within the environment, by means of the hollow filament, 

through which the fuel is forced in controlled amounts. Droplets can be 

formed in this manner in less than 0.005 second, although in this study 

.' 

~ ... , 

.... 
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formation times were approximately 0.025 second. Temperatures up to 

.1500
o C may be achieved, and the use of a high speed motion picture camera 

allows excellent time resolution. 

The scope of the present work is 'intended to includec;mly the self­

ignition phenomena itself, under near spherically symmetric conditions, 

with emphasis upon the examination of initial flamefront location. The 

determination of ignition lags is an additional consideration. The 

overall concept is aimed at developing an effective technique for in­

vestigation of the droplet ignition process under circumstances 'more 

closely resembling the conditions commonly assumed for purposes of 

theoretical analysis. 
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II. EXPERIMENTAL EQUIPMENT 

A. Design of the Experiment' 

The design:.of the experimental system was governed by the need for 

1) a controlled high temperature stagnant environment, 2) a method of 

I introducing a fuel droplet into thiS environment,· 3) a means of holding 

it in a fixed position, and 4) ameans of recording ignition delay and 

initial flame location with adequate time resolution. 

. The requirement for a stagnant, high temperature environment suggest~ 

an. enclosure, or furnace, with uniformly heated walls. Such a furnace was . 

designed by Savage in his preliminary study •. This furriace consists of an ',' " 

insulated, electrically heated crucible with view ports .and an opening fo~ 

droplet introductl0n. It is capable of providing a uniformly heated stag-

nant atmosphere over a wide range of temPeratures, and required only minor 

modifications to adapt it to use in the present study~ 

The need for a way to place a droplet within the high temperature 

environment suggests two alternativesl 'either the drop may be formed out-

side and conveyed into the environment, or it can be formed inside. Both' 

alternatives are subject to the constraint that the time required for 

, , 
'. 

" 

',' ,', 

, : 

.).' '. 

'.' 

introduction be small with respect to ignition time,' so that the droplet .... " '::' '~" . 
.r",,: ,,' 

'" 

is not' subj ected to a succession of' ill-defined temperature states during. " 

the ignition process. The requirement that the drop be held in position 
. >:.:.,". 
_,I ';,'. '.: 
';' .. 

after it is inside the environment also bears on the problem of placing -·1 ' 
;.;-

.,:','.: "-

it the·re. It seemed most efficient to combine the functions of droplet ,." ,', 

product ion and support irito one element of the experimental device. The' .".;". 
; , 

design chosen to meet both requirements employs a slender, hollow fila-

ment upon which either a single droplet can be formed very rapidly by 

I,.; 
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means of an impulsive injection, or a succession of drops may be produced 

by a continuous supply of fuel~ Such a filament provides both a rapid 

method of droplet formation and a means of support which interferes only 

slightly with the spherical symmetry of the droplet. Moreover, choice of 

a filament material such as silica or quartz, with a low thermal conductiv­

ity, prevents heat transfer to the droplet along the filament from being 

appreciably greater than that which would occur due to a similar small 

section of the vapor surrounding the droplet. ll 

The major problem associated with the use of such a device is that 

of keeping the fuel within the filament tip from evaporating in the high 

temperature environment before a droplet can be formed. A second problem 

arises if the filament is colder than the environment and the drop is 

suspended from it. If the cold filament is above the droplet, it gives 

rise to extensive convectionl currents which can disturb the environment 

around the droplet. 

To overcome these problems, the approach taken was to introduce the 

cold filament very rapidly into the furnace, immediately before formation 

of a droplet. To minimize the convective effects arising from the cold 

filament, the filament is inserted upward through the base of the furnace. 

With this arrangement, evaporation of lHluid in the filament during in­

sertion but prior to droplet formation still constitutes a problem which 

must be carefully considered. An analysis of this heat transfer problem, 

outlined in,Appendix A, indicates that the concept is feasible, but that 

the droplet must be formed very rapidly, within approximately one or two 

tenths of a second after the first contact of the filament with the 

environment. This concept leads to an experimental configuration in which 

the filament enters the furnace from below immediately prior to each ex­

perimental measurement of droplet ignition. 
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The final desi"gn consideration concerned the technique for recording 

ignition lag and initial flamefront location. For this purpqse, motion 

picture photography offers an attractive means of making multiple observa-

,tions in 'one operation. However, design of a suitable photographic 

system involves several conflicting requirements. The rapid frame rates 

needed for good time resolut ion require high illu.m:ination intensities, 

large lens apertures, and a fast film~ On the other hand, clear, well­

defined images of a size adequate for measurement require high magnifica­

tion, a film with good resolution, and an appreciable depth of field. 

Fast films, howev~r do not possess good resolution (grain size), and large 

apertures lead to very small depths of field at high image-to-object ratios 

(near" 1:1)". Moreover, to achieve magnification approaching 1:1, most 

readily available lenses must 'be used near the effective limit of their 

optical corrections. These factors force many compromises in design of 

the photographic system. 

A ''Workable arrangement appears to be the employment of side lighting 

with close to 1:1 magnification for a film with a resolution of 100 lines 

per rom and a speed of ASA 125. Illumination intensities low enough.: to 

allow flames to be clearly visible on the film, yet sufficiently high as 

to produce ·clear droplet images during all stages of the dropl~t ignition 

process, allow frame rates as high as 1000 frames/second to be used, with 

depths of field on the order of 1000iJ_ With this system, a fifty foot '-' 

roll of film is sufficient to record the ignition period of a normal droplet. 

B. Experimental Apparatus 

1. qeneral 

The experimental apparatus, shown schematically in Fig. 1, consists 

of three major components! an electrically heated furnace, a droplet in-
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jector mounted on a sliding platform which enables a filament to enter 

the furnace rapidly from beneath, and a high speed motion picture camera 

with suitable lighting equipment. The sliding platform is positioned 

below the furnace. Motion of the platform in a vertical direction in-

troduces the tip of the filament into the furnace and the field of view 

of the camera, which records the ignition process through a port in the 

side of the furnace chamber. The general arrangement of the apparatus 

maybe seen in Fig. 2. 

2. , The Furnace 

The furnace consists of a cylindrical, electrically heated ceramic 

crucible in a stainless steel outer shell, arranged as in Fig. 3. It can 

attain and hold any temperature up to 15000 C. It has three ports located 

at 90° angles in the horizontal plane to allow viewing and/or illumination 

of the crucible interior. The filament entryway is located in the center 

of the lower end plateo 

* The crucible is cast alumina, a refractory ceramic of law emissivity 

capable of withstanding temperatures up to 18200 C. It is heated by re-

sistance windings of 0.020" platinum-lC~ rhodium wire.. A total of 25 ft. 
/. 

of this wire is used, arranged as shown in Fig. 4 to give a nearly uniform 

temperature distribution over the inner surface of the crucible. Room 

temperature resistance of these 'findings is 8 ohms, and their maximum 

power dissipation capacity is 4800 watts. 

* MorganiteInc., Long Island, New York. 
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* Power is supplied to the windings by a temperature regulator which 

. can either maintain the furnace at a given temperature automatically, or 

will allow any desired manual voltage setting up to line voltage. For 

monitoring the crucible temperature, 4 platinum, platinum-lo% rhodium 

thermocouples' are located on or within the crucible, as shown in Fig. 3. 

. Two 'of these thermocouples are attached to the outer surface of the cru-

cible to measure the temperature of the windings. The other two project 

into the interior space near the top and bottom. The lower of these two 

thermocouples is at the same level'as the tip of the filament after inser-

tion, and approximately 2 em away from it. This thermocouple is used to 
• t" 

supply feedback to the power regulator. During furnace operation, all four 

thermocouples normally read within 5°C of each other. 

The space between the crucible and the .outer shell is packed with an 

** insulating material to prevent heat loss. In addition to this insulation, 

a ceramic cylinder is located between crucible and outer shell for the 

purpose of supporting the interior components of the furnace. This arrange-. 

ment permits a large temperature gradient; even when the furnace is at its 

maximum tempenature, the outer shell does not exceed 100°C. 

The view ports are circular apertures in the stainless steel outer 

shell~ Alumina tubes of 5/8 in. inside diameter.lead from these ports to 

,': 

corresponding openings in the crucible wall. During operation, each port 
" ,' .. 

is cover~d by a quartz window to prevent drafts~ To permit convenient 

removal of these windows and to prevent their housings from being over-

* Thermac Model MPR 7822, Research Inc., Minneapolis, Minn. 55~24. 
** This material is composed of spun ceramic fibers and is capable of 

standing the same temperature range as the crucible I "Fiberfrax", 
Carborundum Co:'., LbS Angeles, California. 

with-:.: 

' .. 

. ' 

"' .. 

t ••. 
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heated by the illumination lamps, the surface of the outer shell is water 

cooled at the port openings. Removal of these windows in necessary for 

purposes of cleaning,as well as to allow combustion products to clear the 

crucible between experiments. 

The furnace is mounted on four support posts which enable it to be 

raised 8 ino from its normal position'to allow preliminary focusing of 

the camera and convenient access to the top of the sliding platform. These 

posts are also shown in Figo 1 with the furnace in its normal position. 

3. Filament~ and the Injector 

The filaments on which droplets are formed are mounted in an injector 

mechanism on the sliding platform below the furnace.. They are held in an 

upright position, and are long enough so that the tip can be placed in the. 

field of view of the camera without requiring the injector to enter the 

stainless steel outer shell of the furnace. 

A typical filament is shown in Fig. 6 and also in Fig. 11 along with 

the remainder of the injector assembly. Each filament is made of quartz 

and is composed of three parts, a base, a body, and a tip.. The base is the 

inner member of a standard taper 10/30 ground glass joint. The body is a 

quartz t~be, and from it the tip is drawn. In this study, the most suitable 

tubing size for use in filaments was found to be 2 mm ID x 4 mm OD. This 

size combines strength with a relatively small volume and good inside 

diameter/outside diameter ratio. 

The tip of the filament is its most critical part. Its shape should 

be that of an elongated hourglass at the end of the tip where the droplet 

is to form; that is, it must flare out at the point where the drop is to 
. 

be supported, as drops tend to move toward the part of the filament which 
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* has, the largest cross-sectional areao This flared shape yields a 

spherically symmetrical drop that will remain in position at the end 

,of the filament. ,After the tip has been formed, it may be given a thin' 

reflective coating of either platinum or white gold to reduce radiation 

absorption. 

As the ratio of outside and inside 'diameters remains approximately 

constant durin~'drawing, hollow filaments with tip diameters ranging from 

10~ to 200l-l can be produced according to the above procedure. However" 

" f' 

the most convenient sizes for experimental use lie between 501-l and 1301-1:. 

Smaller filaments clog too easily and are subject to excessive vibration," ' 
.' .. 

and. ,larger ones do not form spherical drops because o~ gravity and surface . .. 

effects. 

,The injector mechanism fastens to the base of the filament, as seen 

in Figo 50 The mechanism can supply liquid to the filament in ,two ways: ,; 
" ' 

by means of a threaded piston which is turned by a rotary s,olenoid, or by ,', 

means of an adjustable pressure supply line attached in place of the piston 

and solenoid. The' former system, shown in an eXploded view in Fig. 6, has, 

the advantage of being more precisely controlled but is difficult to em­

ploy properly because of a small'amount of evaporation which takes place 

'at the filament tip during the inser.tion process o This evaporation must 

be allowed for in calculating piston displacement; too small a piston or 

insufficient displacement leads to failure of the drop'to form. The 

pressure line system, on the other hand, is convenient and relatively 

easy to operate, but does not permit accurate control of drop size or 

formation rate. 

* Such a filament is obtained by first'heating the quartz filament body 
white hot and drawing it rapidly to a constant diameter tube about 
200l-l OD. This tube is then gently heated and pulled until a slight 
restriction forms at the place where the tip is desired. The extra 
material is then nipped off with a small pair of surgical snips. 

, r 

'(,;., 
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, The solenoid which turns the piston is mounted on the baseplate of 

the sliding platform assembly (see Fig. 9). It is connected to the in-

jector piston by a telescoping shaft when the injector is mounted' on the 

platform. This whole arrangement is removable when the constant flow 

technique of forming droplets is to be employed. Details of the upper 

end of this shaft and the piston are shown in li'ig. 7. The solenoid is a 

* Ledex model S-8217-026, mounted within a cylindrical housing which is 

equipped with a ratchet wheel and spring which automatically resets the 

solenoid after each activation (Fig. 8). The housing also incorporates. 

an adjustable stop which limits the:.rotation of the solenoid, providing 

an additional means of control of piston displacement. 

4. The Sliding Platform 

The sllding platform supports the injector and fi1La.m.ent and moves 

upward to introduce the filament tip rapidly into the crucible. It is 

guided by four vertical shafts located below the furnace and is propelled 

upward by compression springs surrounding these shafts. The platform 

arrangement can be seen in Fig. 10 and the injector mounting is shown 

in Fig .. 7. 

The platform rests in either the upper or lower position shown in 

li'ig. 1. When in the lower position, the springs are compressed and it 

is held in place by electromagnets.. The total travel of the platform 

is 7 in. In this interval, which it traverses in approxima.tely 0.16 

second, it acquires a velocity of approximately 7 ft. per second and 

is then decelerated by means of four replaceable styrofoam pads, each 

5/8 in. by 3/4 in .. by 1 in. These are crushed irreversably during 

* Ledex Inc., Dayton, Ohio 45402. 
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dec-elerat ion of the platform to a thickness of 1/8 in~, This procedure 

is sufficiently reproducible so t~at the filament is consistently placed 

.within the'l mm depth of field afforded by the photographic system. 

5. The Photographic System 

The primary components of the photographic recording system are a 

high speed motion picture camera mounted on an adjustable base, and a 

pair of high intensity incandescent lamps~ The lamps are positioned to 

illuminate the crucible through two furnace ports which are 180° apart,' 

. port. 

* The camera is a Fastax WF 70 high speed 16 rom motion picture camera 

with adjustable frame rates between the limits of 150 and 2000 frames 

. per second~ In this study"frame rates in the range 500-1000 frames per, " 

second were found to provide adequate time resolut ion without sacrificing ,...> 
, . ';.:, 

imag~ quality. 

• II * The two illuminating lamps are Fastax Fastlites", each of which 

employs a 10 in. parabolic reflector and a 1000watt projection lamp to 

achieve a lighti~g intensity of 1.7 X 105 foot candles at a distance of 

three feet. When focused on the port windows, these provide sufficient 

illumination for photography of the drop without obscuring' the flame~ 

The film selected for 'use in this study is DuPont Black and White 

type 931 A, rated at ASA 125,' with a resolution of 100 lines/rom. The . 
.'. 

resolution is sufficient to provide well-defined images of droplets in '.,.::. ' :,',:;'; " 
. ,':' ~ '.: 

the size range of interest (250-750~) with an image-object ratio of 

~pproximately 1 t 1.: 

. * WOllensak; Division of 3M Company, Rochester, N.Y. 14621. 

. ... .... 
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* . 
A Wollensu.k Raptar Telephoto lens with. a focal length of 6 in. was 

employed in conjunction with the camera. It has a maximum aperture of 

f 2.7) but the effective aperture is apparently determined by the diameter 

of the view port and is approximately f 4. 

The camera mount is an aluminum block which slides on a lathe bed. 

The lathe bed is supported by 4 screws which allow height adjustment of 

the camera... This arrangement provides a stable base for camera opera-

tion. Coarse focusing is accomplished by sliding the aluminum block back 

and forth on the lathe bed, while fihe focusing is done with the range 

adjustment on the lens. 
'-

Power is supplied to both lights and camera by 120 volt AC auto-

trans-formers. The camera power supply also incorporates a rectifier to 

convert the autotransformer output to DC before it reaches the camera. 

For purposes of data analysis, a time reference on the fiJ.1n is pro-

vided by means of a timing light. This light makes marks along the per-

foration strip on the film at constant time intervals enabling an accurate 

evaluation of ignition delay. The light is driven by a pulse generator 

which produces a 200 volt 1000 cps square wave. 

,,' 

-* Wollensak, Division of 3M Company, Rochester, N.Y. 14621. 
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III. EXPERIMENTAL· PROCEDURE 

A" General .. ' 

An experiment, in this study, consists of forming a droplet in a high 

.. temperature environment, recording its behavior, and analyzing the re-

sultant record·of the ignition process. The procedure for.performing such 

an experiment involves the following operations, listed in'chronological 
" . 

I,' • '. 

order: 1) heating of the furnace, 2) filament preparation, 3) injector":;;;::. :~., 
. . 

assembly and installation, . 4) focusing a:t:ld adjustment of the camera, 

. 5). preparation of the sliding platform and furnace, .6) insertion of the :.:'" 

filament, drop formation and photography, and 7) analysis of filln to 

determine init.ial flame location and ignition lag. Each of these· opera-

t ions is described in detail below .• 

1. Heating of the Turnace 

The furnace must be heated sloWly, as the alumina crucible is sensitive 

to thermal shock, especially before it reaches 200°C. To avoid possible 

damage to the crucible, heating rates of less than 150°C per ho~ for the 

first two hours, and 300°C per hour thereafter are employed. If a large 

number of droplets are to be photographed over a peTiod of several days, 
. "" 

the furnace may be left at 600°C between periods of use for an indefinite ..... 

length of time in order to shorten the time required to attain the desired 

crucible temperature. The crucible has been left in this condition for 

several .. leeks at a time with no harm; in fact this procedure is pre­

'ferable to many successive heatings. During the heating process, the 

quartz windows are removed to allow air to circulate within the crucible.· 

.... 

':. 
. i 
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20 Filament F.c'eparat ion 

Filaments as described in the previous section are prepared for use 

* by fi:r.st coat ing their t ips with a surface energy reducing agenL This 

agent helps to hold the droplet in position at the end of the tip, and 

enables droplets as large as 700~ to be supported by filaments 50~ in 

diameter. After this coating has set, each filament is filled by means 

of a hypodermic syringe with a long needle, which is inserted into the 

filament body through the base. They are then tested by causing several 

trial droplets to form at their tips. If the droplets produced by a 

filament are satisfactory, the o?ts~de diameter of the narrowest portion 

of the hourglass-shaped tip is measured, using a microscope with a com-

parator eyepiece. This measurement is recorded as a reference for deter-

mining drop size during analysis of the film. 

3. Injector Assembly and Instaliation 

After the filaments have been prepared, the pieces of the injector 

mechanism are assembled in a tank that is filled with the fuel to be 

studied. This is done to exclude all air from the fuel reservoir formed 

by the filament and the injector body. Air in the filament will cause it 

to explode during operation of the apparatus • When assembly is complete, 

the furnace is raised·and blocked in position, and the injector mechanism 

is fastened to the sliding platform, as shown in Fig. 11. Packing is then 

placed around the base of the filament and the shaft is wrapped with 
. '. 

masking tape to reduce tip vibration. 

* Dri-film SC-87, General Electric Silicones; Waterford, New York. 



,/ 

. '"' .. ~ 

..... 

.. ~. . ..... 

-26-
,," . 

4. ' Focusing BCld Adjustment of the Camera 

When the filament and injector have been ,secured to the platform and 

both platform and furnace are in their raised position~, the filament lies,,-

entirely outside the furnace, and may be viewed directly by the camera for 

purposes of focusing. In focusing, the camera is first set to allow direct, 

viewing through the lens. The position of the camera is then adjusted to 

cause the filament,tip to be visible in the center of the field of view, 

and the camera clamped in position. Next, the fine focusing is done with 

the range adjustment on the telephoto lens. When the Camera is properly 

focused, several drops are formed to enable adjustment of the droplet in-
; .... 
.' , , 

., .' I ; ~. I 

jector mechanism. After suitable droplets are obtained, the pulse genera':' 

tor is connected to the timing light in the c~era and set at 1000 cps. 

5., Preparation of the Platform and Furnace 

After the camera has been focused and loaded, the platform is pulled': _ , 
, ' 

downward to compress the drive springs and engage'the electromagnets. New'" ':',:;-
. : ; I ~: • 

;. Ii'" 1 ••.• 
• ':' 0, 

'" styrofoam pads are installed and the furnace windows are cleaned and re- , , 
',',' o •• :!; 

placedo The furnace is then moved to its normal position. The illumination: .", 

lamps are activated and focused on the furnace ports. The cap on the in-, ,:' 

j ector mechanism is tightened to insure that the filament is full and tha~ ':' ':, 

there are no leaks. At this point all preparations for the experiment 

are complete. 

6. Insertion of the Filament, Drop Formation, and Photography, 

To begin an experiment, the camera is started and allowed to accelerate 

for two seconds. This allows it to attain a nearly constant frame rate. ' 

Then the magnets are released and the platform accelerates upward, intrb-

ducing the filament tip into the crucible. As the platform reaches the 
,,'" ,';',-
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end of its travel, it trips a microswitch. If the piston is in use, this 

switch triggers the rotary solenoid through a variable delay mechanism 

(Appendix C) and forms a drop at the filament tip. If the pressure hose 

is in use, the switch is inactive and drops are formed continuously at a 

rate of approximately one drop per second. The camera continues to run for 

about 5 seconds more, recording the behavior of any drops formed, stopping 

automatically when the film has been expended. 

7. Analysis of the Film 

Developed film is first examined on an editing viewer in order to 

determine whether or not a droplet was formed. If a droplet has been re­

corded on the film, frames in which it appears may be examined more closely 

under the comparator microscope used for measuring filament tip diameters. 

Drop size may be determined using the known diameter of the filament as a 

reference, and the location of the initial flame can be observed. Timing 

marks along the edge of the film provide an accurate record of the time 

sequence of events in the ignition history of the drop_ From these marks, 

ignition delay may be determined •. 
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IV. RESULTS AND DISCUSSION 

The results obtained in this study conSisted of observations' of 

initial flamefront formation and determination of ignition delays for 

theself...:ignition of fuel droplets in a near-stagnant atmosphere; A 

* limited number of experiments were performed, using heptane as the fuel, 

droplet sizes from approximately 300~ to 76o~, and temperatures ranging 

from 500°C to, 860°C. 

Information on the droplet self-ignition phenomenon was obtained from' 

the experimental film records, an example of which is shown in Fig. 12. 

Each film was analyzed visually, using the viewer and microscope mentioned 

in the previous section. Such an analysis began with an overall examination 

of the film, at approximately 16 frames/second, during which the sequence 

of events in the ignition history of th~ drop was noted, as well as any 

aberrations or undesirable effects that might have occurred. Following 

'~his, the film was examined at a slower rate, and the ignition lag:for each, 

droplet was determined by reference to the timing marks on one perforation 

strip of the film. In this study, ignition lag is defined as the period 

from the point at which the drop first begins to form to the first appear-

anceof a flame. When possible,the drop size was measured at the instant' 

of ignition,using the known value of filament diameter as a reference. As 

droplets tended to be slightly ellipsoidal in shape, droplet diameter at 
I 

the igniti?n point was taken to be the geometric mean of major and minor 

axes, following the procedure of Kobayasi.3 Finally, the shape, size, and 

',! location of the' initial flame were determined,' as well as, its subsequent 

* Heptane was selected for use in this study because its properties have 
. been previously investigated, and it burns with a luminous flame. 

, .. 

", ", 

·"1· 
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The results obtained from this type of analysis are summarized in 

Fig. 13. Further details of individual experiments are given in Appendix 

D, together with reproductions of additional film sequences. In general 

it was found that the record of a successful experiment (Fig. 12) began 

with filament insertion (frames 2-4), which was immediately followed by a 

period of filament vibration usually lasting approximately So msec (frames 

5-42). The droplet was generally formed during the last third of the 

vibration period and required only about fifteen additional msec to assume 

a nearly spherical shape. During the ignition delay period, from the be-

ginning of drop formation (frame 2S) to the formation of the initial flame 

(frame 206), the drop grew in size slightly because of continued flow of 

fuel thrbugh the hollow filament. 

The initial flame formed as a luminous, approximately spherical shell 

about the droplet between frames 206 and 207. From those cases in this 

study in which the formation of initial flamefronts were relatively free 

from distortion and could be clearly observed, the radius of this shell 

appeared to be approximately 4 to 5 times that of the drop. The fact that 

the flamefront appeared abruptly in the interval between two frames indicated 

that its formation was quite uniform over its entire surface, and rapid, 

requiring less than 0.0015 second.. During the transient burning period 

immediately following the formation' of the initial flame, the flamefront 

became more luminous and distinct while seeming to move slightly outward 

away from the drop surface. The period during which this movement could 

be observed even under the best c.onditions was quite brief, typically on, 

the order of 10 frames or 20 msec, as it was swiftly masked by the ex- . 

tensive natural convection effects associated with the flame. These effects 
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caused the flamefront to move upward and to break open at the top, forming 

the characteristic shape observed by Goldsmith and Penner, Kumagai and 

, 14 15 25 Isoda, and others~ " In those cases where the drop ,c~uld still be 

observed after the establishment of qua~i-:steady comb'(1stion, the hori-

zontal radius of the luminous natural convection flame was approximatelY 

* 6 to 8 times that of the droplet. 

The range of ignition delays observed extended from a minimum value 

at 860
0 e 'of, 22 msec to a delay at 5000 e that was longer than the duration 

'. of the film record· (more than two secondS). From these observations, 
~. , ., 

ignition delay under near-stagnant conditions 
" 

appears to decrease sharply' 
.'. ; 

r" ',." 

as the environmental temperature is increased, ~s seen in Fig. 14. The I.",.;' . 

data shown in the graph of Fig. 14 const~tute all the cases in which ignition 

was observed, irrespective of the number and magnitude of the· deviations 

from ideal or desired conditions. Some of the deviations from ideality were 

quite marked, particularly at higher temperatures; yet, the curve formed is 

relatively smooth and the points appear to be reproducible (e.g., 600°, ' 

680° and 8000 e). This would seem·to~indicate that the phenomenon of ignition 

delay is relatively independent of Q~oplet shape, although the small number 

of observations is insufficient to confirm this indication. 

The ignition delays measured in this stua,y are in reasonable agreement ',;',: 
; .;\ ., 

with those of other investigators, although the amount of data available <. ,".' 

for comparison is limited. Delay times for tne self-ignition of heptane in 

heated environments have beEm given by KObaya~i~'.and Meier 21~ KOcker.5 :···.:. ',' 

Kobayasi reported a delay of 61.8 msec for a suspended droplet of 1120~ 

* It is not possible to make meaningful measurements concerning the quasi­
steady combustion period or droplet combustion lifetime with this appar­
atus, because fuel is continuously added to each droplet throughout ig­

,nition and burning. Moreover, after burning begins, n.atural convection 
and fountaining (caused by expansion of fuel in the filament) severely' 
disrupt spheri~al symmetryo 

" ' 

" , .. 
." 
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diameter in air at 800°C. Meier zu Kocker gave a value of 112 msec for a 

falling heptane drop of approximately 1000~ diameter at a temperature of 

700°C in pure oxygen. Both of these points are plotted on the graph of 

Fig'. 14" The delays determined in the present study at 800° C agree well 

with that reported by Kobayasi, while the valu~ at 700°C was approximately 

twice as long as that of Meier zu ~ocker. The shorter delay value reported 

by Meier zu rocker may be attributed to the combined effects'of the higher 

oxygen concentration and the forced convection experienced by the falling 

droplet: both of which should tend to hasten ignition_ El Wakil and Abdou8 

* do not report data for heptane; however, their data for n~octane correspond 

closely to the ign~tion delay values determined in the present study. They 

report ignition delays for octane in a~r over the temperature range 788-

982°C which form a curve that is approximately parallel to the curve of 

Fig. 14, but with about 10% greater ignition delay times. 

In contrast to the reports of ignition delay values, however, there are 

no known measurements of initial flamefront radius reported in the literature, 

and although flamefront behavior after ignition has been investigated to a 

certain extent, there remain unresolved conflicts between theoretical and 

experimental results. Transient mode'lsof the droplet combustion process 

have been proposed by spaulding18 and Tsoda and Kumagai.17 Both theoretical 

models involve initial outward motion of the flame, ignition being assumed 

at or near the drop surface. This behavior is partly SUbstantiated in an 

15 . 
experimental study by Kumagai and Isoda in which fuel droplets suspended 

from filaments were ignited by sparks. Flamefronts reported by these in-

vestigators for n-heptane dropletB began near the drop surface where the 

spark was applied, then moved rapidly outward to radii of 5 to 10 times 

those of the associated droplets. This is in good agreement with the 

* The data of Meier zu KOcker indicate that ignition delays of n..,octane 
and n-heptane are similar :In magnitude. 

" , 
i 
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qua'si-steady· state theory, which predicts values, of the flame-droplet 
.' 14 . 

radius ratio between 7 and 9 for heptane.. However, Agoston, Wood, and 

25 . ' '14 . 
Wise, and Goldsmith and Penner report experimental values of this 

ratio for heptane (under natural convection conditions) generally around 

3, considerably less than predicted by theory" 

The pattern of flame movement observed in the present study appears 

to be toward flame radii.considerably larger' than those reported under 

conditions of natural convection; possibly due to a closer' approach to 

true stagnant conditions. However, this movement is slight, and the 

·present observations do hot ~upport the assumption made ~n the models of 
. 18 17' . 

Spaulding and. Isoda and Kumagai that the initial flamefront forms at 

! .,' .' '.: 

or near the surface of the droplet. Agreement with the experimental data 

of both Spaulaing and Kumagai and Isoda, however, is good. Their measure-

ment techniques did not. record flames at close enough time intervals to 

really establish initial flamefront position. 

Because of the frequency of undesirable effects, and the fact that 

the total number of droplets studied was. small, it was not p'ossible to 

relate initial flamefront position and movement to system parameters such 

as droplet diameter and environment temperature in any quantitative manner. 

The undesirable effects were of three distinct types: failure of a droplet 

to form, too rapid droplet growth before ignition, and ignition before the 

fi~ament ceased to vibrate. The first two effects were due to imprecise 

control of the fuel supply to the filament and were characteristic at low 

temperatures; the third was a consequence of very short delay times, and 

was largely responsible for the scatter observed at higher.xemperatures 

in Fig. 14. 
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Evaporation of the fuel within the filament. tip is primarily responsible 

for the failure of droplets to form. This evaporation,occurring during the 

period of insertion because of filament movement and vibration, appears to 

amount to the ~quiva;Lent of two or three droplets... Apparatus tests showed 

that this evaporation led to a requirement for larger injector piston dis-

placement than had been planned for. For this reason, the constant flow 

technique, described in Section III; was used to supply fuel to replace 

that· which was lost by evaporation. All experimental data were obtained 

using this procedure. 
\ 

It was found, however, that the rate of :::f'low was· 

difficult'to control because of the expansion of·the heptane in the body 

of the filament" This expansion not only prevented precise specification 
\ 

of drop size, but frequently led to an excessive fuel supply to the droplet, 

which grew too rapidly and broke free from the filament tip prior to ig-

nit ion. In more severe cases, fountaining occurred before or during drop-

let formation, in which cases fuel was actually sprayed into the high tem-

peratur~ environm~nt from the filament tip_ Also, at the upper end of the 

temperature range studied, the high flow rates required to pircumvent 

evaporat ion caused .. the droplet to be forming as the filament entered the 

furnace. The violent vibrations that resulted often shook the droplet off 

the filament, and in all such cases prevented the drop from assuming a .stable 

spherical shape before ignition. 
. " 

Another troublesome characteristic of the continuous flow method is tha~ 

residual amounts of heptane from previously formed drops remained on the 

filament during insertion. This residue diffused into the hot environment' 

just as did the drop itself, with the result that the spherical symmetry of 

the lower portion of the flamefront was disturbed, particularly at tempera­

tures in excess of 650°C. This effect, for instance, caused the flamefront 

in frames 207 to 212, Fig~ 12, to be centered somewhat below the drop, 

.', 
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instead of being concentric with it. 

These difficulties made the experimental' apparatus. qufte difficult 

to control. With. the present equipment, about 10% of the experiments 

conducted resulted in visible ignition;' so that the ignition delay could. 

be measured. Of these 10%, approximately half showed stable spherical 

drops, and only the two experiments conducted at 680°C were' completely 
I 

free from serious aberrations. However, it· should be pos'sible to eliminate 

nearly all undes.1rabl·e .effeCts observed ·ih this study by redesigning the 
,.-.;,' 

injector'mechanism. '. The hew mechanism should be capable of more rapid fila'-

ment insertion into tg.e environment, and should incorporate both the con-' 

tiri~ous flow and impulsive injection methods into a single device; such a. 

device would allow a more precise control of fuel supply to the filament, 

and provide swift, positive droplet formation. 

Although the number of successful experimental measurements made in 

this study was relatively small, it included observations of the formation' 

and behavior of the initial flame front under near stagnant conditions. 

These results indicated that the flamefront forms at a radius 4 to 5 times 

that of the droplet and moves outward slightly immediately after formation. 

This phenomenon has not been well established and has been subject to 

several varying assumptions. ~gnition delays determined in'this work are, 
," 

.. , "." 

in general agreement with previously r~ported values, and tend to conf:l.rm .... 

:,: 

observations 'of a strong temperature dependence- made 'by other investigators_;. . .. 

There are also indications that ignition' delay is'not strongly dependent on 

droplet, shape 'and size."· .! ~: •.•• 

, , 

...,. 

I 
i 

.. 
t 

I 
. i 
I 
! 
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v. CONCLUSIONS 

This investigation of the self-ignition of small heptane droplets in 

air must be considered to a large extent exploratory. Ignition delay times 

were experimentally determined in the temperature range of 500-860o C and 
I 

found to be consistent with those of other investigators, but somewhat 

greater for these near-stagnant conditions than those determined under 

conditions of forced convection. More important, the observations of drop-

let ignition made in this ,.-work strongly indicate that the initial fla.me~ 

front forms at a distance from the droplet surface and mov,es outward slightly 

from the droplet during the period of transient burning. This observation' 

is} to a considerable degree, in accord with previous observations of flame-, 

front behavior and established quasi-steady burning theory, but does not 

support the assumption of initial flamefront formation near the droplet 

surface, which has been used in some theoretical studies of the problem~ 
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Fig. 2 Experimental apparatus 



-39-

Note: " u • X denotes thermocouple locat10n 

I 
1. Ceramic support 
2. Power leads 
3. Viewing tubes 
4. Thermocouple leads 
5. Firebrick 

'-------1--0 

6. Insu lat ion 
7. Windows (water cooled) 
8. Filament Entryway 
9. Crucible, 10cm O.D. 

x 10cm high 

Fig. 3 Schematic diagram of furnace. 
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Full Scale 

1. Filament 
2. Stainless steel ground joint outer member 
3. Threaded cup 
4. Copper spacer 
5. Fuel reservoir 
6. Teflon washer and '0' ring 
7. Injector body 
8. Piston 
9. Threaded plug 

lOw Alternate plug for use with constant 
supply method of injection 

Fig. 5 Schematic diagram of injector mechanism. 
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Fig. 6 Disas sembled injector mechanism 
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..• F 

1. Inj ector 
2. Cyl indrical Injector 

Support Block 
3. Sliding Plat form 
4. Bearing 
5. Telescoping Shaft 

-Fu ll Scale-

Fig. 7 Schematic diagram of injector mounting. 



-44-

1. Reta ining ring 
2. Telescop i n g shaft 
3. Ratchet wh e el 
4. Rotating d i sc 
5. 'LBDEX' rotary solenoid 
6. Jolenoid housing 
7. Adjustabl e mou nting plate 

Fig. 8 Schematic diagram of solenoid. 
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© 

1. Baseplate clamps 
2. Ba3eplate 
3. Guide shafts and platform 

dr i vine s prirlgs 

5 

6 

I------l! .. 
3" 

4. Windlasses for pulling platform 
down 

5. Adjustable solenoid lwusing 
6. Electromagnets 

Fig. 9 Detail of sliding platform baseplate (top view). 
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XBB 678-4665 

Fig. 10 The insertion mechanism 
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XBB 678-4664 

Fig . 11 The mounted injector me chanism (furnace in raised pos ition ) 
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Fig. 14 Graph of experimental data; ignition delay YS temperature. 



-52-

APPENDIX A 

Heat Transfer to the Cold Filament 

'lihe major problem associated with the use of a hollow filament in-

sert ed rapidly int o a hot environment as a means of forming and support-

ing a fuel droplet during ignition studies (Section II) is that of fuel 

evaporation from within the filament. Heat transfer to the filament 

from the environment occurs by both natural convection from the air and 

radiation f rom the i~~er surface of the crucible. Heat i s then conducted 

through the filament walls, and causes evaporation of the fuel. 

In order to deter mine the severity of the evaporat i on problem, for 

des ign purposes , heat transfer from the heated environment to the cold 

filament was invest igated, using the following mathematical model: 

* Tip Shape and Dimensions l 

1.5" ... "",O.D. 

~ r O.S ..... ""X.D. . 00 
. 60 ...... oD 

~ 
O.7oW'lW'l o.D. rO.02.o ...... 1:D~ 

I WI"'" , ----.::.~O. 7.s"~"'" I.D'I "-

Im~ I I 

{""'''''' II S"t.' Se<t. ~ S<>c:-t. Li..i S~c.t, L.V 

~ L"'''' 2.W\~ ~--- 6""''''''---~----5'''''''''---~ 

Quartz tubing used for filament body is 1 rom x 3 
All sect ions are either conoidal or cylindrical. 
formed are spherical, 200~ (O.2mm) in diameter. 
n .... heptane. 

* mm. 
Drops 

Fuel is 

* The calculations summarized in this appendix were done prior to the 
determination of optimum tip conf iguration and tubing size. Neither 
factor great ly affects these calculat ions . 
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As sumptions: 

1) 

2) 

3 ) 

4) 

5) 

6) 

Approach~ 

Filament at room temperature (T ) before insertion. 
o 

Filament insertion is instantaneous. 

Air about filament is initially stagnant. 

Environment temperature (To) is lOOO°C. 

26 
Air and heptane are transparent to infrared radiation. 

Quartz is opaque t o infrared radiation.27 

The heat transfer coefficient s due to convection and radiation 

were calculated for initial conditions, (i.e.) filament at room temperature). 

Tot al heat flux under these conditions was then determined and used to cal-

cUlat e the time required for the inner walls of the filament to reach 100°C, 

the approximate boiling point of the fuel (a conservative procedure). The 

cr i tical port i on of t he filament "las found to be Sect i on TV. 

Convect i on : gives t he following empirica l correlation for 

natural convection heat transfer to vertical cylinders under laminar flaw 

conditions I 

where 

Nu 

K 
c 

L 

hL 
c 

= K
f 

Average Nusselt number. 

= Average unit surface convection conductance. 

(heat transfer coefficient) in cal/sec cm
2 OK. 

= Length of cylinder in centimeters. 

Thermal conductivity of fluid evaluated at mean 

film temperature. (cal/sec cm2 OK). 

Gr = Grashof number. 

Pr Prandtl number. 



For Sections III and IV of the filament tip combined, and considered as 

approximately cylindrical with a temperature difference of 980°C, the 

following values were foundr 

Gr 398 .0 

Pr 0.738 

n = 2.04 x 10-4 ca1/sec cm2 OK 
c 

Heat flow into outer surface of Sections III and IV from Gonvection (Qc) 

was found to be 

Radiationr 

= 
2 

.. 200 ca1/sec cm 

Only Section IV was considered for this calculation. ' Conduction 

from this section to rest of filament was ignored. The shape factor for 

such a cylinder completely enclosed in a furnace is 1~ Chemical Engineering 

Handbook gives the equation, 

where 

found to be 

= 

Heat flux due to radiation in ca1/cm
2 

sec. 

Stefan- Boltzmann constant (ca1/cm
2 

sec °K
4
). 

Exterior surface area of Section IV. 

Emissivity of quartz filament. 

a
f 

Absorptivity of quartz fi1amenta 

T
f 

Filament temperature. 

T Environment temperature. 
e 

= 

::: T , 
o and Te 

2 
2.68 ca1/cm sec. 

1273.00K, the heat flux was 



Therefore, 

, 
--'55-

2 
total heat flux = 2~88 cal/cm sec. 

Conduction: Time required for this heat flux to cause inner filament 

walls to reach 1000e was calculated from Carslaw and Jaeger.29 Using 

t heir solution for the equation of uneven heating of a cylinder with 

constant heat , the time interval, was found to be t = 0.106 sec.. It was 
. 

also determined that this quantity could theoretically be increased by: 

1) a factor of 1.5 by lowering filament temperature to aOe • 

2) a factor of 10 by use of a reflective outer surface for the 

filament tip. 

3) a factor of5 by . ° lOWering furnace temperature to 500 c. 

It would be decreased by a factor of 4 if filament diameter were reduced 

by half. 

Two serious deviations from this model encountered in practice were! 

1) filament insertion was not instantaneous and 2) vibration of the 

filament occurred upon insertion; usual duration was about 80 msec. It 

vlas found experimentally that these two effects resulted in the evaporation 

of approximately two 500~ diameter drops of fuel during insertion. This 

evaporation was offset by supplying fuel continuously to the filament 

during insertion to replace that which had evaporated (see Sections IV 

and V). 



APPENDIX B 

Design of the Filament Insertion System 

Tne following model of the sliding platform formed the basis for 

des ign of the filament insertion system. The model is characterized 

by assumptions of negligible friction between platform and shafts, and 

constant deceleration during the crushing of the styrofoam pads at the 

completion of the upward motion of the platform. 

Initial Conditions 

Equations: 

A) Before platform contacts pads: 

1) - k( £ - x) + mg 

2) Boundary Condition 1: at t 

3) Boundary Condition 21 at t 

Final Conditions 

0, x = x o 

0, dx/dt = ° 



Solution: 

x 

5) 

(x + 
o 

m · ) P. - - g 
k 

B) After contacting pads 
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6) a . (a con~tant) 

Solution: 

c) Platform at x o 

9) k2 > mg 

Spring Design: 

m 
- P. + k g 

a6t 

~NO considerations controlled the design of the driving springs. 

First, "art had to be chosen so that the quartz filaments would not shatter 

during deceleration of the platform. Secondly, the platform could not be 

allowed to rebound after reaching x = o. 

The se values were known: 

10) m 0.396 slugs 

P' I 00041 ft. 

x = 0058 ft. o 

For Design Calculations: 

u) a 
2 -J(-

500 ft/sec 

* Experiments with the completed apparatus showed this to be very conser­
vative; quartz filament s can withstand more than five times this value. 
However, the completed apparatus provided smooth filament entry and rel­
atively little vibration and rebound, and therefore was not modified. 
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12) k£ mg + 10 Ibs
f 

Equations (7) and (8) were solved with (11) to give dx I and 6t. 
dt x~£' 

Thes e value s were used, together with conditions (10) and (12), to solve 

Eqs . (L~ ) and (5) for "k!!, " £", and !I t " by a trial-and-error procedure. 

The final system selected had the following characterist i cs: 

k 

t 
tot al 

0.0128 sec 

001608 sec 

,e 1.1 ft. 

Nomenc l ature : 

a constant decelerat ion of platform during crushing of styrofoam 

pads (ft/sec
2

) 

g 

constants of integration (ft) 

acceleration due to gravity (ft/sec
2

) 

k overall spring constant of driving sp rings (lbsf/ft) 

£ = compression of spr ings at x = 0 (ft) 

£ 1 distance over which platform is decelerated by styrofoam pads Cft) 

m total platform mass (slugs) 

t time ( sec ) 

6 t total deceleration time 

x p l atform displacement (pos itive direction is downward) 

x starting posit ion of platform; maximum displacement. 
o 
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APPENDIX C 

Electronic Components of the Experimental Apparatus 

The principle items of electronic equipment used in this st~dy are 

the injector solenoid delay mechanism and the power supply for the sole­

noi d ,and the platform el~ctromagnets. The schematics for these devices 

are given below. An interesting feature of 'the electromagnet release 

circuit is that the relay that cuts off the direct current to the electro­

magnets also applies a pulse of reverse polarity to the magnets) which 

destroys the residual magnetism in their soft iron cores. This feature 

assures a smooth and nearly instantaneous release of the platform. 



1. 

2. , 

3, 

Fig o C- l 

-60-

, 

r-G 
,----~ 

To 
PoweY' 

Capo..c,;tc>Y') 40/",-f 

To Solenoi.d 

Re..(o. J) I r 0 v Dc.. ) 80oo.Q Co i..L 

Schematic of delay mechanism. 
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POTS NTIO METER 

S E..TTI NG 

0" 0 ..n. -------

DE:LAY 

100 . 0 ..0.. ------ ~O - Z. '2. "'" se.~ 

ZOO. 0 ..n.. ~5 ,"""sec:.. 

300.0 ..0.... 
400. 0 ..Q . 10 -"i-'r V"\se.c.. 

500 . 0 ..CL ------ 5'"0 wtSec. 

'00. 0 J.L------5S--~O \'Msc.c. 

700.0 n ro5-70 """ .. ~c:.. 

<300 , 0 -0... 70 WISe-<=.. 

900.0 ..Q. 75"-<;'0 W\s~ 

1000.0 ..n. ~S- IM.~~ 

Fig . C-2 Delay table. 



0 
('I') 

OJ 
I 

a.. 

l-
'w 
Z 
1..!1 y 

C\ ex::: v 
w 2: <r 

-J c:L al 

--- -'I 

I 
j\----...£ 1'-------. I 

N 
I 

W oc 

'::I. 
z 
Q. 

Fig. C-3 

-62-
e 
0 

a: 
Z' 

ct: 
W w L -J 

0 'cr: 
V) u 

') :3 

..J 
0 
~ 

f-
z X 
o 0 
u CO 

r----- --
I 
I 
I 
I 

I 
I 
I 

<l: 
v 

<5 
z 

o 
2 

I 
I 

I I 
L ________ -.J 

Schematic of power supply. 



Photographic Results 

A short description of the experimental history of each of the 12 

succes sful experiments performed in the course of this study is given 

below . Following this listing} a series of film sequences are presented 

which show the formation of the initial flame for each of the experiments. 

Experiment No.1 (580°C) 

The filament entered with little vibration. One small droplet « 100~) 

was shaken off . Delay was considered to begin at this point. Because of 

the' long de l ay time, three consecutive drops formed. The first drop broke 

free and ran down the filament at approximately 400 msec after filament 

appearance, the second} about 350 msec latero The third drop ignited and 

remained in placeo At ignition its major axis was 664~ and it s minor axis 

551~ . The horizontal radius of the initial flame was approxiwately 6 

times the geometric mean radius of the dropo Following formation, this 

flame appeared to move outward slightlyo After transient effects died 

away, the convective quasi-st eady flame could be observed . It was of 

characteristic shape} and its horizontal radius was approximately 7 times 

that of the dropo 

Experiment No o 2 (600°C) 

Violent vibration. Two small drops thrown clear of filament. Delay 

was considered to begin with formation of third drop. This drop grew until 

it r eached a geometric mean diameter of 685~ (major axis 740~, minor axis 

658~) at which point , 150 msec before ignition, it broke loose and de s cended 

t ne filament. The drop that replaced it grew to a diameter of 331~ before 

ignition, and appeared to be spherical. The initial flame was generally 
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cylindrical rather than spherical, and ant ural convection effects were 

considerable. 

Experiment No.3 (600°C) 

:Jroplet formed smoothly, but filament quickly began to !!fountain!! or 

spray fuel into chamber through top of droplet. The drop seemed not to 

grow during this process. At ignition, its major axis was 472~, its minor 

axis 379~. The flamefront was highly distorted because of the fuel spray 

from the filament tip. Quasi - steady burning was observed in this experi­

ment also. The horizontal flame radius this time was approximately 6 

times that of the droplet. 

Experiment No. 4 (640°C) 

Droplet formed relatively smoothly. There was some oscillation at 

first, in which a port ion of the droplet was shaken off, but as the larger 

portion of the droplet remained, delay was taken as starting with first 

signs of droplet formation. The droplet grew to a geometric mean diameter 

of 780~ (major axis 920~, minor axis 814~), then ran down the filament 

les s than 100 msec prior to i gnition . The subsequent drop had only reached 

a diameter of 435~ (major axis 520~, minor axis 398~) at the time of 

ignition? and flamefront was somewhat distorted. However, the initial 

flame radius (horizontal) could be observed . I t was approximately 4-1/2 

times that of the second droplet} and appeared to move outward very 

slightly just after formation • . 

Expe~iment No . 5 (680°C) 

This experiment was particularly free from aberrations . As in No . 4, 

a portion of the droplet was shaken off during initial vibration, but the 

majority of the droplet remained. The droplet grew very smoothly and ig ­

nited just before breaking loose from filament tipo At ignition, the major 

, 



axis was 870~, and the minor axis was 700~. The initial flamefront was 

quit e spherical, and the flame-droplet .radius ratio was approximately 

5:1. Again, a s light outwar d motion was observed. 

Experiment No ~ 6 (680°C) 

Very similar to No. 5 but with even fewer aberrations. The entire 

film sequence for this experiment i s reproduced in Fig . 12. Initial 

flame -droplet radius ratio was approximat ely 4:1 in this case. Droplet 

size at ignit ion: major axis 755~; minor axis 638~ . 

The droplet was s everely di storted by vibration. Part s of it were 

shaken off on two occasions, although the majority of the droplet re­

maine d . The dr oplet was entirely vaporized by the time ignition occurred. 

Initial flamefront appeared to be ellipsoidal with the major axis aligned 

with the fi lament tip. 

Experiment No o 8 ·(74o°c) 

The ignit.ion delay in this experiment was not much longer than the 

period required for filament vibration to damp out, causing the droplet 

to be considerably distorted . A portion of it ,vas lost during the delay, 

and by the time i gnition occurred, the ' droplet was very small, only 276~ 

i n diameter . However, both the droplet and the flamefront were quite 

spherical. The flame - droplet radius ratio observed was approximately 911, 

pr obably becaus e of the rapid evaporation of the droplet prior to ignition. 

Mass ive convection effects disrupted subsequent flamefront motion. 
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Experiment No . 9 (780°C) 

The droplet in this experiment was highly distorted, and adhered to 

the side of the filament rather than the end, almost out of the field of 

vie-vi of the camera. The initial flame; however, was reaso:nably spherical, 

with an approximate flame-droplet radius ratio of 5:1. After formation, 

this flame defini tely moved outward. 

Experiment No . 10 (800°C) 

Because of high evaporation rates and heavy vibration, the droplet 

was never allowed to form. However, most of the heptane injected apparent­

ly stayed in the immediate vicinity of the filament tip, as no droplets or 

parts of dr ops were thrown clear. Ignition appeared to occur in spots, 

the pos ition of which generally suggested the outline of a spherical shell, 

of radius comparable to those of previous experiments. Convective effects 

were considerable, however, and prevented further observation. 

Experiment No . 11 (800°C) 

Excessive vibration prevented drop formation. Ignition occurred far 

from the filament tip because of initial "fountaining" of filament after 

ins ertiono The initial flame was centered low on the filament tip and '-las 

apparently due to the residue left by drops formed prior to insertion. 

Sxper iment No . 12 (860°C) 

Very s imilar to Experiment Noo 11, except ignition occurred closer to 

filament tip . Conditions still badly distorted because of filament vibration. 

NOTE : 

Object -to-image magnification was the same for all of the following 

film sequences. On the original motion picture film, magnification was 

approximately 1:1. 
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